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Abstract

Microalgae has been introduced in the last decades to be an optimum source for biofuel
production that can be utilised efficiently to replace the conventional fossil fuels as a
source of energy. In our study, a local strain of green microalgae was isolated from the
Weston Park pond (Sheffield, UK) and identified, using different molecular markers
including 18S rDNA, ITS1, ITS2, and 5.8S rDNA, as Desmosdesmus armatus. The neutral
lipid content (as the basis of renewable biodiesel production) of both D. armatus and
the model cyanobacterium Synechocystis sp. was measured using the lipophilic
fluorescent dye Nile Red. The two strains were grown in normal BG11 medium and
under stress conditions including high salinity (0.2, 0.4 M NacCl), different
concentrations of sodium nitrate in the BG11 media (10% NaNOs, N-free), and different
sources of nitrogen (NH4Cl, urea). The results showed that N-free BG11 medium was
the best stress conditions in both strains for inducing a significant (p<0.05) increase in

neutral lipid content.

Further work concentrated on D. armatus and the Fatty Acid Methyl Esters (FAME)
conversion yield was examined using a direct transesterification method and the
composition of fatty acids was investigated using GC-MS. Desmodesmus armatus
grown in N-free BG11 medium showed the highest yield and the contents of C16 and
C18 fatty acids (useful for biodiesel production) increased significantly under this stress
condition. Further analysis of D. armatus lipid content was conducted using *H NMR
and the results confirmed that the fatty acid content is much higher in the N free grown

cells.

The final set of experiments focused on random mutation of D. armatus cells using Ultra
Violet light (254 nm) to generate new strains with high neutral lipid content. The high
lipid containing cells were isolated using Nile Red staining and automated fluorescence
assisted cell sorting (FACS) flow cytometry technique. A mutant strain was isolated with
5 times greater yield of neutral lipid than the wild type strain based on the median of
the Nile Red fluorescence of the wild type and the mutant cells. This significant increase

in the lipid yield using UV-induced random mutation, Nile Red staining and FACS has



paved the way for further investigation of the molecular and genetic approaches to

identify the key genes that control neutral lipid biosynthesis in microalgae.
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1.1 Introduction

1.1.1 Global warming and fossil fuel

Throughout the world, humanity faces two crucial catastrophic challenges which are
the energy crisis and environmental pollution in which the ongoing threat to life has
reached a high risk level (Gupta and Tuohy, 2016). The main causes of these challenges
are the continuous burning of coal, gas and diesel oil, which produce Green House Gases
(GHG) leading to global warming that is approaching a tipping point (Hansen et al.,
2013). The concentration of carbon dioxide (CO;) which is well known as the main
anthropogenically emitted GHG has increased significantly from 316 ppm in 1959 to 404
ppm in late 2016 as shown in Figure 1.1 (Gupta and Tuohy, 2016). Human activities that
involve combustion of fossil fuel, the absence of a strategy to make a balance between
biofuel burning like wood and planting of new trees play a crucial role in the rapid raise
in GHG. The serious concern of the continuous rise in the level of CO, in the
environment is that it obstructs the passage of thermal infrared radiation from the
surface of the earth back into the space and accordingly the temperature of the Earth
will rise annually which is known as the global warming phenomenon(BP, 2014). Global
warming has many drawbacks that impinge on many life sectors especially food security
and malnutrition. Serious environmental changes are expected to result as a reaction
to global warming like land degradation and alterations in the hydrological resources,
crucial ecosystem services and agricultural yields become more problematic (Easterling
et al., 2007). The distribution of diseases like diarrhoea as a result of a shortage of
potable water resources are the another potential drawbacks of climate change

(Confalonieri et al., 2007).
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Figure 1.1 The CO; level in the atmosphere from 1959-2016. The figure shows clearly
a dramatic enhancement in the CO; level because of anthropogenic activity (adapted
from Gupta and Tuohy, 2016).

Based on the US Energy Information Administration (EIA) figures for 2016, more than
80% of energy in the USA derived from three types of fossil fuel: petroleum 37%, natural

gas 29%, and coal 15% (Figure 1-2).

Total = 97.4 quadrillion
British thermal units (Btu) Total = 10.2 quadrillion Btu

geothermal 2%
— solar 6%
— wind 21%

biomass waste 5%

biofuels 22% biomass
46%

wood 19%

hydroelectric 24%

Figure 1.2 The energy sources consumption in the USA in 2016 (EIA, 2016).

The domination of GHG emitting fuels as sources of energy will continue and
furthermore, GHG emitting fuels are expected to supply more than three-quarters of

the total energy required in 2035. An increase in the population worldwide will
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undeniably lead to enhanced demands for energy in different sectors like industry,

buildings and transport (Figure 1.3).

In terms of world regions, the need for energy sources is developing and expected to
rise in China and India which are considered among the speediest growing economies

(Figure 1.4)(BP, 2017a).
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Figure 1.3 Energy consumption Figure 1.4 Energy consumption by

by final sectors from 1965-2035 region from 1965-2035 (BP, 2017a)

(BP, 2017a)

1.1.2 Renewable energy

In recent years, governments, scientists, and organisations worldwide are expressing
growing concerns over challenges to explore a clean, sustainable, environmentally
friendly, and renewable source of energy that can effectively mitigate the negative
impacts of a total reliance on fossil fuel as a source of energy. In addition to the
drawbacks of GHG emissions from conventional energy production, fossil fuel is a finite
resource of energy and will be exhausted in the future and consequently cannot be
trusted as a productive and economic energy sources for the future (Quintana et al.,
2011). To resolve this crucial problem, many countries around the world signed an
agreement called the Kyoto Protocol in 1997, in which the industrialised countries
agreed to decrease the GHG emissions by 5.2% compared to the 1990 standards. In
2015, 194 countries signed an agreement at the Paris conference on climate change to

restrict the temperature globally to 2°C increase (Andresen, 2015). Moreover,

18



developed countries have attempted to behave cooperatively and prepared USD 100
billion per year by 2020 to fund researches in Renewable energy field in developing
nations (OECD, 2016). The EU countries have two main targets to achieve by 2030, 1)
reduce the local GHG emissions by 40%, and 2) an efficient increment of renewable

sources of energy by about 27% (European Council, 2014).

Renewable energy is simply defined as a source of energy that can be formed from
natural resources like solar energy, wind energy, biomass energy, geothermal energy
and accordingly cannot be depleted (Rathore and Panwar, 2007). The improvement and
efficient utilisation of renewable energy offers significant advantages across the world
such as a rise in the renewable energy use that covers national needs and contributes
to providing energy with small or zero percentage emissions that significantly mitigate
air pollution, improves the standard of life and creates new job opportunities. It can
also help with efforts of governments in fulfilling their international agreements that
deal with environmental protection (Zakhidov, 2008). Furthermore, the plan to
implement renewable resources in rural areas will open the way to resolve social and
economic problems and minimize the migration towards urban regions (Bergmann et

al., 2008).

Among different renewable resources, (EIA, 2016) reported that biomass is currently
considered to have the highest potential as an alternative fuel in comparison with other
renewable sources (Figure 1.2) with 46% of total renewable energy being produced
from biomass. Also, known as bioenergy, biomass is defined as a renewable source of
energy that is generated from organic (biological) materials and not embedded in
geological formations (fossilised). Biomass energy can be used either in its original form,
or converted to different forms of solid, gaseous, or liquid biofuels. These fuels can be
utilised efficiently in various sectors to provide electricity supply, transport, heating,

cooling and in a variety of industrial processes.
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1.1.3 Biofuels

Biofuels are renewable, environmentally friendly, carbon neutral, alternative sources of
energy that are produced from biomass in solid, liquid and gaseous forms. Biofuel can
be exploited effectively to address various problems like the need to reduce the
environmental impacts of the GHG emissions produced from fossil fuel resources, a
rapid enhancement of energy demands, an increment in the conventional fossil fuel

prices, and the predicted depletion of the fuel resources (Wang et al., 2011).

Generally, biofuel is divided into two main types: liquid biofuel and gaseous biofuel
(biogas). Liquid biofuel is subdivided into biogasoline mainly as bioethanol that is
derived from biomass fermentation (carbohydrates) or biomethanol which is derived
from oxidation of waste biomass. Biodiesel is the other subdivision of biogasoline which
is produced essentially from different types of lipid sources (fats). Biogas is the other
type of biofuel that is produced from anaerobic fermentation of biomass sources. Both
bioethanol and biodiesel are significantly exploited in the transport sector in which they
can be mixed with the conventional fuel or used directly without blending by utilising
specialised transport engines. Biogas is mainly used in cooking, heating, but it can also

be used in natural gas vehicles (Demirbas, 2008; IEA, 2016).

The production of biofuel globally has increased dramatically from about 20 million
tonnes in 2006 to more than 80 million tonnes in 2016. Based on the recent statistics
(BP, 2017a) the major biofuel production countries are USA and Brazil which supply
about 65% of total biofuel production worldwide. The USA produced 43%, followed by
Brazil with 22% (Figure 1.5). Other biofuel producing countries are Germany 3.9%,
Argentina 3.4%, Indonesia 3%, France 2.7% and China 2.5%.
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Figure 1.5 The top biofuel production countries in 2016, data adapted from (BP,
2017a).

The production of gasoline biofuel (ethanol and biodiesel) increased significantly over
the last decade (BP, 2017b). Figure 1.6 shows clear increment in ethanol production in
some areas in which USA (North America) and Brazil (South and Central America)
produced the largest volumes of total global production based on utilising sugarcane
and corn as a source for ethanol production. In contrast, the production of biodiesel
increased quickly around the world especially in Europe and Asia with varied sources of
biodiesel production. European countries mainly concentrated on waste, soy, rapeseed
and palm as sources for biodiesel production. In contrast, Asian countries based their
biofuel production on sugarcane, wheat, and Cassava to produce different types of
biofuels. However, the USA produced the highest amount of biodiesel in 2016 with
about 5 billion litres (Huenteler and Lee, 2015; Biofuels, 2016; BP, 2017b).
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Figure 1.6 The global production in million tonnes (based on regions) of gasoline

biofuel between 2006-2016 adapted from (BP, 2017b).

1.1.3.1 Biofuel generations
Various generations of biofuel have emerged based on several parameters(Araujo et al.,

2017) which are:

A) feedstock
B) technology process,
C) final product,

D) and the chemical composition.

1.1.3.1.1 First generation biofuels
The main sources for the production of first generation biofuels are food and food-

based crops (Figure 1.7). Ethanol is the common type of biofuel produced essentially
from the fermentation of a variety of sugar containing plants or grain crops like
sugarcane (Brazil), corn (USA), sugar beet, wheat and potatoes (China and India)
(OECD/IEA, 2008; Brower et al., 2014). The conversion of sugar to ethanol requires
many steps which start with the harvesting of the crops, followed by the extraction of
sugar and dilution to 20%. Then yeast, mainly Saccharomyces cerevisiae, is added to

convert sugar to ethanol, eventually dried (pure) ethanol is produced by two distillation
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steps using other solvents like cyclohexane (Cheng and Timilsina, 2011). In comparison
with conventional fossil fuel, bioethanol has distinct features which make it a favoured
type of renewable energy that can used directly or blended with other gasoline oil these
include its high octane level and less energy content per volumetric unit, evaporation

enthalpy, and faster flame (Balat, 2007).

For biodiesel, vegetable oils (soybean, palm, sunflower, and rapeseed) and animal fats
are considered the common sources. The production of biodiesel is based mainly on the
transesterification reaction of the oil or the fat with alcohol to generate fatty acid
methyl esters (FAMEs) which are the precursor for biodiesel which are be used directly

or blended with conventional oil (Demirbas and Demirbas, 2011).

Several advantages can be achieved from using biomass based biofuel as a source of
energy. For example, it is produced worldwide, the production process is easy and
without including high cost materials, and it can be stored for a long time period.
However, there are some drawbacks of using terrestrial crops for biofuel production
because these crops represent the main source of nutrition for some countries and
consequently their alternative use has a dramatic effect on the food security by
enhancing the cost of food, water shortages, and leading to deforestation (FAO, 2008;

Scharlemann and Laurance, 2008).

Current biofuel technologies
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Figure 1.7 Mechanism of first generation biofuel production.
(https://elodiebrans.files.wordpress.com/2013/08/procesobiocombustibles.gif)
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1.1.3.1.2 Second generation biofuels
Second-generation biofuels are mainly produced from non-edible lignocellulosic

biomass whose use can overcome the drawbacks of using agricultural land as source for
biofuel production (Murphy and Kendall, 2015). The biomass sources of second
generation biofuels are differentiated into three main groups: homogeneous like white
wood chips, quasihomogeneous like agricultural and forest residues, and non-
homogenous which include lower cost feedstock such as community solid waste (Lavoie
et al., 2011). The products of lignocellulosic biomass are mainly generated through two
conversion methods: biochemically to produce alcohol fuels like ethanol and butanol,

and thermochemically to produce biodiesel.

The production of ethanol is conducted through several steps (Figures 1.8) :
pretreatment, saccharification, fermentation and distillation. Pretreatment is the initial
step that facilitates the delignification and separation of the three-main carbon based
polymers of the lignocellulosic biomass that are cellulose, hemicellulose and lignin.
Cellulose is the main constituent of cellulosic biomass and is composed of a crystalline
lattice of long chains of glucose monomers. The crystalline feature of cellulose makes
its glucose monomers hard to extract. Hemicellulose is a polymer consisting of a range
of sugars (C5 and C6 sugars). While lignin is a complex mixed polymer cross linked

together and very difficult to break down, (Dashtban et al., 2009)

The main objectives of pretreatment step are to break down the complex lignocellulosic
biomass, to induce formation of sugar directly or consequently by hydrolysis process,
to inhibit the loss or degradation of the sugar produced, to reduce the foundation of
the inhibitory yields, minimise the energy demands, and reduce the total cost of
production (Sarkar et al., 2012; Barakat et al., 2014). Various approaches have been
used for the pretreatment steps such as steam explosion, pyrolysis, ammonium fibre
explosion (AFEX), and hydrogen peroxide-acetic Acid (HPAC) (Mosier et al., 2005; Galbe
and Zacchi, 2007; Wi et al., 2015).

Saccharification is the term for the enzymatic hydrolysis used for the conversion of
complex lignocellulosic biomass into simple sugars. Enzymatic hydrolysis has distinct

features that make it preferable to acid or alkaline hydrolysis i.e. its lower toxicity and
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minimum cost. Cellulose is converted by cellulase to glucose while hemicellulose in
hydrolysed to several pentoses (C5) and hexoses (C6). Many species of bacteria and
fungi produce cellulase enzymes, however, Trichoderma is the most powerful cellulase
and hemicellulase producing fungal strain that produces a variety of cellobiohydrolases,
endoglucanases and endoxylanases (Sandgren et al., 2001; Jgrgensen et al., 2003). The
main disadvantages of lignocellulose biomass are the absence of effective technologies
that help the commercial conversion of the lignocellulosic and forest waste substrate

into biofuel product (Tabatabaei et al., 2011)
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Figure 1.8 Schematic of biofuel (bioethanol) production from lignocellulosic biomass
adapted from (Dashtban et al., 2009). SSF = Saccharification and Fermentation, CBP =

Consolidated Bioprocessing.
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1.1.3.1.3 Third generation biofuels
Microalgae have achieved great attention as an attractive feedstock for renewable

biofuel that can overcome the rapid depletion and the potentially catastrophic
environmental impacts of fossil fuels as a source of energy (Halim and Webley, 2015).
Microalgae have several distinct characteristics that make them a favourable candidate
for the biofuel production in comparison to first and second generation biofuels. These
characteristics include a rapid growth rate which enhances the biomass yield 10 to 20
times more than other biofuel crops and mitigates the period of time required to
produce the biofuel, and the ability to accumulate large amounts of neutral lipids which
is the main precursor for biodiesel production(Kocot and Santos, 2009; Rodolfi et al.,
2009) . Micro algae can be cultivated in various environments like freshwater,
wastewater, seawater and marginal lands which avoids the possibility of competing
with arable lands used for agriculture purposes, also microalgae can have a positive
impact on wastewater treatment through bioremediation processes (Chisti, 2007; Day

etal., 2012; Govender et al., 2012).

Moreover, microalgae play a vital role to sequester carbon dioxide and consequently
reduce its global warming influence (Wang et al., 2008; Show et al., 2017). One of the
most important features of fuel produced by microalgae is that the atmospheric level
of CO, is potentially decreased to about 78% because the fuel produced from
microalgae will not cause an increase in this level (Brown and Zeiler, 1993). Furthermore,
microalgae produce some useful bio-products after oil extraction that can be utilised as
feed, fertiliser, or other commercial approaches such as proteins (Hirano et al., 1997).
Microalgae can produce either biodiesel from the synthesis of high level of lipids (Hu et
al., 2008; Harwood and Guschina, 2009), or bioethanol through fermentation of the
abundant content of carbohydrates in microalgae. The valuable features of microalgal
carbohydrates are that they are rich in sugar and starch, lack lignin and low
hemicellulose content that consequently enhances the hydrolysis efficiently and
fermentation products (Choi et al.,, 2012; Li et al., 2014). Microalgae produced
biomethane by anaerobic digestion of wastewater derived microalgae (Ward et al.,
2014). Furthermore, some microalgal species can be utilised to produce biohydrogen

via direct biophotolysis like green algae that include hydrogenase enzyme or by indirect
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biophotolysis by utilising Cyanobacteria (blue green algae) species to release H, by

nitrogen fixation (Eroglu and Melis, 2016)

1.1.4 Biodiesel

Biodiesel is chemically defined as the mono alkyl esters (methyl, propyl, ethyl) of long
chain fatty acids originated from the transesterification of biomass sources of neutral
lipid (Igbokwe and Nwaiwu, 2013). Transesterification is the common chemical reaction
in which one mole of glyceride reacts with three moles of alcohol (mainly ethanol or
methanol) to produce three moles of monoalkyl esters and one mole of glycerol that is
separated from the ester layer either by decantation or centrifugation (Innocent et al.,
2013). Biodiesel can be derived from various renewable edible and nonedible
feedstocks including animal fat, waste cooking oil, and plant oil. Biodiesel produced
from these sources is nontoxic, highly biodegradable, carbon neutral, can be exploited
directly or blended with diesel, and can be easily handled and stored for a long time
(Daroch et al., 2013). However, edible and non-edible feedstocks can be exploited
commercially because an increase in the demand of fuel, low yield, and the requirement
not to compete with the arable lands and freshwater necessary for food and water
security. Therefore, carbon neutral biodiesel produced from microalgae is considered
to be the optimum feedstock for biodiesel production. Microalgae as a feedstock is
considered a promising source for biodiesel production (Gangadhar et al., 2016). The
physiochemical characteristics of highly purified biodiesel produced from microalgae
are usually assessed through the profile of FAMEs and need to be accordance with the
values of EN 14214 or ASTM D6751 standards of Europe or USA. The most crucial
features of biodiesel that should be evaluated are ester composition, cetane number
(CN), density, viscosity, cold filter plugging (CFPP), free and total glycerol, higher heating

value and lubricity (Levine et al., 2014).

Various studies state that the properties of biodiesel produced from different
microalgal species meet international standards and therefore provide a convenient
and valuable source of engine fuel (Mohammad-ghasemnejadmaleki et al. 2014;

Gangadhar et al., 2016; Bharti et al., 2017). With respect to the biodiesel feedstock, the
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production of biodiesel has increased in European countries which represent the largest
producer of biodiesel worldwide from about 11 million litres in 2011 to about 12.2
million litres. Germany, France and Spain are the main European countries for biodiesel
production in which rapeseed, and palm oil are used as the main feedstocks for
biodiesel production (FAS, 2016). The price of biodiesel mainly depends on the type of
feedstock used, which represents about 60-70% of the total cost of biodiesel fuel

(Canakci and Sanli, 2008).

1.1.5 Microalgae

Microalgae include both prokaryotic (cyanobacteria) and eukaryotic microorganisms
that lack roots, stems, and leaves. They can grow rapidly in a variety aquatic and
terrestrial environments. Microalgal species are found as unicellular, colonial, and
filamentous forms (Lee, 2008). Their growth rate is rapid and varies according to the
species with doubling times of 24 hours for green algae, 17 hours for cyanobacteria and
18 hours for other microalgal taxa. However, due to the large diversity of algal species
and some can grow very quickly with doubling times of 7-8 hours (Griffiths and Harrison,
2009). They are photosynthetic microorganisms which produce approximately half of
the atmospheric oxygen, they can be either autotrophic, heterotrophic, or mixotrophic.
If microalgae are autotrophic, they exploit inorganic compound as their sole carbon
source. Autotrophic microalgae can be either photoautotrophic in which light is the
source of energy, or chemoautotroph that IS THEYoxidize inorganic compounds for
energy. Heterotrophic microalgae oxidise organic compounds for energy and can grow
in the absence of light. Mixotrophic microalgae combined aspects of both phototrophs
and heterotrophs for energy generation (Lee, 2008). Algal reproduction is generally
carried out in two ways: vegetative, asexual, or sexual. Vegetative reproduction is
simply performed by binary fission, while asexual reproduction occurs by the formation
of several types of spores such as autospores or aplanospores. Sexual reproduction is

important for generating new combinations of genetic materials.
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Microalgae are able to sequester carbon through their ability of to fix CO, efficiently
from various sources including atmosphere, industrial exhaust gases and soluble
carbonate salts during photosynthesis. Gases exhausted from industrial process that
contain up to 15% CO, are considered to be a high value source of CO, that is a crucial
factor for microalgal cultivation and consequently the optimum way to fix CO; in
comparison with the low percentage of CO, in the atmosphere. Moreover, various
species of microalgae have distinct features through efficient exploitation of carbonates
like Na,CO3; and NaHCO; necessary for cell growth. The rich extracellular carbonic
anhydrase activity of some microalgae helps them to convert carbonate to free CO,
and then make the CO, assimilation quicker(Wang et al., 2008). Microalgae produce a
variety of valuable products that are commercially exploited in various fields including
human health and food, such as carotenoids, proteins, carbohydrates, anti-oxidant
agents, vitamins and sterols (Borowitzka, 2013; Xia et al., 2013; Cuellar-bermudez et al.,

2014).

1.1.6 Microalgal Lipid

Microalgal lipids are considered to be a promising source for biodiesel production
because their profile is quite analogous with terrestrial crop based biofuels. Lipid is a
well-known bioproduct that refers to all organic compounds that are highly soluble in
organic solvents and cannot be dissolved in water. Lipid is composed mainly of glycerol
head group often attached to a sugar and 12-22 carbon fatty acid chains esterified to
the glycerol. Generally, microalgal lipids are separated into two main groups: polar
lipids like glycolipids (involve the combination of two fatty acid chains, glycerol, and
sugar particle like galactosyldiacylglyceride) occur in the chloroplast membrane.
Glycolipids are split into sphingolipid mainly located in animal cells, and
glyceroglycolipid that is widely distributed in higher plants, algae and bacteria.
Glycolipid is considered to be the main content of thylakoid membrane (80-90%).
Phospholipid (including two fatty acids with phosphorus group on glycerol) is the other
type of polar lipid that is considered to be a key component of algal cell membranes.

The main function of polar lipids (also called structural lipid) are they play a vital role
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for exchange of energy, substances, and signals through monitoring the membrane
permeability of the algal cells (Kitamoto et al., 2009). The main component of polar
lipids is polyunsaturated fatty acids (PUFA) that are synthesized during the aerobic
desaturation and chain elongation of fatty acids especially palmitic (C16) and oleic (C18)

acids (Erwin, 1973).

Non-polar lipid (neutral lipid) is the other type of algal lipid and is split into
monacylglycerol, diacylglycerol, and triacylglycerol (TAG). TAG is the most abundant
type of non-polar lipid that can be easily broken down to release metabolic energy. TAG
is normally synthesized in the light, accumulated in distinct spherical structures named
lipid droplets in the cytosolic bodies, and exploited efficiently for the synthesis of polar
lipid during the night. TAG is the key precursor for biodiesel production that can be
converted to fatty acid methyl esters (FAME) through transesterification. The fatty acids
of TAG are mainly saturated or monosaturated, however some high lipid content
microalgal species accumulate long chain poly unsaturated fatty acids (PUFA) (Bigogno
et al., 2002). TAG is more favourable as a source of biofuel production in comparison
with phospholipid and glycolipid because it is rich in fatty acids and also lack of
phosphorus and sulphur in their structure. The occurrence of phosphate in lipids
inhibits the transesterification reaction, and because of that the TAG yield is about 99%

while for phospholipid it is less than 70% ((Williams and Laurens, 2010).

1.1.7 Algal lipid biosynthesis

The synthesis of fatty acids occurs largely in the chloroplast (Figure 1.9) where glycolysis
and pyruvate kinase (PK) catalyse pyruvate to form phosphoenolpyruvate (PEP) that is
accordingly altered to acetyl coenzyme A (CoA). Fatty acid biosynthesis is mainly
induced through the role of a multifunctional enzyme complex acetyl CoA carboxylase
(ACCase) in which acetyl CoA and bicarbonate is metabolised to malonyl CoA. Acetyl
CoA Carboxylase (ACCase) is one of the key enzymes that play a crucial role in lipid (and
thus biofuel) formation. Two catalytic centres biotin carboxylase (BC) and carboxyl
transferase (CT) located in ACCase facilitate the catalysis of irreversible carboxylation of

acetyl CoA to generate malonyl CoA (Maity et al., 2014)
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Malonyl CoA is then converted into malonyl ACP through the action of malonyl CoA
transacylase (MAT). Both acetyl CoA and malonyl ACP are deemed as a template for
fatty acid biosynthesis. Firstly, butyryl (C4).ACP is synthesized from acetyl(C,)-CoA and
malonyl (C3)-ACP through serial reactions including condensation, decarboxylation, and
reduction of non-malonyl-ACP to form ketoacyl-ACP. The formation of the keto unit was
associated with the consumption of molecules like ATP and NADPH that are utilised to
elongate the fatty acid molecule by adding C,-saturated carbon unit in fatty acid
biosynthesis. Acyl-ACP is then elongated up to acyl (Cis or 18)-ACP. The termination of
fatty acid chain elongation is catalysed through different fatty-ACP thioesterases (FAT)
that hydrolyse acyl-ACP into free fatty acids (FFAs) (Ci60r18). The fatty acids synthesized
on the plastid envelope are excreted to cytosol by association with the route of binding
of CoA (Rezanka and Sigler, 2009; Joyard et al., 2010). The fatty acids in the acyl-ACP
form can be directly utilised by sequential acylation of glycerol 3-phosphate located in
the chloroplast that results in the formation of diacylglycerol (DAG). In some microalgl
species e.g. Chlamydomonas, DAG can act as a precursor for TAG synthesis in
chloroplast (Fan, Andre and Xu, 2011). However, the common pathway for synthesis of
TAG is that the FFAs are excreted from the chloroplast to the cytosol, and then the long
chain acyl-CoA synthetase (LACS) attach CoA to the FFA and consequently lead to the
production of acyl-CoA that can be utilised for elongation and desaturation steps in the
endoplasmic reticulum (ER). Many studies have reported that TAG synthesis in green
microalgae is carried out in both ER-derived compartments and the chloroplast through

the activities of different acyltransferase isoforms (Li-Beisson et al., 2015).
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Figure 1.9 Schematic to illustrate fatty acid de novo synthesis of microalgal lipid.
ACCase acetyl CoA carboxylase, ACP acyl carrier protein, CoA coenzyme A, FAT fatty
acyl-ACP thioesterase, PGA phosphoglyceraldehyde, HD 3-hydrocyl-ACP dehydratase,
ENR enoyl-ACP reductase, KAR 3-kotoacyl-ACP synthase, MAT malonyl-CoA ACP
transacylase, PDH pyruvate dehydrogenase complex, TAG triacylglycerol. Adapted from
(Mondal et al., 2017).

1.1.8 Microalgal cultivation

The first attempts at large scale microalgal cultivation were carried out in the 1940s and
1950s when microalgae were grown in open ponds and utilised as a nutritional source
during the Second World War and its aftermath. The main goal of algal cultivation for
biodiesel production is to maximise lipid productivity (lipid yield) by increasing both the
growth rate and lipid yield. In batch cultivation systems, the process of lipid production
includes maximising the biomass concentration at the end of the exponential phase and
then induce lipid synthesis through various processes mainly through reducing the
nutrient content of the medium ((Singh and Sharma, 2012). The common techniques
used for algal cultivation include open ponds, and photobioreactors (PBRs). Each
technique has its unique features and the two main factors for selecting the cultivation

system are the price and reliability.
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1.1.8.1 Open ponds

Open ponds are the oldest type of large scale algal cultivation processes and have been
commercially established from 1970 ((Borowitzka and and Borowitzka, 1988). Open
pond design can either be natural like lakes and ponds, or consist of large artificial like
large tanks. The circular design is the conventional type of pond that is widely used in
waste water treatment in which the algal culture is circulated around the pond and the
pond is equipped with rotating arm that is used to mix the algal culture and avoid any
possibility of sedimentation. Circular open ponds are commonly used for large scale
cultivation of Chlorella sp. in Asia. Generally, the productivity of algal biomass in circular
pond varies from 8-21 g m day'1 ((Benemann and Oswald, 1996; Lee, 2001; Chisti,
2008). Raceway (Figure 1.10) is the other type of open pond design that is the most
common artificial type of open pond. The design of raceway ponds involves a container
made from concrete, dug into the ground and lined with a plastic membrane to prevent
seepage. Most raceway ponds include a paddle wheel, used widely to ensure the flow
of liquid and the suspension of algal cells in the medium, which prevents any
sedimentation. The depth of a raceway pond should be about 20-50 cm in order to
guarantee the penetration of light to the bottom of the culture as light intensity plays a
vital role for enhancing the lipid production of algal cells. The algal biomass production
in raceway ponds ranged from 60-100 g m’ day'1 that make it more commercially viable

than the circular pond for algal cultivation (Tredici, 2004).

The main benefits of using open ponds for large scale algal cultivation are the low cost
of construction and maintenance, minimal energy requirements, simple system of
cultivation in terms of operation, and the fact that they can be constructed in a variety
of places including marginal land (Rodolfi et al., 2009; Chisti, 2012). On the other hand,
various drawbacks of open ponds are the large area required to scale up, their high
susceptibility to contamination and invasion by other microalgae, bacteria and
invertebrates. Biomass cultivation in open ponds is also dependent on weather
conditions including temperature, and light intensity that are considered among the
vital factors that make the productivity of algal cells highly dependent on the season,

often spring and summer is when the productivity reaches the maximum yields. Water

33



evaporation and the diffusion of CO, to/from the atmosphere are other common

problems with the open pond system ((Osundeko and Pittman, 2014).

1.1.8.2 Closed Photobioreactors

The main reason for using closed photobioreactors is to solve the problems associated
with the cultivation of algae using open pond systems. Photobioreactors can be defined
as closed or (mostly closed) vessels that offer an ideal system for capturing and
exploiting of light, and CO, necessary for pilot cultivation of algal cells. A
photobioreactor consists of four main systems: solid phase (microalgal cells), liquid
phase (medium consisting of nutrients to enhance the growth), gaseous phase (CO, and
0,) in which gas exchange filter is used to monitor the transfer and exit of gases, and a
source of light in which the illumination should be designed to mitigate mutual shading
(Posten, 2009). Various types of photobioreactor have been designed such as the stirred
tank, vertical column, horizontal tubular, and flat panel (Figure 1.10). The selection of a
specific photobioreactor is mainly dependent on the species to be cultivated, and the
properties of the final products (Carvalho et al., 2006). The operation of the
photobioreactor can be carried out outdoors using sunlight as a source of light or
indoors utilising artificial source of light for illuminating the algal culture. Indoor
photobioreactors can also be illuminated by sunlight if placed in a greenhouse for

example.

The design of any type of photobioreactor needs to consider the following factors: the
reactor must be versatile to allow cultivation of different microalgal strains, the culture
must be provided with uniform illumination and an efficient mechanism for transfer of
CO; and O,, the evaporation of water loss and CO, diffusion must be kept to a minimum
and the surface area to volume ratio must be considered with respect to culture
illumination and mitigation of dark zones. The design must also take into account the
probability of foam being produced, particularly in high density cultures ((Singh and
Sharma, 2012).

Each type of photobioreactor has advantages and limitations, the conventional stirred
tank bioreactor advantages are good heat and mass transfer, the agitation being carried

out very efficiently using a mechanical agitator and the low probability of contamination.
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However, the low surface area to volume ratio causes inefficient utilization of light
thereby minimising photosynthesis and the high energetic cost of the mechanical

agitator requires extra energy consumption (Doran, 2013).

Vertical photobioreactors (Figure 1.10) are mainly divided into bubble column and airlift
bioreactors. One of the advantages of this type of photobioreactor is that the agitation
of algal cells within the medium is carried out through the air sparger at the bottom of
reactor that converts the released gas into tiny bubbles enhancing the mass transfer to
release CO, and capture O,. The other advantage is less energy consumption in
comparison with the conventional stirred bioreactor. While one drawback is the
relatively high cost of vertical photobioreactors, due to the materials that are used for

their construction (Posten, 2009; Doran, 2013).

The distinct features of horizontal tubular photobioreactors (Figure 1-10) are the high
surface to volume ratio that enhances the exposure of microalgal cells to the light
source, the agitation conducted through recirculation by air pumps, low cost
construction materials, and can be used outdoors. The main limitation of horizontal
photobioreactors are high levels of dissolved O, that inhibit the rate of photosynthesis.
The high accumulation of O, decreases algal productivity which makes the use of this

type of bioreactor not economically feasible (Mirén et al., 1999; Doran, 2013).

The flat panel photobioreactor (Figure 1.10) also has a high surface area to volume ratio
that allows for efficient exposure to the light. Agitation is carried out through bubbling
air from the bottom or the side of the bioreactor and leads to low accumulation of O,.
It is possible to cheaply construct flat panel photobioreactors, but they are difficult to
scale up. The other main disadvantages of flat panel photobioreactors are: a) difficulties
with temperature regulation and b) aeration causing hydrodynamic stress (Ugwu et al.,

2008).
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Figure 1.10 Schematic of various types of large scale algal cultivation systems

adapted from (Ting et al., 2017)

1.1.9 Strategies to induce lipid synthesis in microalgae

Motor

Baffle

Foam breaker

Impeller

Air sparger

Microalgae produce high value bioproducts including lipid and the synthesis of neutral

lipid is highly influenced by various parameters that play an important role in adjusting

the growth rate of microalgae. Generally, these parameters are classified into three

groups (Mata et al., 2010):

Abiotic factors including light, temperature, carbon dioxide, pH, salinity, and nutrients

(carbon, nitrogen, and phosphorus) that are essential for algal growth.

Biotic factors involve bacteria, viruses, fungi and other microalgae and the effects of

competition for abiotic growth factors.

Additive factors that have an operational function for microalgal growth, such as stirring

speed for mixing and the percentage dilution factor used in fed-batch or continuous

cultures.
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1.1.9.1 Light

Light is the energy source that drives the conversion of CO, to organic compounds
(mainly sugars) through photosynthesis. The growth rate of microalgae increases with
increasing light intensity until the saturation intensity point is reached where the level
of photon absorption surpasses the rate of electron transport and consequently no
further increase in photosynthetic activity takes place. Further increasing the light
intensity will cause degradation of the photosynthetic apparatus at PS2- this is called
photo-inhibition (Chang et al., 2016). In general, the optimum light intensity varies
between algal species, for instance, the light saturation intensity point of Chlorella sp.
was found to be 8000 lux, while it was reported that 10000 lux was the optimum light
intensity for Nannochloropsis sp. (Cheirsilp and Torpee, 2012). For Scenedesmus sp. the

optimum light intensity was 6000 lux (Mandotra et al., 2016).

Increasing light intensity maximises lipid content in various microalgae probably
because adequate light intensity induces the storage of excess photoassimilates, that
can be converted into several chemical products. The highest percentage lipid content
(47%) for Nannochloropsis sp. was achieved under the high light intensity of 700 umol
photons m? st (Pal et al., 2011). The lipid content of Scenedesmus sp. enhanced
gradually from 21.2 to 33.7% when cultured on increasing light intensity from 3000 to
6000 lux (Mandotra et al., 2016). The level of light intensity can also affect the type of
lipid produced. Under low light intensity the algal cells tend to produce large amounts
of polar lipids to maximise the synthesis of chloroplast membranes. While an increase
in the light intensity induced the algal cells to accumulate neutral lipids without greatly

influencing the algal growth rate (Breuer, Lamers, et al., 2013).

1.1.9.2 Temperature

Temperature is the other factor that influences the growth rate and lipid profile of
microalgae. Generally, algal biomass production increases with an increase in the
temperature until an optimum temperature is reached. Many microalgal cells grow well
at temperatures ranging from 25 - 30°C. At higher temperatures, the growth of algal

cells is decreased mainly because heat probably denatures functional proteins and
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photosynthetic enzymes. Moreover, high temperature causes a drop in the neutral lipid
content of microalgae, although the proportion of saturated and monounsaturated
fatty acids increase (James et al., 2013). At low temperatures (below 15°C), algal cells
production is inhibited due to an increase in the viscosity of the cytoplasm and a
decrease in the transport into the cell of essential nutrients. Furthermore, low
temperatures lead algal cells to accumulate unsaturated fatty acids that are used to

increase the fluidity of the membrane (Chang et al., 2016).

The optimum temperature for lipid synthesis was found to vary depending on the
species ((Sibi et al., 2016). An increase in the temperature from 20 to 25°C doubled the
lipid content (7.9 to 14.9%) of Nannochloropsis oculata. For Chlorella vulgaris 25°C was
reported as the ideal temperature for lipid production and any change in the
temperature led to clear reduction in the lipid yield (Converti et al., 2009). On the other
hand, 20°C was found to be the optimum temperature for both Scenedesmus sp. and
C. minutissima to achieve their highest yield of lipid (Xin, Hong-ying and Yu-ping, 2011;
Cao et al., 2014).

1.1.9.3 Carbon dioxide

Carbon is a major component of microalgal cells (45-50%) dry weight and the main
source of carbon for algal photosynthesis is CO, from the atmosphere, or from industrial
processes (exhaust or flue gas containing a range of components), and from soluble
carbonates (Kumar et al., 2010). To greatly boost algal biomass production and lipid
yields, CO, is supplied to algal cultures as a gaseous form mixed with air (Amaro, Guedes
and Malcata, 2011), or through the supply of waste gases containing a high CO, content
(15 - 20%).

The optimal concentration of CO; varies between different microalgal species, however
overdose of CO, has negative impacts on the growth of microalgae mainly because the
excess CO, is converted to carbonic acid (H3CO3) that consequently leads to a decreasing
the pH of the culture. Microalgal biomass can be grown at atmospheric concentration
of CO; (0.03%), but increasing the amount of CO, normally increases the growth rate at

least up to 5% CO; (Ying et al., 2014). However, as noted above, industrial flue gas often
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contains high concentrations of CO, and some microalgal species can grow well at
elevated CO, levels e.g. the highest lipid productivity in Chlorella vulgaris was achieved
in cells cultured with 8% CO, under nitrogen limited conditions (Montoya et al., 2014).
Biomass productivity and lipid yield also increased in Nannochloropsis cells after
supplementation with 15% CO, (Jiang et al., 2011). Another study showed that both
Scenedesmus obliquus and Chlorella pyrenoidosa show their maximum vyield of lipid
polyunsaturated fatty acids when supplemented with high concentrations of CO, (30 -

50%) (Tang et al., 2011).

1.1.9.4 Nutrient limitation

Nutrient starvation or depletion is considered as an efficient and common strategy for
increasing the lipid content of algal cells. Microalgae can adapt their cells to various
alterations in the environment. Under unfavourable conditions microalgal cells tend to
initiate a defence mechanism in which energy is accumulated as neutral lipid mainly in
the form of triacylglycerol (TAG) to protect the cells from photo-oxidation (Adams et al.,

2013; Sibi et al., 2016).

Nitrogen starvation is the most common approach to significantly increase lipid
accumulation. Nitrogen is the second most essential component (1-10%) of algal cells
and is mainly provided in growth media as either ammonium, nitrate or urea. In some
microalgae ammonia is exploited more effectively and can be converted directly to
amino acids (Lv et al., 2010; Xin et al., 2010). Nitrogen starvation stops or dramatically
slows down cell division and consequently induces a shift in the biosynthetic pathway
of lipid to over synthesise neutral lipid (TAG) instead of membrane lipids essential for
the cell membrane formation (Hu, 2004). The lipid content of Chlorococcum sp. and
Scenedesmus destricola improved from 31.6% to 40.7% and from 48% to 54%
respectively when they were cultured under nitrogen deficient conditions, (Li et al.,
2013). Moreover, N starvation led to a ten-fold increase in the lipid content of

Micractinium pusillum after 6 days growth (Li et al., 2012).

Phosphorus is another essential nutrient constituting around 1% of algal cell dry weight.

Phosphorus plays a crucial role in the growth and metabolic pathways of microalgae as
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it is involved in energy transduction and is a vital part of nucleic acid structure (Juneja
et al., 2013). Various studies have reported the influence of phosphorus starvation on
the induction of neutral lipid synthesis in microalgal cells e.g. the lipid content in
Scenedesmus obliquus increased from 10% to 29.5% when they were cultured under

phosphorus starvation (Mandal and Mallick, 2009).

Sulphur is another crucial nutrient for algal growth and sulphur deprivation has been
shown to induce the lipid accumulation in the algal cells through the alteration of the
metabolic pathway of carbon from protein to neutral lipid synthesis. Sulphur starvation
induced the accumulation of TAG in Chlamydomonas reinhardtii cells (Cakmak et al.,
2012; Sato et al., 2014) and sulphur deficiency led to enhanced lipid levels (1.2 to 2.4%)
for a Chlorella sp. (Mizuno et al., 2013).

1.1.9.5 Salinity

Microalgal cells tend to accumulate high lipid yield as a defence mechanism after
exposure to salinity stress that enhances the external osmotic pressure. An increment
in the salinity of the algal environment has a remarkable influence on the physiological
and biochemical properties of the algal cells because of the alteration in the ionic
balance inside the cells. In response to a salinity increase, fresh water algal cells release
ions through the membrane and adjust the absorption of ions, they also accumulate
high lipid products (Talibi et al., 2013). However, excess salinity has a negative effect on
algal growth and lipid accumulation due to its inhibitory effect on the photosynthetic

activity of the algal cells.

Several studies have investigated the effect of salinity on lipid accumulation in marine
or salt tolerant microalgae Dunaliella sp. that is a good example of an alga which is
tolerant to salinity stress and its lipid content increased remarkably (up to 70%) under
high salinity ((Takagi and Yoshida, 2006). Nanochloropsis salina lipid yield increased
when they were cultivated under high NaCl concentrations (Bartley et al., 2013).
Another study stated that high salinity can be exploited as a lipid trigger that enhances

the level of various fatty acids in the fresh water species Chlamydomonas reinhardtii
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that were good precursors for biodiesel production like palmitic acid (C16:0), and

linolenic acid (C18:3n3) (Hounslow et al., 2016).

1.1.9.6 Metal stress

Micronutrient metal ions like iron, zinc, copper, manganese and calcium have a crucial
role to play in both growth and lipid production in microalgae. These metals are
essential for electron transport in photosynthesis and cellular respiration (Huang et al.,
2013). Iron (Fe™) ion affects many genes that regulate the lipid synthesis pathway and
consequently enhances the lipid yield in microalgae. Scenedesmus sp. growth rate and
lipid yield were increased by increasing the concentrations of iron, magnesium, and
calcium (Ren et al., 2014). An increase in the lipid content of Botryococcus sp. was seen
after cultivation in a high iron concentration (Yeesang and Cheirsilp, 2011). Another
study described an increase in the growth and lipid content of Monoraphidium sp. after
adding magnesium to the medium (Huang, et al., 2014). Other metals like zinc and
copper have an influence on algal growth and lipid enhancement through their roles as

enzyme cofactors (Zhou et al., 2012).
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1.2 Aims of the project

The main aims of the work described in this thesis are:

Isolation, molecular identification, and construction of a phylogenetic tree of the fresh
water algal strain isolated from Weston Park pond, Sheffield, United Kingdom. (Chapter
3)

Investigate the neutral lipid content in Desmodesmus armatus (the strain isolated from
Weston Park Pond) and compare it with neutral lipid content of the model strain of
cyanobacteria Synechocystis sp. PCC 6803 (obtained from Prof. Hunter lab, Department
of Molecular Biology and Biotechnology - University of Sheffield-UK) under normal and
stress growth conditions (high salinity, nitrogen starvation, and altered source of
nitrogen in the medium). Various neutral lipid assessment techniques were used
including fluormetric determination in combination with lipophilic Nile Red dye, gas
chromatography - mass spectrometry (GC-MS) technique, and nuclear magnetic

resonance (NMR). (Chapter 4)

Attempt to increase the neutral lipid yield of D. armatus through random mutation
using UV-C (254 nm) as mutagen, compare the neutral lipid content between the wild
type and the UV exposed cells using flow cytometry in combination with Nile Red dye

and florescence activated cell sorting (FACS) techniques. (Chapter 5)
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Chapter Two
Materials and Methods
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2.1 Cleaning and Sterile Techniques

To avoid any contamination, all culture equipment used in experiments was autoclaved.
Also, inoculation and sub-culturing were carried out with a flame after cleaning the
bench with 70% ethanol. Moreover, the glassware was soaked for 2 hours in
concentrated sulphuric acid to ensure that all residual material from previous cultures

was removed.

2.2 BG11 Medium
Both water samples (see section 2.3) and Synechocystis sp. strain were grown in

BG1llmedium.

BG11 medium was prepared according to ((Xin et al., 2010) using a series of stock

solutions that are then combined. The stock solutions were prepared as follows:

Stock solution Gram per litre
(1)NaNOs 15.0

Stock solution Gram per 500 ml
(2)K2HPO, 2.0
(3)MgS04.7H,0 3.75

(4) caCl,.2H,0 1.80

(5) Citric acid 0.30

(6) Ammonium ferric citrate green 0.30

(7) EDTANa; 0.05

(8) Na,CO; 1.00
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(9)Trace metal solution

Stock solution Gram per litre
H3BOs 2.86
MnCl,.4H,0 1.81
Na;Mo00,4.2H,0 0.39
CuS04.5H,0 0.08
Co(NOs),.6H,0 0.05

1 litre of medium was prepared by adding 100 ml of stock 1, 10 ml each from stocks (2-
8), and 1 ml of stock 9 and the volume was made up to 1 litre by distilled water. The
medium was adjusted to pH=7.2 using 1 M HCl or NaOH. The medium was autoclaved

at 121°C for 15 to 20 mins.

For agar medium, 15 g of Bacteriological agar (Oxoid L11) was added to the medium

prior to autoclaving.

2.2.1 Modified BG11 Media

Different modifications were made to the BG11 medium, to grow the algal samples

under stress conditions.

2.2.1.1 High Salinity BG11 Medium

High salinity BG11 media (0.2 M NacCl, 0.4 M NaCl,0.6 M NaCl , 0.8 M NaCl ) were
prepared by adding 11.7 g ,23.4 g, 35 g, 47 g of NaCl to 1 litre of BG11, the medium
was adjusted to the pH=7.2 using 1 M HCl or NaOH.

2.2.1.2 BG11 Medium Containing Different Concentrations of NaNO;
To provide different concentrations of nitrogen in the BG11 media, different volumes

of stock solution 1 (15 g/l NaNOz) were added to BG11 media to make 75%, 50%, 25%

concentrations of nitrogen in the BG11 media.

2.2.1.3 BG11 Medium Containing Different Nitrogen Sources
To investigate the effect of different nitrogen sources, NH,Cl and urea were added in

place of NaNOs in BG11 medium. The same amount of nitrogen in the medium was
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maintained by dissolving 9.44 g of NH,Cl and 5.3 g of urea respectively in separate 1
litre aliquots of BG11 media. Both modified media were adjusted to pH=7.2 using 1 M

NaCl or NaOH

2.3 Collection of Samples

Water samples were collected from different locations around the edge of Weston Park
pond (Sheffield, UK) using sterile 50 ml Falcon tubes (Figure 2.1), each tube was filled
with 50 ml of pond water (after shaking the tube several times to disturb the sediment).
Each sample was then aseptically transferred to a sterile 250 ml flask and 50 ml of sterile

double strength BG11 medium was added.

The cyanobacterium Synechocystis sp. PCC6803 was obtained from Professor Hunter’s
lab (Department of Molecular Biology and Biotechnology, University of Sheffield) in the
form of streaks on agar plates (Figure 2.2). Two types of Synechocystis PCC 6803(Nixon,

and Vermass) colonies were subcultured in BG11 medium.

Both water pond samples and Synechocystis strains were incubated in the growth room
at 25 + 1°C with continuous light (50 — 70 umol m™ s™) supplied by daylight fluorescent

lights. When required, shaking (80 rpm) was provided for flask cultures.
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Figure 2.1 Western Park Pond where water samples were collected

Figur 2.2 Synechocystis PCC 6803 obtained from Prof Hunter Lab (Department of
Molecular Biology and Biotechnology, University of Sheffield)
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2.4 Cell Density Evaluation

2.4.1 Spectrophotometer

A UV-Vis Unicam Helios a-spectrophotometer (Unicam) was used to assess the optical
density (OD). A wavelength of 595 nm was initially used to measure turbidity of both
Synechocystis and pond water samples.

In general a 1 ml aliquot of culture was aseptically transferred to a 1 ml plastic cuvette
(634-0675 Polystyrene, VWR). The cuvette was briefly agitated to ensure homogenous
dispersal before being placed into the spectrophotometer for OD measurement. The
OD of sterile media and distilled H,0 (dH,0) did not differ. Consequently, 1 ml of dH,0
was used as a blank in all subsequent experiments to avoid wasting media and potential
media contamination. If the optical density of the algae sample was above 0.6 the

sample was diluted with dH,0.

2.4.2 Cell Counting and Growth Curve Determination

Growth curves for both Synechocystis and D. armatus cells were determined following

the protocol described by (Guillard and Sieracki, 2005):

e A suitable inoculum culture of each strain was chosen and the cell number
was counted using Helber Counting Chamber and light microscope (Nikon,
Japan).

e Exactly 100 ml of BG11 was transferred to pre autoclaved 3*250 ml flasks.

e The flasks were inoculated with each strain separately, and the volume of
inoculum was adjusted from the original flask using fresh medium to provide
an initial cell density (cells mI™) of 1*10* for Scenedesmus sp. and 1*10° for
Synechocystis sp. The strains were incubated at 25 + 1°C with continuous
light (50 — 70 umol m™ s™) supplied by daylight fluorescent lights.

e The strains were counted daily by shaking the flasks and placing 20 ul of the
culture within the engraved circle of the Helber Counting Chamber slide,
then the cover slip was added using a sliding motion.

e The slide was examined under the appropriate magnification usually x400

phase contrast. The number of small squares counted depended on the
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density of the culture, for example the less dense cultures required a count

of all the cells within 400 small squares.

e An Excel spreadsheet was prepared between the cell count and the days.

Calculations

Each small square has an area of 1/400 mm and with the cover slip

correctly in the place the depth of liquid is 0.02 mm.
The volume of liquid contained within a single square is
= 1/400 x0.02 mm?
=0.0025 x0.02 mm’
=5 x 10" cm? (ml)

If the total count of the 50 Small Squares is Y then:
=Y/ (50x5x10%) mI

=Yx4x10° ml*

2.5 Microscopic Examination of the Pond Samples

After the water pond samples showed growth in the BG11 medium flasks, serial slides
from each culture were prepared and examined using light microscope (Nikon, Japan).
Most of the slides contained a mixture of microalgae and bacteria. Therefore, the major

population of microalgae strains were purified using different techniques.

2.6 Assessing Bacterial Contamination and Purification Methods
Different methods were used to achieve an axenic (bacteria-free) microalgal strain from

water pond samples grown in BG11 medium.
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2.6.1 Percoll™ Treatment

This differential centrifugation method was carried out according to Sitz and Schmidt,
(1973). Percoll™ standards of 10%, 20%, 30%, 40%, 50%, 60% were made up with
autoclaved distilled water in 15 ml Falcon tubes stored on ice. For example 1 ml of 60%
standard was prepared by adding 0.6 ml of Percoll™ to 0.4 ml of autoclaved distilled
water. A density gradient was obtained in a 15 ml Falcon tube: 1 ml of 60% Percoll
followed by 1 ml of each standard in order of decreasing Percoll™ concentration. The
standards were added into the Falcon tube at a 40° angle to avoid mixing between
layers as much as possible. Using the same technique, 1 ml of a contaminated algae
culture (ODsgs above 1) was transferred to the top of the density gradient. The Falcon
tube was centrifuged at 500 g for 10 minutes. Immediately after centrifugation the top
layer of Percoll™ was discarded. With a fresh pipette tip, the layer of algae cells was

carefully extracted and transferred to fresh medium.

2.6.2 Centrifuge Washing Technique (Purification of Algal Samples)
Centrifuge washing technique was adapted from Phang and Chu (1999) and sterile dH,0

was prepared by autoclaving at 121°C for 15 minutes. Microalgal samples (12 ml) were
transferred from a well grown culture into 4*15 ml Falcon tubes and centrifuged at
1500 g for 15 minutes. After the supernatants were discarded, the cells in each tube
were suspended in fresh sterile water using vortex mixing to produce a homogeneous
suspension. Centrifugation and washing steps were repeated for six times to exclude
most contaminants present in the algal samples and the cells were then streaked on

BG11 agar plates.
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2.7 Molecular Identification of the Strains

Both Synechocystis and the water sample strain were identified using 16S and 18S rDNA
primers respectively. The identification procedure included extraction of genomic DNA,
PCR amplifications, and sequencing of the PCR product. The water sample strain was
initially identified as a species of the genus Scenedesmus (subsequently Desmodesmus

armatus)

2.7.1 Extraction of DNA

Genomic DNA extraction of samples was performed using two protocols:

a) by using the surfactant hexadecyltrimethylammonium bromide (CTAB) or b) by using

the ZR Soil Microbe DNA Microprep™ Kit.

2.7.1.1 CTAB Protocol
Genomic DNA extraction for both Synechocystis and D. armatus cells were carried out

based on the protocol described by Li et al., (2002):

e 5-10 ml of algae culture was centrifuged in a 15 ml Falcon tube for 10 min at
3000 g.

e Supernatant was discarded and the pellet was resuspended in 500 pl of CTAB
(prepared by dissolving 2% CTAB, 2% B-mercaptoethanol, 0.1 M Tris-HCI pH=8.0,
1.4 M NacCl and, 20 mM EDTA), the suspension was then sonicated for 30 s at
full power.

e Sample was then incubated at 65°C for 1 hour.

e 500 ul of phenol-chloroform isoamylacohol (24:25:1) was added to the sample.
Sample was then vortexed and centrifuged for 5 min at full speed in a microfuge.

e Carefully, the top layer was removed into a fresh Eppendorf tube and 500 pl of
chloroform was added.

e Sample was then centrifuged for 5 min at full speed in a microfuge and the top
layer was measured and transferred into a fresh Eppendorf tube.

e 1/10 total volume of 3 M sodium acetate pH 5.2 was added. This was followed

by adding 2.5 volumes cold 100% ethanol.
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Sample was then incubated on ice for 10 mins at least, then centrifuged at 6000
g for 15 min.

Supernatant was discarded immediately and 1 ml of 70% ethanol was added.
Eppendorf tube was then centrifuged for 5 mins at full speed and supernatant
was discarded.

Centrifugation was carried out again for the same time and speed and the
remaining of ethanol was pipetted off carefully.

Air drying was then performed for 10 mins.

Pellet was resuspended in 50 pl of sterile MilliQ water.

DNA pellet was left on bench to resuspend overnight and incubated for 60 mins

at 50°C in the morning.

2.7.1.2 DNA Extraction using ZR Soil Microbe DNA Kit

D. armatus genomic DNA was extracted using ZR soil Microbe DNA MicroPrep™ (Zymo

Research ,Irvine, CA, USA ) kit according to the manufacturer’s protocol as follows:

20 ml of each sample was centrifuged at 3000 g for 10 min, the supernatant was
discarded.

750 ul of Lysis solution was added to the pellet and transferred into a ZR
Bashingbead ™ lysis tube.

The tubes were then bead beated using 0.5 mm bead tubes (Bead bug microtube
homogenizer, Sigma Aldrich, see Figure 2.3) for 3 min at 3000 g.

The Bashingbead ™ Lysis tube was then centrifuged at 10,000 x g for 1 min.
About 400 pl of the supernatant was transferred to a Zymo-spin™ filter in a
collection tube and centrifuged at 7000 x g for 1 min.

1,200 pl of Soil DNA binding buffer was added to the filtrate in the collection
tube from the last step.

800 pl of the mixture from the last step was transferred to a Zymo—spin "™ IC
Column in a collection tube and centrifuged at 10,000 x g for 1 min.

The flow through was discarded from the collection tube and the last step was

repeated.
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e 200 ul of DNA Pre-wash Buffer was added to the Zymo-spin™ IC Column in a
new collection tube and centrifuged at 10,000 x g for 1 min.

e 500 pl of Soil DNA Wash Buffer was added to the Zymo-spin™ IC Column and
centrifuged at 10,000 x g for 1 min.

e The Zymo-spin ™ IC Column was transferred to a clean 1.5 ml microcentrifuge
tube and 50 pl of DNA Elution Buffer was added directly to the column matrix.
To elute the DNA the column matrix was centrifuged at 10,000 x g for 30 seconds.

e The eluted DNA was left overnight, then incubated for 60 mins at 50°C in the

morning.

Figure 2.3 Bead bug microtube homogenizer for disruption of algal cells
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2.7.2 Gel Electrophoresis

The presence of genomic DNA in the extracted algal samples was investigated by
preparation of 1% agarose gel. 0.6 g of agarose powder (ICN Biomedicals Inc.) was
dissolved with 60 ml of distilled water and 1.2 ml of 50x TAE buffer (prepared by
dissolving 242 g of Tris, 100 ml of 0.5 M EDTA and 57.1 ml of Glacial acetic acid in 1 litre
of distilled water). A 6 pl aliquot of Gel Red was added to the gel mix after heating the
mix in a microwave oven at power 6 for 90 seconds. 10 pl of the DNA sample was mixed
with 2 ul of 6x DNA loading dye and loaded onto the agarose gel. Also, 6 pl of 1 kb DNA
ladder (Thermo Scientific) was loaded onto the agarose gel and the electrophoresis was
run at 80 V for 45 min. Bands were visualized with a UV lamp and photographs taken to

capture the image.

2.7.3 Polymerase Chain Reaction amplification

PCR amplifications were performed for identification of the pond samples using 18S
Lim primers (Lim et al., 2012). For further identification of pond water samples, the
internal transcribed spacer (ITS) region were amplified using 5.8S rDNA ITS1, and ITS2
primers. (Nakayama et al., 1996; Hoshina et al., 2004; Hoshina et al., 2005).

Moreover, the standard strain Synechocystis PCC 6803 was confirmed using (16S
primers) in a MyCycler thermal cycler (Bio-Rad). The sequences of 16S, 18S, 5.8S, ITS1,

and ITS2 primers are shown in Table 2.1 and the PCR mixtures are shown in Table 2.2
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Table 2.1 Sequence of 16S rRNA , 18S, 5.8S, ITS1, and ITS2 rRNA Primers

Primer Sequence Reference
27 F 16S 5-AGA GTT TGA TCC TGG CTCAG -3 Stackebrandt and
1492 R 16S 5-TACGGCTACCTTGTTACGACTT -3 Goodfellow (1991)
18S rRNA For 5-GCGGTAATTCCAGCTCCAATAGC-3
Lim Lim et al., (2012)
18S rRNA Rev 5 -GACCATACTCTCCCCCCGGAACC-3
Lim
18S rRNA For 5-AATTGGTTGATCCTGCCAGC -3
Sheehan
18S rRNA Rev 5-TGATTCTGTGCAGGTTCACC-3
Sheehan
5.8SrDNAF 5-GTCAGAGGTGAAATTCTTGG-3 Nakayamaetal.,
(1996)
5.8SrDNAR 5-CAATGATCCTTCCGCAGGTT-3 Hoshina et al., (2005)
ITS1F 5-TACCTGGTTGATCCTGCCAG -3 Nakayama et al.,
(1996)
ITS1R 5-TAACTAAGAACGGCCATGCAC-3 Hoshina et al.,( 2005)
ITS2 F 5-TGGTGAAGTGTTCGGATTGG -3 Hoshina et al., (2004)
ITS2 R 5-TCCCAAACAACCCGACTCT-3 Hoshina et al., (2005)
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Table 2.2 Contents of Tubes for PCR Amplification

SAMPLE 16S 18S Lim Control
Master mix 20 20 20
For primer 4 4 4
Rev primer 4 4 4
Distilled 17 17 22
water
Genomic DNA | 5 5 0
Total volume is 50 ul for all samples

The confirmation of Synechocystis PCC 6803 using PCR amplification was performed
using 16SrDNA primers ((Stackebrandt and Goodfellow, 1991) (Table 2.1) following the
protocol described in Table 2.3, while the identification of pond samples was conducted

following the protocol shown in Table 2.4.

56



Table 2.3 PCR Cycling using 16S rRNA Primers

Initial Denature 94 °C 3 min
Denature 95°C 1min
Anneal 58 °C 1 min 30 cycles
Elongation 72 °C 1 min
Final Elongation 72 °C 5 min

Table 2.4 PCR Cycling using 18S rRNA primers

Initial Denature 94 °C 5 min

Denature 94 °C 30 sec

Anneal 58 °C 30 sec 30 cycles
Elongation 72 °C 1 min

Final Elongation 72 °C 10 min

Table 2.5 PCR Cycling using ITS1,ITS2,5.8S rDNA primers

Initial Denature 94 °C 5 min
Denature 94°C 30 sec
Anneal 55 °C 30 sec 30 cycles
Elongation 72 °C 1 min
Final Elongation 72 °C 5 min

The PCR products were detected using 1% agarose gel (as described in section 2-7-2),
and the positive results were purified using an Anachem KeyPrep PCR clean-up kit as

follows.
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e The volume of the samples was determined and adjusted to 100 ul with sterile
distilled water. Five volumes of buffer PCR were added and the samples were
mixed thoroughly by vortexing or inverting several times.

e The samples were transferred to a column (max. 1 ml) assembled in a clean
collection tube, centrifuged at 10,000 x g for 1 min. The flow through was
discarded.

e The columns were washed with 750 pl Wash Buffer and centrifuged at 10,000 x
g for 1 min and the flow through was discarded.

e The columns were centrifuged at 10,000 x g for 1 min to remove residual
ethanol.

e The columns were placed into clean microcentrifuge tube. About 80 pl of Elution
Buffer was added onto column membrane and allowed to stand for 2 min. The
eluted DNA was collected by centrifuging the column at 10,000 x g for 1 min.

The eluted DNA was confirmed by electrophoresis of the purified DNA and the rest of

DNA was stored at 4°C.

2.7.4 PCR Purification

As an alternative to the Anachem Key Prep Kit, some PCR products were purified using
QIAquick PCR Purification kit (Qiagen). Moreover, the yield of the purified PCR product

was measured in quartz cuvette at 260 nm using a spectrophotometer.

2.7.5 DNA Quantification
DNA was quantified using a Nanodrop spectrophotometer (JENWAY Genova Nano, UK)

following the manufacturer’s protocol using the wavelength of 260 nm.
For DNA

DNA conc (ng pI™Y) = ((62.9 x (4260 — A320)) — (36 x (4280 —A320)/0.02

Where A260 is proportional to DNA & RNA concentration, A280 corrects for
contamination compounds, A320 corrects for turbidity of sample, and 0.02 corrects

concentrations for the 0.2 mm light path length.
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2.7.6 DNA Sequencing

DNA samples were sent out for sequencing to Eurofins/MWG. The obtained sequences
were then compared against sequences in the GenBank nucleotide collection using the

Basic Local Alignment Search Tool (BLAST).

2.7.7 Phylogenetic tree construction of pond water samples
After PCR amplification, 18S, 5.8S, ITS1, ITS2 gene sequences of pond water samples

were individually investigated with genus specific sequences using National Centre for
Biotechnology Information (NCBI) database through basic local alighment tool (Blast).
The highest identity scores of genus sequences were selected and with the query
sequences retrieved from NCBI GenBank database, Jalview software (Waterhouse, etal.,
2009) was used to conduct multiple sequences alignment of the query and retrieved
sequences using Muscle method. The phylogenetic tree was then constructed using
Molecular Evolutionary Genetics Analysis (MEGA , version 7) using neighbour joining

method and Maximum likelihood methods (Kumar et al., 2016).

2.8 Relationship between Cell count versus ODsgs nm for Synechocystis PCC6803
and Desmodesmus armatus cells

To investigate the relationship between optical density (OD) measurement and cell
count of algal cells, an OD against cell count standard curve was prepared based on the
work of (Reed, 1998; Madigan, 2003; Skoog, Holler and Crouch, 2007). 30 ml of well
grown microalgal culture was taken and adjusted to ODsgs =1 using fresh BG11 medium
using plastic cuvettes and spectrophotometer (UNICAM Helios Alpha). A serial dilution
of the algal culture with fresh BG11 medium was prepared in 15 ml Falcon tubes based
on Table 2.6. From each concentration, 1 ml was transferred to the plastic cuvette and
the OD at 595 nm was measured using spectrophotometer with fresh BG11 medium as

blank. At the same time, 900 ul from each dilution was transferred to an Eppendorf tube
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followed by adding 100 pl of iodine and mixing well. Then, 20 ul was placed into the
counting chamber of a Neubauer improved haemocytometer and viewed using a Nikon
microscope with the x40 objective (x400 magnification). Five replicates were carried out
for each dilution, and the number of cells in each dilution was calculated using the
calculations shown in section 2.4.2. Then the results of both OD and cell count of each

dilution was compiled to give a calibration curve of OD at 595 against cell count.

Table 2.6 Scheme of different algal concentrations for determining the relationship
between ODsgs and cell count.

Tube Number Conc. (%) Culture (ml) Media(ml)
11 5.00 0.25 4.75
10 10.00 0.50 4.50
9 20.00 1.00 4.00
8 30.00 1.50 3.50
7 40.00 2.00 3.00
6 50.00 2.50 2.50
5 60.00 3.00 2.00
4 70.00 3.50 1.50
3 80.00 4.00 1.00
2 90.00 4.50 0.50
1 100.00 5.00 0.00

2.9 Lipid Extraction and Determination

2.9.1 Nile Red Fluorescence Microscopy

The visualising of microalgal neutral lipid in the lipid bodies which appear as oil droplets
was examined by staining the Desmodesmus cells grown under different stress
conditions with Nile Red (NR) based on the work by Cooksey et al., (1987). A well grown
Desmodesmus armatus culture (ODsgs=1 , late stationary phase) was diluted to OD=0.2

at 595 nm using fresh media. 1 ml of culture was added to an Eppendorf tube containing
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5 pl of Gram’s lodine, then the tube was shaken to kill the cells and stop their motility.
10 pl of (100 ug/ml) of NR dissolved in DMSO was added to the tube and mixed by
inversion, the penetration time of the dye was monitored. 10 pl of the NR stained
culture was transferred to a clean microscope slide and a cover slip was added gently.
The edges of the slide were then sealed with a nail varnish to avoid any possibility of
evaporation. The slide was then placed in the microscope after the varnish was dried.
The imaging of the samples was captured using Nikon Eclipse E400 Microscope attached
with a Nikon DXM1200 digital camera. Excitation light of the samples was supplied by a
Nikon Super High Pressure Mercury Lamp via 450-490 nm monochromatic optical filter.
All images were taken using a 100x oil immersion lens after adding a drop of mineral oil
onto the cover slip. For each sample, two images were taken, one by white light, and
the other by excitation light. The monitoring of white light was carried out using the
microscope iris while the fluorescence was monitored by the inbuilt shutter. The
acquisition of the images was conducted using LUCIA G software capture settings: Red:
48, Green: 31, Blue: 68, Gain: 25, Gamma: 0.40, Offset: 23, Fine preview: on, Exposure:
72 ms.

2.9.2 Neutral Lipid Quantification using Nile Red dye
Determination of neutral lipid in Synechocystis PCC6803 and D. armatus were carried

out using two protocols as described below:

2.9.2.1 Determination of Neutral Lipid without Microwave-Assistance

The quantification of neutral lipid in both strains was performed based on (Chen et al.,
2009; Bertozzini et al., 2011; Pick and Rachutin-zalogin, 2012)using the lipophilic
fluorescence Nile Red dye in 96 well plates in combination with a plate reader (Biotek,

UK).

2.9.2.1.1 Determination of optimum cell concentration
To quantify the neutral lipid content of microalgae using Nile Red precisely, optimizing

the concentration of algal cells was crucial. The cell concentration optimization was

carried out as follows:
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e 10 ml of well grown culture (ODsgs=1) was transferred into 15 ml Falcon tube.

e The sample was then centrifuged for 5 min at 3000 g. The supernatant was
discarded and an appropriate volume of fresh medium was added to the
sample pellet, mixed well until reach ODsgs=1.

e Serial dilutions of cell concentrations were prepared up to 2ml in Eppendorf

tubes using fresh BG11 medium as shown in Table 2.7.

Table 2.7 Dilution scheme to produce a range of cell concentrations for Nile Red

peak fluorescence test.

Percentage 100 | 87.5 75 62.5 50 37.5 25 12.5 | Total (ml)

Culture (ul) | 2000 | 1750 | 1500 | 1250 | 1000 | 750 500 500

9

Medium (ul) | 0o | 250 | 500 | 750 | 1000 | 1250 | 1500 | 1500

7

Eppendorf tube was transferred to one of the 12 channels in a multi-pipette reservoir
(Thermo Scientific), then using multichannel pipette, 4*200 ul of each concentration
(unstained) were transferred to the 96 well plate (E-H). After that, 200 pl was withdrawn
from each Eppendorf tube to make the final volume of each tube =1 ml. 20 ul of Nile
Red (from 15.9 pg/ml stock solution dissolved in acetone) was transferred to each
Eppendorf tube and the timer started. 800 pl of each Nile Red stained cell
concentration was transferred to another reservoir. 4*200 pl of each concentration was
transferred to the 96 well plate (A-D). The plate was then put in the plate reader after

removing the lid of the plate as shown in (Figure 2.4). The settings for the plate

reader were based on previous work (Bangert 2013) as shown in Table 2.7. To track the

fluorescence, Gen5 2.05 software was used for 30 minutes at 5 minutes intervals.
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Table 2.8 Plate reader sitting for the optimum concentration of algal cells.

Procedure sitting

Plate type 96 well plate

Fluorescence end point

Full Plate

Filter set 1
Read

Excitation :485/20, Emission :580/50

Optics: Top, Gain:60

Read speed: Normal
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Conc. of Dilution from 100 87.5 75 62.5 50 37.5 25 12.5 Empty wells
1(A) @0OD
595 (%):(mg/ml)
1 2 3 4 5 6 7 8 9 10 11 12
R1 | A 0 0 0 0
) R2 | B 0 0 0 0
stained
Cells
R3 | C 0 0 0 0
R4 | D 0 0 0 0
R1 E 200 200 200 200 200 200 200 200 0 0 0 0
Unstained R2 | F | 200 200 200 200 | 200 200 | 200 | 200 | O 0 0 0
Cells
R3 | G 200 200 200 200 200 200 200 200 0 0 0 0
R4 | H 200 200 200 200 200 200 200 200 0 0 0 0

Figure 2.4 96 well plate layout for the optimum concentration of algal cells, R1-R4
are technical replicates from the same concentration

2.9.2.2 Microwave-Facilitated Nile Red Quantification of Microalgal Neutral Lipid

2.9.2.2.1 Determination of the optimum algal cell concentration and peak time.

A series of 8 dilutions were prepared from late log phase of algal cells (ODsg5=1)

against dH,0 (Table 2.9). 1 ml of each algal cell dilution was then transferred into an

Eppendorf tube, the ODs were measured at 595 nm for each dilution to offer ODs at

the concentrations of the given culture.

Table 2.9 Serial dilutions of algal cells for the determination of cell concentration for

Nile Red experiment

Percentage | 100 | 87.5 |75 62.5 | 50 375 | 25 12.5 | Total(ml)
Culture(pl) | 1000 | 875 750 | 625 500 | 375 250 | 125 4.5
Medium(ul) | 0 125 250 | 375 500 | 625 750 | 875 3.5
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The Eppendorf tubes were then centrifuged at 3000 g for 10 minutes, discarded the
supernatant, and 20 ul of dH,0 were added to the pellets. 10 pl of resuspended algal
pellet was transferred into two 2 ml screw top microfuge tubes, one of them was
labelled as stained and the other was unstained. 50 pl of dimethyl sulfoxide (DMSO)
were then added to each screw capped microfuge tube. All the tubes were heated in
the Matsui microwave for 50 seconds at full power after loosely tightening the lid of the
tubes. After the tubes were removed from the microwave, 930 ul of dH,0 were
transferred to the stained tubes, and 490 ul of dH,0 were added to the unstained tubes.
For the stained tubes, a timer was started at the time that 10 ul of 100 pg/ml™ (final
concentration of NR in the tube is 1 pg/ml™) fluorescence dye dissolved in DMSO was
added. All the stained tubes were microwaved again at full power for 60 seconds. The
entire 1 ml of each stained tube was transferred to a multi-pipette reservoir. Using a
multi-channel pipette, 200 pl aliquots of each stained tube were transferred to the 96
well plate rows from A to D, offering 4 technical replicates of each concentration. The
same step was done for the unstained tubes in rows E to H as shown in Figure 2.4. The
plate, after removal of the lid, was put into a 96 well plate reader. To track the
fluorescence, Gen5 2.05 software was used for 30 minutes at 5 minutes intervals (Table

2.8).

The readings of the plate reader were then exported to an Excel sheet, then each four
technical replicates (stained and unstained) of each concentration were averaged and
the standard deviation of each average was then calculated. The values of stained cells
were subtracted from the unstained to exclude any cellular background fluorescence.
The net fluorescence was normalised and the best concentration of algal cells were then
chosen based on the highest values of normalised with low standard deviation of the

stained and unstained values and the best time of running.
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2.9.2.2.2 Determination of the optimum concentration of Nile Red
Serial concentrations of NR (0.05, 0.1, 0.2, 0.3, 0.4, and 0.6 umol ml'l) were prepared

fromalmg ml™ stock of NR dissolved in DMSO as shown in Table 2.10.

Table 2.10 Nile Red concentrations prepared from the 1 mg ml™ Nile Red stock.

Nile Red Primary stock

(umol ml™) 1mg ml'1(ul) DMSO (ul)
0.05 16 984
0.1 32 968
0.2 64 936
0.3 100 900
0.4 128 872
0.6 192 808

The optimum algal concentration chosen from the previous experiment (Section
2.9.2.2.1) was prepared to the optimum OD at 595 nm. 10 ul of algal cells were added
into 2 screw caped tubes, one of them was labelled as stained and the other was
labelled as unstained as described in section 2.9.2.2.1. The rest of the experimental
steps were done in the same way except adding 10 ul of each concentration of Nile Red
to the stained tubes. The final concentrations of Nile Red (0.16, 0.32, 0.64, 1.0, 1.28,
and 1.92 pg ml™) were added in place of the 100 pg ml™ (1 ug ml™ final concentration)
of Nile Red used in section 2.9.2.2.1.
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NR final 0.16 0.32 0.64 1.0 1.28 1.92 Empty wells
Concentration
(ugmi?!
1 2 3 4 5 6 7 8 9 10 11 12
R1 0 0 0 0 0 0
. R2 0 0 0 0 0 0
stained
Cells
R3 0 0 0 0 0 0
R4 0 0 0 0 0 0
R1 0 0 0 0 0 0
Unstain
ed R2 F 200 200 200 200 200 200 0 0 0 0 0 0
Cells
R3 | G 200 200 200 200 200 200 0 0 0 0 0 0
R4 | H 200 200 200 200 200 200 0 0 0 0 0 0

Figure 2.5 96 well plate layout of the optimum Nile Red concentration with optimum

concentration of algal cells. R1-R4 are technical replicates from the same concentration.

The readings from the plate reader were then exported to Excel, the four replicates of
each concentration were averaged, and the calculation of the standard deviations were
conducted. The values of the stained cells were then subtracted from the unstained for
each concentration. The optimum concentration of Nile Red was chosen according to
the highest value of the stained subtracted unstained cells. The procedure and settings

of the plate reader were the same as shown in Table 2.8.
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2.9.2.2.3 Determination of Neutral lipids of D. armatus and Synechocystis cells.
The neutral lipid determination of D. armatus and Synechocystis cells grown under

normal and various stress conditions (High salinity, N starvation, various N sources)
were carried out weekly for 4 weeks as described in section 2.9.2.2.1 after optimising

the cell concentration and Nile Red concentration to the optimum concentration.

2.9.2.3 Triolein calibration curve

A calibration curve of standard neutral lipid was made using triolein based on Bertozzini
et al., (2011). A 10 mg ml Ltriolein lipid standard stock was prepared by dissolving 50
mg of triolein (Sigma T7410) with 5 ml isopropanol. Then 1 ml of this stock was used in
the experiment. Eight algal samples were prepared under the optimised cell and Nile
Red concentration and followed the same steps of the procedure up to the addition of
50 pl of DMSO and microwaving the stained and unstained tubes. During this step 910
ul of dH20 were added to the stained labelled tubes and 920 ul of dH,0 were added to
the unstained labelled tubes. Then various volumes of triolein and isopropanol (total
volume 20 ul) was added to each stained and unstained tube to provide different
concentrations of triolein (0.2, 0.16,0.12, 0.08, 0.06, 0.04, 0.02, and 0 mg ml'l) as shown
in Table 2.11.

Table 2.11 Concentrations of triolein mixture for Nile Red fluorescence calibration

curve.
e (o W 0.2 0.16 0.12 0.08 0.06 0.04 0.02 0
(mg/ml)

Triolein(pl) 20 16 12 8 6 4 2 0
Isopropanol(pl) 0 4 8 12 14 16 18 20

After that 10 pl of the optimum concentration of Nile Red obtained from section 2.7.2.2
was added to each stained labelled tube, microwaved for 60 s at high power. 1 ml from

each stained and unstained labelled tube was then transferred to a multi-pipette
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reservoir, then 200 pul aliquots of each stained and unstained tubes were transferred to

the 96 well plate rows as shown in Figure 2.6

Conc. Of Triolein (mg/ml) 0.2 0.16 0.12 | 0.08 | 0.06 | 0.04 | 0.02 0 Empty wells
1 2 3 4 5 6 7 8 9| 10 11 12
R1L | A 0 0 0 0
. R2 | B 0 0 0 0
stained

Cells

R3 | C 0 0 0 0

R4 | D 0 0 0 0

R1L | E | 200 200 200 200 200 200 | 200 | 200 | O 0 0 0

Unstained R2 | F | 200 200 200 200 200 200 | 200 200 | O 0 0 0
Cells

R3 | G | 200 200 200 200 200 200 | 200 | 200 | O 0 0 0

R4 | H | 200 200 200 200 200 200 | 200 | 200 | O 0 0 0

Figure 2.6 96 well plate layout of different concentrations of triolein mixture for the

calibration curve. R1-R4 are technical replicates from the same concentration

The 96 well plate was then placed in the plate reader after removing the lid, the samples
were run using same procedure described in Table 2.8. The results of the fluorescent
intensity of both stained and unstained cells were then exported to an Excel sheet. The
4 replicates results of each concentration were averaged, and the standard deviation
was calculated. The values of stained cells were subtracted from the unstained cells.
The relationship between the concentrations of triolein mixture versus the Nile Red
fluorescence intensity was illustrated by drawing a calibration curve. Then each
fluorescence intensity value achieved by different treatments was converted to

concentration of lipid based on the Excel sheet equations as follows
For D.armatus , X=Y/53590
For Synechocystis, X=Y/192916

Where X= concentration of Triolein (mg/ml) and Y =Nile Red Fluorescence Intensity
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2.10 Relationship between OD and Dry Weight

The relationship between OD and the algal cell dry weight was measured, based on
Storms et al., (2014) with some modifications, by preparing a set of well grown D.
armatus and Synechocystis cultures (ODsgs=1) (final volume of each dilution is 30 ml) in
50 ml Falcon tubes using fresh BG11 medium as shown in Table 2.12 ml of each dilution
was taken to measure the OD at 595 nm, then the sample was returned to the tube

after measurement.

Table 2.12 Concentrations of D. armatus cells for preparation of Dry weight versus
OoD.

Tube number Conc. (%) Culture(ml) Medium (ml)
12 0.0 0 30.0
11 8.3 2.5 27.5
10 16.6 5.0 25.0
9 33.3 10.0 20.0
8 41.6 12.5 17.5
7 50.0 15.0 15.0
6 58.3 17.5 12.5
5 66.6 20.0 10.0
4 75.0 22.5 7.5
3 83.3 25.0 5.0
2 91.6 27.5 2.5
1 100.0 30.0 0.00

All tubes were centrifuged at 3000 g for 5 min, the supernatants were discarded then
the pellets were resuspended with 5 ml dH,0 and transferred to 15 ml Falcon tubes.
The tubes were centrifuged, the supernatants were discarded and the pellets were
resuspended with 1 ml dH,0. Then the suspended cells were transferred to pre-
weighed Eppendorf tubes. The tops of the Eppendorf tubes were removed, then holes

were made in extra tops to seal the Eppendorf tubes containing the samples. Eppendorf
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tubes were then frozen overnight at -80 °C and then freeze dried (lyophilised) for 24-
48 hours until the samples were fully dried. The tops with holes were discarded and the
Eppendorf tubes were resealed with their own tops and the tubes were weighed. The
dry weight of each sample was calculated and a concentration curve was prepared using
Excel. Then the OD value of the optimum cell concentration was converted to dry

weight value (mg ml™) based on the Excel sheet equations as follows:
For D. armatus , Y=0.5168x

For Synechocystis, y=0.5323x

Where Y= Dry weight (mg/ml) and x = ODsgs

Then, the percentage of neutral lipid was calculated by dividing the concentration of

neutral lipid by the value of the cell dry weight and multiplying by 100.

2.11 Nuclear Magnetic Resonance (NMR) determination of neutral lipid

The lipid analyses of D. armatus cells using Proton Nuclear Magnetic Resonance (‘H-
NMR) were carried out based on the method from Derome, (1987) with help from Prof
Mike Williamson, MBB department —University of Sheffield. Duplicate 20 ml samples of
well grown D. armatus cells (ODsgs=1) were centrifuged for 10 min at 3000 g, the
supernatants were discarded and the pellets were washed with 1 ml dH,0. The cell
suspensions were then bead beated for 3 min at 3000 g, then each tube was centrifuged
for 5 min at 3000 g using a microfuge. The supernatant of each tube was transferred to
a new Eppendorf tube and a lid with a hole made from another Eppendorf tube was put
on it, then samples were frozen at -80 °C overnight and freeze dried (lyophilised) for24-
48 hours until the samples were totally dried. The lids with holes were removed and the
tubes were sealed with their own lids, and the weight of biomass was estimated by
weighed the sample tubes. The biomass of the samples was solubilized by adding 400
ul of deuterated chloroform (CDCl3) and 100 pl of deuterated methanol (CDs0D), mixed
and transferred to a 5 mm NMR tube, then 5 pl of chloroform (CHCIl;) was added as an
internal standard. NMR spectra were obtained on a BrukerAvence 600 equipped with a

cryoprobe. Data were recorded into 16k complex data points with simple pulse-acquire
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pulse program and a 3 s recycle time. Fourier transformation was applied using a 1 Hz
line broadening followed by manual baseline correction. All spectra were acquired using
8 scan (with 4 dummy background scans). Software Bruker Topspin V1.3 was used for
processing and integration. The differentiation of all signals in the NMR spectra was

based on the spectral features described by (Kumar et al., 2014; Sarpal et al., 2015).

2.12 Analysis and Quantification of Fatty Acid Composition

2.12.1 Transesterification of Algal Cells

Preparation of D. armatus fatty acid methyl esters (FAMEs) was conducted based on
the procedure of in-situ direct transesterification plus gas chromatography (GC)
adapted by (Van Wychen and Laurens, 2013) and (Laurens et al., 2012). Total algal lipid
(including phospholipid and galactoglycerolipid) were transesterified to FAME using an

acid catalysed reaction.

An aliquot (40 ml from three replicate cultures) of late stationary D. armatus cells grown
in nitrogen free BG11 medium (30 days growth) was centrifuged for 5 minutes at 2500
g, the supernatant was discarded and the pellet was resuspended with 1 ml of dH,0.
The cell suspension was transferred to new pre-weighed Eppendorf tube and sealed
with a lid from another Eppendorf tube containing a hole, the tubes were frozen

overnight, then freeze dried (lyophilised).

From each sample, 5-10 mg of freeze dried D. armatus were transferred to 2 ml crimp
vials (9301-1388, Agilent). The following solutions were added respectively to each

sample vial:

300 pl of 0.6 M HCI: methanol, 200 ul of chloroform: methanol (2:1 v/v) and 20 pl of
tridecanoic acid methyl ester (C13: ME, 10 mg ml™) using gas-tight syringes (100 pl and
20 pl, Hamilton). The crimps vials were promptly sealed with PTFE/silicone/PFTE septa
crimp caps (5181-1211, Agilent). The use of C13 methyl ester as a recovery standard
was convenient for many reasons including monitoring the variability between FAME
and the solvent evaporation. Moreover, utilising a free fatty acid (FA) as a recovery

played an important role in correction for the efficiency of the transesterification
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reaction. Despite this the inferred efficiency probably does not consider all the lipid
because there were some non-FA lipid compounds transesterified. However, the
improvements to this procedure led to the transesterification efficiency of several pure

lipid compounds to be close to 100% (Laurens, personal communication, 2015).

Sealed vials were immediately transferred to a pre-heated hot plate at 85°C for 60
minutes to enable the transesterification reaction to happen. After incubation, the
samples were removed from the hot plate and cooled at room temperature for at least
15 minutes. To extract FAME from the mixture, 1 ml of HPLC grade hexane was added
to each vial using a gas tight syringe (1 ml polypropylene syringe, BD Plastipak) and
hollow core needles (25 mm, BD Microlance) without removing the cap. This was
achieved by piecing the cap with a second needle to equalise internal pressure (directed
away from first needle). The vial was vortexed for 10 seconds then left to separate for

60 minutes at room temperature.

For GC analysis, samples were prepared by dilution depending on estimated FAME
concentration. Samples with high lipid content (nitrogen starved treatment) were
diluted by HPLC grade hexane by transferring 50 pl of the upper phase of the sample to
a 2 ml GC vial with 450 pl of hexane. For low expected lipid samples (samples grown in
normal medium) a 1:4 ratio was used. The same technique was used to avoid removing
sample cap when transferring the upper phase, however, a 100 pl glass gas-tight syringe
(Hamilton) was used in place of the plastic syringe, washing with hexane 3 times
between samples. Once the dilution was prepared the vials were immediately capped.

The remainder of two phase samples were recapped and stored at -20°C.

From each diluted sample, a 200 pl aliquot was transferred to a 300 ul GC vial (9301-
1388, Agilent).

5 pl of pentadecane (C15, 1 mg ml™) was added to each vial. The new vials were
capped immediately. Pentadecane was used as an internal standard to correct for

instrument variability and solvent evaporation during FAME analysis.
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2.12.1.1 Preparation of FAME Standards

A series of FAME standards were prepared from 10 mg/ml C4:0 - C24:0 FAME mix
(18919-AMP, 37 Component Mix, Supelco) and HPLC grade hexane as follows: (500:500,
250:750, 100:900, 30:970, 10:990 pl, respectively). In addition, a calibration verification
standard (CVS) was created by mixing 90 pl FAME mix and 910 pul hexane. The standards

were stored upright at -20°C until the samples were run using GC-MS.

2.12.1.2 GC-MS analysis of FAME

FAMEs of the samples were analysed by gas chromatography mass spectrometry (GC-
MS) using an AutoSystem XL Gas Chromatograph (CHM-100-790, Perkin Elmer) coupled
with a TurboMass Mass Spectrometer (13657, Perkin Elmer). The GC was fitted with a
Zebron™ ZB-5ms, 30m x 0.25 mm ID x 0.25 um FT (7HG-G010-11, Phenomenex) GC
capillary column. Samples were injected (5 pl volume) via an auto-sampler onto the
column and eluted at an injection temperature of 250°C with a 100:1 split ratio and a
He constant carrier flow (1 ml min™). A temperature programme (FAME_FINAL) was
optimised for peak separation of C18:1 fatty acid isomers. The optimised temperature
programme was set to 120°C (hold for 1 minute) to 140°C (hold for 2 minutes) at 5°C
min™, followed by ramp up to 170°C (hold for 2 minutes) at 2°C min™, and finally ramp
up to 250°C at 1°C min™. The mass spectrometer was operated in electron ionisation

(El+) mode. Start mass was set to 50 and end mass to 600. Scan time was 90 minutes.

2.12.1.3 Quantification of FAME

Identification of sample peaks and relative quantification was performed using
Turbomass software (Ver 5.2.4, Perkin Elmer) and the National Institute of Standard
Technology (NIST) spectral database. Automatic and manual peak integration and base
line separation were carried out in the quantification tool of the software. A response
was calculated for each dilution point of each FAME component of interest based on
the FAME standard dilution series. The response was calculated by the software using

the following formula,

Concyg

R nse= Area X
esponse €araME Ao
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Where, Arearame is the peak area (height and width) of a FAME component, Areas is the
peak area of the internal standard (pentadecane), and Concs is the known

concentration of internal standard (set to relative quantity of 1 for each sample).

A linear regression was then performed with the response and relative FAME
component concentration. The resultant slope equated to the response factor used to
convert area to relative concentration. Due to the number of components within the
samples the standard concentrations were set to relative concentrations of 500, 250,
100, 30 and 10. These relative concentrations represent the fractions of the original 10
mg ml™* FAME standard (Section 2.12.1.1) multiplied by 1000 to increase resolution
(software rounds to 2 decimal places). All linear regression had a R* of >0.99.
Subsequently the Turbomass software calculated the relative concentration (relative to
FAME standard) of each FAME component within the sample extract using the following

equation.
Conc,e= Areapame X RF

where, Conc, is relative concentration, and RF is the response factor calculated by

linear regression of FAME standard response.

FAME compounds within the sample which were not present in the FAME standard
were calculated using recommended similar isomers (for example C16:2 concentration
within the sample was calculated using C18:2n6 response factor) described in the NREL

methodology ((Van Wychen and Laurens, 2013).

Relative concentrations were converted to normalised absolute values using a series of
steps using Excel (Ver 14.0.7153.500, Microsoft). First, the relative concentration was
converted to a fraction of the 10 mg ml™* FAME standard by dividing by 1000. The same
concentrations were relative to the standard concentration; therefore, a sample with a
given concentration of exactly 500 was the same concentration as the 500 standard,
which is half (0.5) the concentration of the original 10 mg ml™ FAME standard (Section
2-12-1-1). The fraction is then multiplied by the absolute concentration (ug ml™) of that
FAME component within the FAME standard. For example, C16:0 made up 5.98% of the
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FAME mix, therefore was present at 598 ug ml™* within the 10 mg mI™* FAME standard.

Following equation was used for this step;
Conc,p= 2l Conc
abs™ 1000 FS

where, Conc,ps is absolute concentration (ug ml'l), Conc,e is the relative concentration
produced by the Turbomass software, and Concgs is the standard concentration of the

relevant FAME component.

This absolute concentration is then normalised for the quantity of the recovery
standard and the dilution factor used in preparation step (Section 2.12.1.1). This step is

described in the following equation;

CoNCporm= ((M) X Concc13> x DF

Concgps—c13

where, Concnom is the normalised absolute concentration of FAME component (ug ml
1), the Concaps.c13 is the calculated absolute concentration of C13:0 within the sample,
Conccizis the known added concentration of C13:0 (after dilution), and DF is the dilution

factor.

To convert to total FAME per unit of dry cell weight (mg), the sum of all FAME

components was divided by the DCW (mg) used for each sample:

_ X Concnorm

ug mg DCW 1= o
Finally, the percentage of each component of the total FAME (fame profile) was
calculated using the following equation:

g FAME mg DCW 1= £20norm w10

Y. Concnorm
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2.13 Flow Cytometry Analysis of Neutral Lipid Content

Flow cytometry technique was used for the analysis of neutral lipid in D. armatus cells
irradiated with UV light for different time periods as described in section2-14, in
combination with Nile Red fluorescence based on the method described by Satpati

and Pal, (2014)

2.13.1 Determination of DMSO Concentration
Different concentrations of DMSO ranging from (10-60%) were prepared with dH,0 and

used to identify the best concentration of DMSO to be used in the experiment. An
aliquot of 500 ul from UV irradiated D. armatus cells for different time periods (OD=1.5
after 30 days culture) was transferred to a 2 ml Eppendorf tube, 7 of these tubes were
labelled as stained and 7 were labelled as unstained, One of these tubes was not UV
irradiated and treated as control Then, 5 pl of 100 pg ml™* (0.6 pug ml* final
concentration ) of Nile Red solution was added to stained tubes. From each
concentration of DMSO, 295 ul was transferred to the one of the stained tubes and 300
ul was transferred to unstained tubes and the final concentrations of DMSO were
(3,7,11,15,18,22%). All the tubes were vortexed and left in dark at room temperature
for 10 min. After that, the stained and unstained tubes were washed (2-3) times with 1
ml of phosphate buffer (PBS), then the samples were transferred to a multi-pipette
reservoir (Thermo Sceintific). Using a multi-channel pipette, 200 pl aliquots of each
stained tube were transferred to the 96 well plate rows from A to D, offering 4 technical
replicates of each concentration. The same step was done for the unstained tubes in

rows E to H as shown in Figure 2-7.
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DMSO Conc 10 20 30 40 50 60 Empty wells
(%)
1 2 3 4 5 6 7 8 9 10 11 12
R1 0 0 0 0 0 0
. R2 0 0 0 0 0 0
stained
Cells
R3 0 0 0 0 0 0
R4 0 0 0 0 0 0
R1 E 200 200 200 200 200 200 0 0 0 0 0 0
Unstain
ed R2 F 200 200 200 200 200 200 0 0 0 0 0 0
Cells
R3 G 200 200 200 200 200 200 0 0 0 0 0 0
R4 H 200 200 200 200 200 200 0 0 0 0 0 0

Figure 2.7 96 well plate layout of different concentrations of DMSO mixture for
determination of the best concentration of DMSO that was used in the flow cytometry.

R1-R4 are technical replicates from the same concentration.

2.13.2 Optimising Nile Red Concentration
After determination of the ideal concentration of DMSO as described in section (2-13-

1), the Nile Red concentration was optimised by preparing serial concentrations of Nile
Red with DMSO ranging from (0.1 — 1.2 ug/ml final concentration). The same steps were
carried out except adding 5 ul of each concentration of Nile Red to one of the stained
tubes. After the cell washing with PBS, the stained and unstained tubes were

transferred to run through the flow cytometry.
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2.13.3 Flow Cytometry Analysis

The analysis of D. armatus cells staining with Nile Red were carried out using a high-
speed flow cytometer BD LSRII (BD Bioscience, Figure 2.8) based on (Velmurugan et al.,
2013). To obtain the fluorescence readings, the Nile Red stained cells at different
concentrations were excited with a 475-nm laser, and the emission was 568/42 nm
while the unstained cells were utilised as an auto-fluorescence control. The features of
the D. armatus cells including cell size and granularity using flow cytometry were
obtained by Forward scatter (FSC) and side scatter (SSC) signals. Flow cytometry data
were analysed depending on many parameters including the stained cells grandparents’

percentage, and median of the stained cells using Flow Jo software.

Figure 2.8 High speed flow cytometry BD LSRII Flow cytometry

2.14 Random Mutation of D.armatus Cells

Induced random mutations using Ultra Violet (UV) light were used to attempt to
increase the lipid content of D. armatus cells based on method described by (Bougaran
et al., 2012). Well grown D. armatus cells (ODsqgs approximately 1) were irradiated for

different time periods (3, 6, 9, 12, 16, 32, 48, 60 min) using a UV — C lamp at 254 nm
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(Upland, CA 91786 USA). The UV exposure was achieved by adding 12 ml of the D.
armatus culture into a 90-mm sterile Petri dish (Thermo Scientific), the plate was
transferred under the UV lamp and after taking off the lid of the Petri dish the distance

between the lamp and the dish was about 13.5 cm.

Three replicates were prepared for each irradiation time. The cells were transferred
into pre-autoclaved 100 ml BG11l medium flasks. To minimise the probability of
photoreactivation that would lead to photorepair of UV-Induced damage, the flasks
were kept in dark for 24 h. The ODsgs and cell count for each flask were measured
directly after exposure and over the next 8 days. The samples were then incubated for
30 days. Then, the neutral lipid content of the mutated cells was analysed as described

in 2-13-3 using cells at OD 1.5 =10°, and Nile Red concentration at 128 pg/ml.

2.14.1 UV Mutant Cells Sorting

After the data of UV mutant cells were analysed, the optimum condition cells were
sorted using (BD FACS Aria'™ IIU, Figure 2.9) based on (Terashima et al., 2015). The
optimum condition of samples were re-exposed to UV at the time that achieved the
highest mean of stained cells as described in section 2-13-3. Then the samples were re-
prepared as described in section 2-14-1 but with one concentration of Nile Red (the
concentration that gave the highest mean of stained cells). After that, 1 ml of the
unstained sample (control) was run through a high-speed flow cytometry to make a
gate. The spreading of stained cells was exploited as a control to fix the high lipid gate
for expected mutant cells. The upper 3% of the stained cells was fixed as a high lipid
gate. Then, all cells that chop down the gate were accumulated into sterile vials

containing 1 ml autoclaved BG11 medium.
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Figure 2.9 BD FACS Aria for sorting of mutant cells

2.14.2 Selection of Mutated Cells

The sorted cells were transferred to 96 well plate according to (Lim et al., 2015) for the
selection of single mutated cells. Single cell cloning serial dilution technique was used
to achieve single sorted cells. All the wells of the plate filled with 100 ul of BG11 medium.
1000 sorted cells were transferred from the sorted tube to the first well of the plate (A1)
to the final volume of 200 pl. then 100 pul was transferred from well Al to B1 after mixing
well, the steps were continued to the well H1, then 100 ul of the mixture was discarded
from H1 well. 100 pl of the diluted cells were transferred to the A2 wells (A2 to H2) and
then transferred consequently to all wells of the plate. Finally, 100 ul of the diluted cells
were transferred to (A1-H1) wells of the plate from A12-H12) wells. The same single cell
technique was conducted with the wild type cells to be exploited as a control. Then the
plates were incubated at 25 + 1°C with continuous light (50 — 70 pmol m s™). All the
cells in each well was tested on the next day using an inverted microscope (Olympus
CK40 culture microscope) to differentiate the wells that contain single cells and label
the well. After the single cells were grown well, the growth was transferred to a 12-

well plate containing 2 ml BG11l medium. After the cells grown well they were
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transferred into a 250-ml flask containing 100 ml BG11 medium. The cells were grew
for a month, and subsequently the neutral lipid content of 13 single UV mutated cells
and the wild type cells (used as control) were analysed using Flow cytometry after
staining with 1 pg/ml and followed the same steps of flow cytometry analysis of neutral

lipid described in section 2.13.2 and 2.13.3.

2.14.3 Nile Red determination of the wild type and UV exposed D.armatus. neutral
lipid

The neutral lipid of both wild type and UV exposed D. armatus cells grown on both normal BG11

and N free BG11 for 14 days were determined using Nile red dye as described in section 2-9-2-

2-1 using an optimum concentration of cells (ODs9s=50%=200 Ug mi™ Dry weight) of cells and

Nile Red concentration (1 ug ml™), the neutral lipid concentration and percentage of lipid

were determined as described in section 2.10.

2.15 statistical analysis
Comparison of mean values of highest stress condition against the normal contions
were conducted using Excel T test, in all cases, comparisons that showed a p value <0.05

were deemed significant.
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Chapter Three Isolation
and lIdentification of Pond
Water Isolate and
Synechocystis sp. PCC6803
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3.1 Introduction

More than 100,000 of various microalgae species occur worldwide, However, just
around 30,000 species have identified (Mata et al., 2010). In recent years, many algal
research institutes and culture collections have attempted to classify and store different
algal species, for instance, about 4000 strains and 1000 species of fresh water algae
have been identified and maintained in the Collection of Freshwater Algae at the
University of Coimbra, Portugal (Mata et al., 2010). Fresh water microalgae have been
one of the optimum sources for production of variable bioproducts that could be
utilized in industrial fields such as lipids, which are being considered as a promising
source for biodiesel feedstock (Chisti, 2007; Sharma et al., 2014), antioxidants and

emulsifiers used in nutrition sector (Chisti, 2007; Ahmed et al., 2014).

Among the vast number of isolates, only a few species of microalgae have been
exploited as  feedstock sources for biodiesel production (known as oleaginous
microalgae) including Chlorella sp., Botryococcus, Scenedesmus sp. and
Nannochloropsis (Nascimento et al., 2013; Rodolfi et al., 2009; Selvarajan et al., 2015;
Gour et al., 2016). Many factors have influenced the selection of microalgal strains for
biodiesel production and the framework for selection of ideal microalgae has been
illustrated by Griffiths and Harrison, (2009). Fast growth rate under regional weather of
the selected area is considered a vital factor that affects the choice of a candidate
microalga. Numerous studies have recognized the key factors that lead to a robust
growth rate of microalgae and consequently enhance the lipid content like temperature,
pH, light period and nutrition (Lv et al., 2010; Adams et al., 2013; Sforza et al., 2012).
However, the growth dynamics of each microalga is mainly dependent on the
geographical location that it was isolated from. Therefore, optimisation of growth
conditions is essential for each isolated strain. Moreover, the screening of an ideal
microalgal strain for biodiesel production should not only rely on the percentage of lipid,
but also on the lipid profile i.e. degree of unsaturation, chain length etc. (Ren et al.,

2013).

The accurate identification of microalgal strains is an important part of the selection
process for oleaginous microalgae useful for biodiesel production. In phylogenetic

terms, it is possible that closely related strains to existing oleaginous algae have the
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ability to produce high lipid (Duong et al., 2012). The conventional protocols of
identifying microalgae have passed through different parameters including the
traditional total reliance on characterization of cell morphology and colony shape
(Boyer et al., 2001). Another taxonomic technique of algal identification is based on the
life cycle and shapes of flagellated cells (Christensen, 1964). Mattox and Stewart,
(1984)have explored different methods of algal classification based on the
characteristics of the basal body in flagellated cells and cytokinesis during mitotic
division. All these microscopic based techniques probably provide an overview of the
algal group in the sample. However, it is seems to be an imprecise way for strain
identification from a mixed culture because of a) well qualified expertise in algal
morphology is required; b) shortage of morphological differences between closely
related microalgal genus or species may lead to mistakes in classification and c) it is time

consuming (Hu et al., 2008; Abou-shanab et al., 2011).

Recently, molecular DNA based protocols have become universally utilized for the
taxonomic description of microalgae isolated from natural diversity. This modern
technique for classification seems to be a golden criterion that offers unequivocal
sequences related to a large number of algae isolated from different environments and
saved in the various gene bank sequence databases (Gour et al., 2016). However, these
modern techniques triggered a drop in the percentage of officially termed new algal
species from 90% in 2000 to 20 % in 2010 (Clerck et al., 2013). Molecular taxonomy of
microalgae has been based mainly on a pair of primers that correlated to the most
diverse group of microorganisms, recovering a short marker (around 700bp) of
sufficient difference for precise differentiation (CBOL Plant Working Group, 2009).
Many markers have commonly been exploited for identification of some algal strains,
for instance rbcL (rubisco large subunit), ITS (internal transcribed spacer), and tufA
(plastid elongation factor). However, 18S rDNA is a frequent molecular marker used in
the phylogeny of green algae (Baldauf et al., 1990; An et al., 1999; Hall et al., 2010; ,
Buchheim et al., 2011; Vieira et al., 2016) which represents a highly conserved gene.

Other genes may be necessary to differentiate between closely related green algae.

The objective of the work described in this chapter was to isolate a local microalgal

strain(s) from water samples collected from Weston Park, Sheffield, United Kingdom,
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identify the strain using 18S rDNA, and ITS region primers. Moreover, confirm the
identity of Synechocystis sp. PCC6803 obtained from Prof. Hunter’s lab using 16S rDNA

(analogous gene in prokaryotic cells).

3.2 Results

3.2.1 Growth of strains
Two standard strains of Synechocystis sp. PCC6803 (Vermass & Nixon, see Figure 2.2.)

were grown in BG11 media as described in section 2-3. The growth rates of both
Synechocystis strains were investigated daily to choose the fastest growing strain based
on the growth curve of each strain for a week. The results showed that the Vermass
Synechocystis strain grew faster than Nixon strain in BG11 medium (Figure 3.1).
Moreover, Nixon strain cells were found as double cells under microspore examination
which was probably an undesirable feature for ongoing experiments. Therefore, the

Vermass Synechocystis strain was chosen for all future work.
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Figure 3.1 Growth curve comparison of two Synechocystis PCC6803 strains

(Vermass and Nixon)
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For pond water samples, the results of microscopic examination of the samples
collected from different places in Weston Park were contaminated with bacteria.
Therefore, different purification techniques were conducted including Percoll gradients
and centrifuge washing techniques (section 2.6) until obtained an axenic strain. During
this process, one green microalga became dominant in the axenic cultures and it
appeared under the microscope to be morphologically similar to Scenedesmus i.e. 2 to

4 rod-shaped cells joined by their long axes forming coenobia.

87



3.2.2 Molecular Identification of Synechocystis sp. and pond water isolate

3.2.2.1 Genomic DNA extraction of Pond water isolate and Synechocystis sp.

For precise identification of Synechocystis and the pond water isolate, molecular
identification was performed as described in section 2.7. The genomic DNA of
Synechocystis sp. strain was extracted using two protocols (CTAB and ZR Microbe Soil
Kit). The results in Figure 3.2 showed that there is no band of genomic DNA using CTAB
protocol. In contrast, Figure 3.3 showed clear bands of genomic DNA extracted from

Synechocystis sp. using ZR microbe Soil Kit

Figure 3.2 Extraction of DNA from Synechocystis sp. PCC6803 using CTAB protocol
and run in a 1% Agarose gel . Lane 1: 1Kb DNA ladder; Lanes 2, 3, 4, 5: Synechocystis
PCC 6803 genomic DNA extracted from 5 ml,10 ml, 15 ml,and 20 ml culture
(ODsgs=1); Lane 6: 1Kb DNA ladder
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Figure 3.3 Extraction of DNA from Synechocystis PCC6803 using ZR Microbe Soil kit

protocol and run in a 1% Agarose gel. Lane 1: 1Kb DNA ladder; Lane 2: Synechocystis
PCC 6803 genomic DNA extracted from 20 ml culture (ODsgs=1); Lane 3: Synechocystis
PCC 6803 genomic DNA extracted from 40 ml culture (ODsgs=1) 1; Lane 4 : 1 Kb DNA
ladder.

For pond water isolate, genomic DNA extraction was carried out using ZR Microbe Soil

Kit protocols. The results showed clear bands of genomic DNA figure (Figure 3.4).
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Figure 3.4 Extraction of DNA from pond water isolate using ZR Microbe Soil kit
protocol run in a 1% Agarose gel. Lane 1: 1Kb DNA ladder; Lanes 2, 3, 4, 5: pond water
isolate genomic DNA extracted from 5, 10, 15 and 20 ml of well grown culture (OD=1),

Lane 6: 1Kb DNA ladder.
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3.2.2.2 PCR amplification

Synechocystis sp. PCC6803 genomic DNA was amplified using 16S rRNA primers as
described in section 2-7-3. The results showed successful amplification of the 16S
rDNA genes (Figure 3.5) with two clear bands (approximately 1500 bp)

1500 bp

Figure 3.5 PCR amplification of Synechocystis PCC 6803 genomic DNA using 16S rRNA
primers. Lane 1: 1Kb ladder, Lanes 2, 3: 16S rRNA PCR amplification of
Synechocystis PCC 6803 genomic DNA, Lane:4: 1Kb ladder.
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For pond water isolate, the 18S rRNA genes were amplified using two different 18S
rRNA primers (Lim & Sheehan) as described in section 2.7.3. Figure 3.6 showed the
successful amplification of 18S rRNA using Lim primers by the appearance of clear bands

(approximately 500 bp). While, there was no band when Sheehan primers were used.

500
bp

Figure 3.6 PCR amplification of pond water isolate using 18S rRNA Lim & Sheehan
primers. Lane 1: 1 Kb DNA ladder, lanes 2, 3, 4: 700 bp amplified DNA using 18S
rRNA Lim primers, Lane 5: 1Kb ladder, Lanes 6, 7, 8: no DNA amplified using 18S
rRNA Sheehan primers Lane 9: 1Kb ladder.

The PCR amplified DNA of both Synechocystis and the pond water isolate were then
cleaned up using a PCR purification kit as described in section 2-7-4. Then the cleaned-
up DNA was measured using a Nanodrop spectrophotometer as described in section 2-

7-5.
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3.2.2.3 Sequencing and Identification of the strains using Blast

Both PCR amplified DNA of Synechocystis and the pond water isolate were sent for
sequencing (Eurofins/MWG). After the sequences were returned, 958 bases of Forward
16S rRNA and 959 bases of reverse 16S rRNA were successfully sequenced (Appendix
A). The Blast of these sequences using NCBI website confirmed that both forward and
reverse 16S primer sequences were matched with Synechocystis PCC 6803 (99%
Identity). For the pond water isolate, only 512 bases of forward 18S rRNA Lim primers
and 509 bases of Reverse 18S rRNA Lim primers were sequenced (Appendix B). After
Blast the sequence in the NCBI website the results showed that both forward and
reverse 18S rRNA Lim primer sequences matched many different highly matched (99%
identity) sequences. Table 2.1 showed the top 5 matches between (99-97%) sequence

identity.

Table 3.1 Significant alignment with initial 18S Forward sequence of Pond water
strain

Species Matched Query match Accession number

(total score)

Tetradesmus acuminatus 99% LC192133

NIES-92 1793

Tetradesmus obliquus E1 99% KX427160
1793

Tetradesmus obliquus 99% KU900221

CCAP 276/3A 1793

Scenedesmus sp. Y7 97% JF950557
1760

Scenedesmus sp. Y5 97% JF950556
1754
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However, with this length of sequence further molecular identification was required to
confirm the species identification as Tetradesmus or Scenedesmus sp. Therefore, the
pond water isolate genomic DNA was amplified using ITS1, ITS2 and 5.8S primers and

Figures 3.7 and 3.8 showed successful amplification of the pond isolate ITS genes.

1300bp

Acq. . 3.000 sec

Figure 3.7 PCR amplification of the pond water isolate strains using ITS1 primers.

Lane 1: 1 Kb DNA ladder, lanes 2, 3, 4, 5: 1300 bp amplified DNA, Lane 6: 1Kb ladder.
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Figure 3.8 PCR amplification of the pond water isolate using ITS2 and 5.8S rDNA
primers. Lane 1: 1 Kb DNA ladder, lanes 2, 3: PCR amplification of ITS2 primers, Lane
4: PCR amplification of 5.8S rDNA primers and Lane 6: 1Kb ladder.

After cleaned up using PCR purification kit, PCR products were sent for sequencing and
the results showed that 996 bases of forward and 919 bases of reverse ITS1 primers,
(Appendix C), 950 bases of forward and 1058 bases of reverse ITS2, (Appendix D) 868
bases of forward and 990 bases of reverse 5.8S rDNA (Appendix E) were successfully
sequenced. The Blast of these sequences by NCBI website proved that forward and

reverse primers were highly matched with Desmodesmus armatus with (99% identity)
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3.2.3 Phylogenetic tree construction

A maximum likelihood phylogenetic tree was constructed for additional confirmation
of the identification of the pond water isolate. As shown in Figure 3.9, the isolate is

grouped closely to Desmodesmus armatus sp. which showed high percentage matching.

gy | Desmodesmus armatus strain: GS2p
Desmodesmus armatus gstrain: GS2o0

A Desmodesmus armatus strain: GM4f
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Scenedesmus armatus var. subalternans collection CCAP 276/4A
59 1@510 Desmodesmus communis strain AICB 978 mplete seque
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Figure 3.9 Phylogenetic tree analysis of 18S and ITS region sequences of water pond
sample using Maximum likelihood method based on Hasegawa-Kishino-Yano model
(Hasegawa et al., 1985). Initial tree for heuristic search was obtained by applying the
neighbour-joining method to a matrix pairwise distance estimated using the maximum
composite likelihood (MCL) approach. A discrete Gamma distribution was used to
model evolutionary rate differences among sites (5 catagories G+, parameter=0.005).
There was a total of 1709 positions in the final dataset. Evolutionary analysis was
conducted in MEGA7 (Kumar et al 2016). Bootstrap values are indicated as percentage

at the nodes.
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3.2.4 Growth curve of Desmodesmus armatus and Synechocystis PCC 6803

Growth curve determinations for both Desmodesmus armatus and Synechocystis sp.
strains were carried out as described in section 2.4.2. Figure 3.8 shows the growth curve
of D. armatus cells over 26 days cultivation. The results showed clearly that D. armatus

reached stationary phase in about 24 days.
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Figure 3.10 Growth curve of Desmodesmus armatus cells grown over 26 days

cultivation. Each point is the average of three technical repeats from one growth
flask.
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Figure 3.9 shows the growth curve of Synechocystis sp. strain over 23 days incubation.

It is clear that stationary phase was reached after 17 days cultivation.
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Figure 3.11 Growth curve of Synechocystis PCC 6803 after 23 days cultivation. Each
point is the average of three technical repeats from one growth flask
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3.2.5 Relationship between cell count versus ODsgs.

The relationship between cell count and OD for D. armatus and Synechocystis sp. PCC
6803 was investigated as described in section 2-8. Figures 3.10 and 3.11 show the
results, which indicate that there is a good linear relationship between OD and cell

number up to about an ODsgs of 1 for both species.

7.0E+05

6.0E+05 y = 507076x
R?2=0.92137

5.0E+05

4.0E+05

3.0E+05

2.0E+05

CELL COUNT O+E5

1.0E+05

0.0E+00
0 0.2 0.4 0.6 0.8 1 1.2

ODS95

Figure 3.12 Relationship between D. armatus ODsg5 and cell count
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Figure 3.13 Relation between Synechocystis sp. ODsgs and cell count.
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3.3 Discussion

3.3.1 Identification and characterisation of Pond Water Isolate and Synechocystis
sp.
Before identification of the candidate strains, it was important to confirm that the

cultures were axenic. Synechocystis PCC6803 strain was examined under light
microscope to confirm the purity of the single colonies and 16S rRNA sequences were
used as molecular markers to confirm that the Synechocystis PCC6803 strain that was
obtained from another laboratory in Department of Molecular Biology and
Biotechnology had been correctly identified. The comparison of 16S rRNA partial
sequence using the NCBI website confirmed our strain as Synechocystis PCC6803 by
showing (99%) identity with other Synechocystis PCC6803 sequences. Many studies
have used 16S rRNA primers as a key for the taxonomy of all cyanobacteria including
Synechocystis sp. PCC6803 (Allewalt et al., 2006; Hameed and Hasnain, 2012). 16 SrRNA

sequencing is considered as a backbone for bacterial taxonomy (Clarridge, 2004).

For the pond water samples, serial purification steps including light microscopic
examination were conducted to obtain an axenic culture. The light microscopic
examination of the axenic culture of pond water sample showed that the strain looked
like a Scenedesmus/Desmodesmus species based on the high number of cells forming
coenobia, cell dimensions and the occurrence of spines. However, due to the very close
similarity of characteristic morphological and metabolic features between species of
Desmodesmus and Scenedesmus (Kessler et al., 1997). Radha et al., (2013) pointed out
that an ideal protocol for precise identification between close related
Scenedesmedaceae and other closely related microalgae is the combination of
molecular and morphological identification. For molecular characterisation purposes,
whole DNA sequencing is not necessary and can be replaced by sequencing small
specific conserved genes which are widely investigated in microalgae. Nuclear
ribosomal RNA (rRNA); mitochondria genes, plastid genes (rbcl); and ITS genes are the
commonly conserved genes that play an important role for microalgal identification
(Mutanda et al., 2011). As noted above for Synechocystis PCC6803, rRNA genes have
been exploited widely as an ideal template for the taxonomy of the unknown organism
because they are universal and contain both highly conserved and flexible domains (Fox
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et al., 1977; Woese, 1987). In eukaryotic cells, rRNA is divided into the coding part
composed of 18S, 5.8S, and 28S rDNA and the non-coding part which is composed of
external transcribed spacer (ETS), internal transcribed spacer 1 (ITS1), and internal

transcribed spacer 2 (ITS2).

Molecular identification of PCR amplified Weston Park pond strain sequence using 18S
rRNA primers indicated that the strain belonged to Tetradesmus/Scenedesmus sp. with
97 — 99% identity. Partial 18S rRNA sequence is a common target region for
identification of unknown algae including Scenedesmus sp. isolated either from fresh or
marine water (Eland et al., 2012; Lim et al., 2012; Sathya and Srisudha, 2013; Chen et
al., 2014; Gour et al., 2016).

For further confirmation, detection of the ITS region sequences proved that the pond
water strain is with 99% identity closely related to many Desmodesmus sp. after Blast
analysis of the sequence in NCBI website. Furthermore, the sequences that showed high
matching (99%) aligned using the Muscle alignment method. A phylogenetic tree
constructed using maximum likelihood emphasized that the pond water strain is closely
related to different Desmodesmus clades and particularly to the Desmodesmus armatus

clade.

Many studies have pointed out that the internal spacerl (ITS1) and internal spacer2
(ITS2) sequences of rRNA are considered to be an ideal and flexible tool to be exploited
to address the taxonomy of close relationships between very close related microalgae,
including Scenedesmus/Desmodesmus species, because these two molecular markers
are more variable (Hadi et al., 2016). ITS1 and ITS2 regions of DNA are part of the
noncoding regions that can be trusted for the identification of microalgae because they
are repeated in high copy number within the algal genome (Kocot and Santos, 2009).
Various studies used ITS region as a trustworthy molecular marker for phylogenetic
taxonomy of closely related Scenedesmus species within other Scenedesmedaceae

family strains (Hegewald and Wolf, 2003; Gour et al., 2016; Hadi et al., 2016).

Scenedesmus as a genus was first distinguished in 1829 and it contained all autosporic
coccal green algae with flat or curved coenobia. Approximately 1300 taxa of

Scenedesmus were distinguished until 1926 when Chodat divided these taxa into
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subgenera to achieve a more convenient way for understanding the close relationships
between Scenedesmus species (Chodat, 1926). Desmodesmus as a genus was first
classified as a subgenus of Scenedesmus, however the taxonomic relationship between
Scenedesmus and Desmodesmus has passed through different stages based on the
parameter of classification. Hegewald, (1978) differentiated Desmodesmus sp. and
Scenedesmus sp. into separate subgenera based on the ultrastructure of the cell wall,
in which species with four sporopollenimic wall layers and with peculiar sub-
microscopic features on the outer sporopollenimic layer belonged to subgenus
Desmodesmus Chodat. In contrast, species with three sporopollenimic wall layers that
lack structure or with ribs shaped in the hemicellulosic wall layer were classified as

Scenedesmus and Acutodesmus Hegewald.

18S rRNA was another taxonomic factor that was used for differentiation between
Desmodesmus and Scenedesmus species. The 18S rRNA sequence investigation
provides additional data that divided Scenedesmus species into two main subgenera
which were Desmodesmus as individual subgenus and both Scenedesmus and
Acutodesmus as subgenera (Kessler et al., 1997; Lewis, 1997). However, another study
demonstrated that 18S rRNA is not variable enough to be used as a taxonomic
parameter because of the insufficient variation to distinguish between close related
Desmodesmus and Scenedesmus species (Hegewald and Hanagata, 2000). Therefore,
Desmodesmus was separated as a distinct genus based on the primary cell wall
structure and the significant variation in the length of the ITS2 sequence. Moreover, the
ultra-structure study of the cell wall of Desmodesmus and Scenedesmus species also
clearly distinguished that the non-spiny form belonged to Scenedesmus and the spiny

form was classified as Desmodesmus (An et al., 1999; Van Hannen et al., 2002).

Desmodesmus is now recognised as a common coccoid green microalga which can be
isolated from different freshwater ponds rivers and brackish water around the world
(Vanormelingen et al., 2007). The number of studies involving Desmodesmus species is
significantly lower than Scenedesmus species. The reason was illustrated by Lirling,
(2003) in which it was noted that the researchers still did not understand the new

taxonomic differentiation between Desmodesmus and Scenedesmus. He collected all
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the literature related to Scenedesmus species. from 1989 to 2003. During this period,
more than 500 non-spiny and about 450 spiny isolates were collected. Many spiny
Desmodesmus isolates were classified as Scenedesmus like S. quadricauda, S. armatus
and S. abundans. Table 2-2 shows the revised top 5 frequent isolates of Scenedesmus

and Desmodesmus species (Lirling, 2003).

Table 2.2 The revised differentiation between five most frequent Desmodesmus and
Scenedesmus isolates collected from the literature survey between (1989-2003)

adapted from (Lurling, 2003)

Scenedesmus (non-spiny) Desmodesmus (spiny)
~species  #hits species # hits
S. obliquus 287 D. quadricauda 228
S. acutus 149 D. subspicatus 76
S. acuminatus 28 D. armatus 35
S. bijugatus 18 D. communis 13
S. dimorphus 13 D. abundans 12

Desmodesmus armatus has been exploited to produce a variety of products due to their
high content of protein that can reach 23% of dry weight after 40 days cultivation
(Cheban et al., 2015). Moreover, Desmodesmus sp. cells are composed of other
essential products such as vitamins, carbohydrates, essential amino acids, and both
macro and micro-elements, which are widely utilised as a food source for mollusks, fish

and crustaceans (Becker, 2007).

Desmodesmus species can be grown in a variety of aquatic environments and they can
adapt to different stress conditions. Therefore, they could alter their regular
multicellular forminto single cell form when exposed to chemical signals extracted from
zooplankton grazers (Lirling, 2003). Moreover, Koike et al., (2013) recorded for the first
time that a Desmodesmus species was considered as a parasite that caused an algal

infection in fishes in Japan.
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Chapter Four
Determination and
Quantification of Neutral
Lipid
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4.1 Introduction

Throughout the world, the method that could be utilized for measurement of algal lipid
content was one of the main critical arguments between researchers because there is
no standardised protocol that could be relied upon for precise and accurate lipid
measurements in all microalgal strains considered for biofuel production (Li et al.,

2014).

There are different techniques that have been used for the determination and
quantification of algal lipids such as gravimetric method which is the conventional
method for algal lipid assessment. This protocol mainly uses cell disruption and solvent
extraction of algal biomass lipids. The total algal lipids are quantified by drying and
weighing the lipid extract (Kumari et al., 2011). However, numerous studies have
reported that this method is undesirable technique for quantification of microalgal lipid
in terms of loss of some of the lipid content after additional steps required to
differentiate various types of lipid fractions such as transesterification and
chromatographic separation. Moreover, other drawbacks of gravimetric method are
that it is a time consuming and labour-intensive manipulation (Bertozzini et al., 2011).
Furthermore, another disadvantage of gravimetric method is that not only total lipid
will be assessed but also other non-fatty acids containing lipids, like pigments or sterols,
are also involved in the determination method. These non-fatty acid will increase the
total lipid content (>50%). Therefore, for the specific goal of determination of the
neutral lipid content of microalgae for biodiesel production it is not recommended to
use gravimetric method because of the overestimation of total lipid content (Breuer et

al., 2013).

In situ screening of algal lipid content using spectrophotometry have been
recommended in recent years to be one of the favourite protocols for determination of
algal lipids. Fluorescence spectroscopy has been considered to be the easiest, most
rapid and cheapest analysis tool to assess the lipid content based on a fluorescent dye
(mainly Nile Red). The excitation and emission filters of the spectroscopy are used to
read the fluorescence of the dye which is related indirectly to the lipid content (Cirulis

etal., 2012).
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Nile Red (NR, 9-diethylamino-5H-Benzo[a]phenoxazine-5-one) is a lipid soluble
fluorescent probe that has been widely utilised to assess the lipid content in different
organisms including zooplankton (Alonzo and Mayzaud, 1999), mammalian cells
(Genicot et al., 2005), bacteria (Izard and Limberger, 2003) and yeast (Sitepu et al.,
2012).

The vital feature of employing Nile Red as a fluorescent dye was to accomplish a quick
screening of oleaginous microalgae to allow the selection of promising strains for

economically feasible production of biofuel (Chisti, 2008).

Nile Red has the ability to pass through the cell barriers including the cell wall, cell
membrane and dissolve in the intracellular neutral lipid showing a golden yellow
fluorescence for neutral lipids, red for chlorophyll auto fluorescence and polar lipids. In
combination with organic solvents like dimethyl sulfoxide (DMSO) which have been
used with different microalgal species in terms of facilitating the staining of microalgae

with Nile Red (Pancha et al., 2014; Wu et al., 2014).

The effectiveness of Nile Red to pass through the algal cell wall and consequently
determine the neutral lipid relies on the accurate wavelength of excitation and emission
of the microscopy filter. These wavelengths depend mainly on the hydrophobicity of
the carrier solvent utilized. In general, the excitation wavelength for determination of
neutral lipid by Nile Red must be less than 570 nm because Nile Red will present as a
general lipid dye at more than 570 nm. While at wavelength higher than 590 nm, the
selection feature of lipid droplet by Nile Red will be lost (Greenspan et al., 1985). Over
all, the selection of excitation and emission wavelength is varying between different
algal species and sometimes with the same species, for example (Ren et al., 2015)
demonstrated that 530/568 nm were ideal excitation and emission wavelengths for
Scenedesmus species. On the other hand, other studies stated that an optimum
excitation/emission is 490/580 nm (Chen et al., 2011) and 530/604 nm (Siegler et al.,
2012). These variations in the emission and excitation wavelength are based mainly on
the individual microalgal isolates and neutral lipid composition of fatty acids ((Chen et

al., 2009).
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The utilisation of Nile Red for evaluation of neutral lipid has increased dramatically in

the last two decades as shown in Figure 4.1.
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Figure 4.1 Number of publications related to the utilisation of NR to evaluate the
neutral lipids in different cells from 1995-till May 2016. Adapted from (Aleman-
Nava, et al., 2016).

Various strategies have been utilized to alter external growth conditions to over
stimulate accumulation of neutral lipid in microalgae, such as increasing salinity of the
algal medium, nutrient starvation or depletion especially the sources of nitrogen and

phosphorus in the algal medium, pH and light intensity (Zhu et al., 2016).

The content of microalgal lipid plays a vital role in the selection of a strain as a source
for biodiesel production. Therefore, different analytical techniques such as Gas
Chromatography (GC) and Mass Spectrophotometry (MS) alone or combined, and
Nuclear Magnetic resonance (NMR) are being used widely as tools for the compositional
evaluation of the lipid profile such as types of saturated or unsaturated fatty acids,
directing the production and characteristics of feed stock, and their conversion to

biodiesel (Bharti and Roy, 2012; Sarpal et al., 2016).
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The objectives of this chapter are to optimise the conditions that are required to
accurately utilise Nile Red for determination of the neutral lipids in both Desmodesmus
armatus and Synechocystis PCC 6803 under normal growth conditions (i.e. growing
them in BG11 medium). Furthermore, investigate the influence of stress conditions
involving salinity (0.2, 0.4 M NaCl); nitrogen starvation (25%, 10% NaNO; BG11);
nitrogen depletion (N Free BG11); and different nitrogen sources (NH4Cl, Urea) on the
neutral lipid accumulation in both strains. Moreover, free fatty acids are analysed after
transesterification using (GC-MS) technique for the strain that showed the highest

neutral lipid content.

108



4.2 Results

4.2.1 Fluorescence microscopy for visualisation of lipid droplets

The accumulation of neutral lipids in D. armatus cells was visually confirmed by
examining the fluorescence of Nile Red in cells grown under normal and stress
conditions (nitrogen depletion) using fluorescence microscopy. This demonstrated the
ability of Nile Red to penetrate the algal cells and bind to the intracellular lipid as
described in section 2.9.1. The images in Figure 4.2 clearly show the yellow
fluorescence related to the binding of Nile Red with the neutral lipid inside the cells

(right hand image).

Figure 4.2 Number of publications related to the utilisation of NR to evaluate the
neutral lipids in different cells from 1995-till May 2016. Adapted from (Aleman-
Nava, et al., 2016).

The results have provided indirect indication of the marked increase in the amount for
neutral lipid in the cells grown under various stress conditions. Moreover, these
results have offered a justification to continue further experiments to utilise Nile Red

dye method for quantification of neutral lipid in D. armatus cells.
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4.2.2 Determination of Neutral Lipid Using Nile Red

As the fluorescent intensity of Nile Red is variable, the precise evaluation of neutral
lipid in algal cells required an optimization of two factors: algal cell concentration and

Nile Red concentration.

4.2.2.1 Optimization of Desmodesmus armatus and Synechocystis PCC6803 Cell
concentration

The concentrations of algal and cyanobacterial cells optimised as described in section
2.9.2.2.1. Figures 4.3 and 4.4 showed the fluorescence intensity of D. armatus and
Synechocystis cells respectively at different concentrations ranging from 12.5%-100% at
different incubation times. The optimum concentration of D. armatus and
Synechocystis cells were based on the balance between the values of cell normalization,
concentrations of the algal strain and the staining time. The optimum concentration of
D. armatus cells was 50% of cells in 14 minutes. While for Synechocystis 75%

concentration of cells in 14 minutes appeared to be the best concentration of cells
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Figure 4.3 Optimization of NR staining time and cell concentration on fluorescence
intensity of the green alga D. armatus. The optimum conditions were 50% of cells in

20 min. Each column represents the normalised value of each concentration
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Figure 4.4 Optimization of NR staining time and cell concentration on fluorescence
intensity of the Synechocystis PCC 6803. The optimum conditions were 75% after 14

mins staining. Each column represents the normalised value for the cells. Error bars

represent technical repeats (n=3).
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4.2.2.2 Optimization of Nile Red concentration

The optimization of Nile Red concentration was conducted as described in section
2.9.2.2.2. Figure 4.5 shows the fluorescent intensity of D. armatus cells stained with
different Nile Red concentrations. It is obvious that 1 ug ml™ had the highest fluorescent

intensity after 20 min incubation followed by 1.3 and 0.64 ug ml™ respectively.
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Figure 4.5 Optimization of NR staining concentration for the green alga D. armatus
cells. The optimum cell concentration of 50% was used, and the amount of staining was
measured after 15, 20, and 25 min. Each column represents the difference between the
average of four stained and four unstained readings. Error bars represent technical

repeats (n=3).
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For Synechocystis PCC6803, Figure 4.6 shows clearly that the highest fluorescent
intensity of different Nile Red concentrations was 1.9 ug ml™* after 15 min.

However,1.3 pg ml™ was selected as an optimum concentration of Nile Red
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Figure 4.6 Optimization of NR staining concentration for the Cyanobacterium
Synechocystis PCC6803 cells. The optimum cell concentration of 75% was used, and the
time of staining was 15, 20, and 25 min. Each column represents the difference between
the average of four stained and four unstained readings. Error bars represent technical

repeats (n=3).
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4.2.3 Effect of Salinity on the growth of D. armatus and Synechocystis cells

To investigate the effect of high salinity as a stress condition on the neutral lipid
accumulation. Both Synechocystis and D. armatus cells were grown in 0.2 M NaCl BG11
and 0.4 M NaCl BG11 separately as described in section 2.2.1.1. The neutral lipid
measurements of both strains were evaluated once a week for 33 days using an
optimum concentration of D. armatus cells OD s95= 50% concentration of cells, and 1 pg
ml™ concentration of Nile Red. Figure 4.7 shows that the highest Nile Red fluorescent

intensity of D. armatus cells has observed at 0.2 M NaCl followed by 0.4 M NaCl and

normal D. armatus cells respectively after 33 days incubation.
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Figure 4.7 Nile Red Fluorescence Intensity measurements of D. armatus cells grown in
BG11 media with: zero concentration of NaCl, 0.2 M and 0.4 M NaCl respectively. Each
measurement represents the difference between the average of four stained and four

unstained readings. Error bars represent technical repeats (n=3).
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For Synechocystis, the effect of 0.2 M NaCl and 0.4 M NaCl was measured using
optimum concentration of cells ODsgs= (75%) and Nile Red concentration (1.3 ug ml™).
Figure 4.8 shows clearly that the 0.4 M NaCl and 0.2 M NaCl increased the neutral lipid
content in terms of fluorescent intensity value during the first 8 days incubation.
However, both salt stress conditions dramatically decreased the neutral lipid content
after nearly a month of incubation when compared with the neutral lipid content of the
normal condition (BG11) which showed the highest fluorescent intensity. Therefore,
increasing the salinity for long-term incubation was deemed not to be a convenient

stress condition to boost the neutral lipid accumulation in Synechocystis cells.
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Figure 4.8 Nile Red fluorescent intensity measurement of Synechocystis cells grown
in BG11 media with: zero concentration of NaCl, 0.2 M NacCl, and 0.4 M NacCl
respectively. Each measurement represents the difference between the average of

four stained and four unstained readings. Error bars represent technical repeats (n=3)
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4.2.4 Effect of nitrogen depletion

The effect of nitrogen depletion on the neutral lipid accumulation in both D. armatus
and Synechocystis were examined as described in section 2.2.1.2. Both strains were
grown in 25%, 10%, and absence of NaNOs that was the source of Nitrogen in BG11.
For D. armatus cells, Figure 4.9 shows that the highest Nile Red intensity has emerged

in N free BG11 followed by 10% and 25% respectively.
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Figure 4.9 The fluorescent Intensity of D. armatus cells grown under normal BG11,
25% NaNO3, 10% NaNOs and N Free BG11. NaNO; was used as a source of nitrogen
in the medium. Each measurement represents the difference between the average of
four stained readings and four unstained readings. Error bars represent technical

repeats (n=3).
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Figure 4.10 shows the Nile Red fluorescent intensity of Synechocystis strain grown
under 10% NaNOs; BG11, and absence of NaNOs (N Free BG11). It is obvious that the
highest fluorescence intensity was shown by Synchocystis cells grown in N free

medium.
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Figure 4.10 The fluorescent Intensity of Synechocystis cells grown under Normal BG11,

10% NaNO3, and N Free BG11l. NaNO3 was used as a source of Nitrogen in the

medium. Each measurement represents the difference between the average of four

stained and four unstained readings. Error bars represent technical repeats (n=3).
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4.2.5 Effect of Different Nitrogen Sources

The effects of different sources of N on the neutral lipid accumulation in D. armatus,
and Synechocystis cells were investigated as described in section 2-2-1-3. NH4Cl and
urea replaced NaNOs as a source of nitrogen in the medium in which the concentration
of N was equal in all sources. Figure 4.9 shows the fluorescent intensity of D. armatus
cells grown under different nitrogen sources which were: 10% NaNOs, NH4Cl, and urea
respectively. The results showed clearly that NaNOs at low concentration induced the

highest fluorescent intensity in contrast with the other sources of nitrogen.
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Figure 4.11 The fluorescent intensity of D. armatus cells grown under different N
sources that are: 10% NaNOs;, NH,Cl, and urea. Each measurement represents the
difference between the average of four stained and four unstained readings. Error bars

represent technical repeats (n=3).

118



For Synechocystis, the effect of different N sources showed that NH,Cl was the best
source of N after 18 days incubation based on the highest Nile Red fluorescence

intensity followed by 10% NaNOs and urea respectively as shown in Figure 4.12

600

500

400

300

200

100 ~

Nile Red Flourescent Intensity

o
I

Days

™ 10% NaNo3 ™NHA4CLBG1l = UreaBGl1

Figure 4.12 The fluorescence intensity of Synechocystis cells grown under different N
sources that are: 10% NaNOs, NH,Cl, and urea. Each measurement represents the
difference between the average of four stained and four unstained readings. Error
bars represent technical repeats (n=3).
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4.2.6 Triolein calibration curve

The previous experiments were based on Nile red fluorescence intensity of a standard
amount of algal/cyanobacterial biomass. To allow quantification of neutral lipid in the
cells, a calibration curve of a standard neutral lipid (Triolein) was made as described in
section 2.9.2.3 to convert the values of Nile Red fluorescent intensity achieved by
exposure of both D. armatus and Synechocystis cells to normal and stress conditions.
Figures 4.13 and 4.14 show the linear calibration curves for D. armatus and
Synechocystis cells respectively. The Nile Red fluorescent intensity values were then

converted to concentrations of neutral lipid (mg ml™).
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Figure 4.13 Linear correlation between fluorescence intensity and triolein
concentration of D armatus cells for the conversion of fluorescence intensity readings
to triolein equivalents. Each measurement represents the difference between the
average of four stained and four unstained readings. Error bars represent technical

repeats (n=3).
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Figure 4.14 Linear correlation between fluorescence
concentration of Synechocystis cells to allow the conversion of fluorescence readings
to triolein equivalents. Each measurement represents the difference between the

average of four stained and four unstained readings. Error bars represent technical

repeats (n=3).
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4.2.7 Relation between OD and Cell Dry weight.

The relation between OD and cell dry weight was determined for both D. armatus and
Synechocystis strains as described in section 2.10 (Figures 4.15 and 4.16). The aim of this
experiment was to convert the OD value of the optimised concentration of cells to dry weight
(mg ml™). Then each value of neutral lipid concentration will be divided on the value of the dry

weight and multiplied by 100 to give the percentage (%) of neutral lipid.
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Figure 4.15 Linear relation between OD and dry weight of D. armatus cells
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Figure 4.16 Linear relation between OD and cell dry weight of Synechocystis cells
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4.2.8 The lipid content of D. armatus and Synechocystis cells

The concentration of neutral lipid content and lipid percentage (%) were calculated
based on the triolein calibration curve and the relationship between OD and dry weight
of the cells that offered the optimum concentration of biomass that is (ODsg5=50%=200
ng ml™ Dry weight) for D. armatus and (ODsgs=75%=400 pug ml™* Dry weight) for
Synechocystis cells as described in section 4.2.7. Table 4.1 shows the lipid content and
percentage of lipid accumulated by D. armatus cells under normal, 0.2 M NaCl and 0.4
M NacCl after 30 days. The highest lipid content and percentage of lipid was achieved by
0.2 M NaCl grown cells (15.5 pug/ml, 8%) after 30 days.

Table 4.1 Lipid content of D. armatus grown under normal and different salinity
concentrations.

Sample Day Actual Biomass Optimised Neutral lipid Percentage lipid
content(pug/ml) Biomass content content of
content(pug/ml) | (ug/ml) DCW%

D.armatus 5 300 200 2.9 1.45
+BG11 12 700 200 4.2 2.1

16 950 200 5.1 2.6

21 1100 200 6.2 3

30 1400 200 7.3 3.65
D. armatus 5 155 200 33 1.65
+0.2M BG11 12 385 200 3.5 1.75
NaCl 16 363 200 3.6 1.8

21 350 200 4.4 2.2

30 340 200 15.5 8.0
D.armatus +0.4 | 5 155 200 2.7 1.35
M BG11 NacCl 12 190 200 4.8 2.4

16 275 200 5.0 2.5

21 350 200 7.0 3.5

30 110 200 9.2 4.6
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Table 4.2 shows the neutral lipid content in Synechocystis grown under normal

condition (normal BG11 medium), 0.2M NaCl, and 0.4M NaCl. The highest readings

were obtained with normal BG11 medium after 30 days (shown in bold).

Table 4.2 Lipid content of Synechocystis PCC6803 grown under normal and different

salinity concentrations.

Sample Day Actual Biomass Optimised Neutral lipid | Percentage
content(pug/ml) Biomass content lipid content of
content(pg/ml) | (ug/ml) DCW%

Synechocystis 5 634 400 0.7 0.1
+BG11 12 874 400 0.8 0.2

16 1187 400 0.6 0.15

21 1325 400 0.5 0.15

30 1404 400 1.5 0.4
Synechocystis 5 636 400 1.0 0.3
+0.2M BG11 12 689 400 1.0 0.3
NacCl 16 1060 400 0.4 0.1

21 1219 400 0.4 0.2

30 1537 400 0.7 0.4
Synechocystis 5 132 400 1.3 0.3
+0.4 M BG11 12 620 400 0.7 0.2
NaCl 16 780 400 0.6 0.1

21 1113 400 0.2 0.07

30 1325 400 0.2 0.07
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The effect of nitrogen starvation on neutral lipid accumulation in D.armatus was
investigated by growing this strain under normal BG11, 25% NaNO3 10% NaNOs. and N
Free BG11 media. Table 4.3 shows that N Free BG11 medium induced the highest

neutral lipid content after 28 days incubation.

Table 4.3 Lipid content of D. armatus grown under different concentration of NaNOs.

Sample Day ActualBiomass Optimised Neutral lipid | Percentage
content(ug/ml) Biomass content lipid content of
content(pug/ml) | (ug/ml) DCW%

D.armatus 5 300 200 2.3 1.15
+Normal BG11 | 11 680 200 1.8 0.9

21 1100 200 6.2 3.1

28 1400 200 7.3 3.65
D.armatus 5 300 200 2.3 1.15
+25% NaNO; 11 775. 200 1.8 0.9
BG11 21 900 200 3.4 1.7

28 980 200 1.6 0.8
D.armatus 5 330 200 2.3 1.15
+10% NaNO, 11 670 200 8.9 4.5

21 750 200 16.5 8.25

5 840 200 29.9 15
D.armatus + |5 227 200 5.8 2.9
N Eree BG11 1 299 200 35.4 17.7

21 320 200 42.7 21

28 344 200 61 30.5
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Table 4.4 shows clearly that Synechocystis strain accumulated highest amount of
neutral lipid when grown under N Free BG11 medium after 28 days when compared

with cells grown in normal BG11 and 10% NaNO; BG11.

Table 4.4 Lipid content of Synechocystis grown under different concentration of
NaN03_

Sample Day Actual Biomass | Optimised Neutral Percentage
content(ug/ml) | Biomass lipid lipid content
content(ug/ml) | content of DCW%
(ug/ml)
Synechocystis | 7 634 400 0.7 0.2
+BG11 14 874 400 0.8 0.2
21 779 400 1.1 0.3
28 1404 400 1.3 0.3
Synechocystis | 7 470 400 0.7 0.2
+10% NaNO3 | 14 764 400 0.9 0.25
21 779 400 1.2 0.3
28 795 400 1.4 0.35
Synechocystis | 7 243 400 1.0 0.25
+Free N 14 205 400 1.6 0.4
BG11 21 171 400 1.9 0.5
28 164 400 2.9 0.75
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The effect of using different N sources on the lipid accumulation in D. armatus was
examined. Table 4.5 shows that NaNOs at low concentration (10%) was the best source
of nitrogen for D. armatus lipid production because it accumulated the highest amount
of neutral lipid content (29.9 pg/ml) after 28 days incubation when compared with

other different sources of N (urea and NH,4Cl)

Table 4.5 Lipid content of D. armatus grown with different Nitrogen sources.

Sample Day Actual Biomass Optimised Neutral lipid | Percentage
content(pug/ml) Biomass content lipid content of
content(pug/ml) (ng/ml) DCW%

D.armatus 5 300 200 2.3 1.15
+10% NaNO; 1 775 200 8.9 4.5
BG11 21 900 200 16.5 8.25

28 980 200 29.9 15
D.armatus 5 130 200 2.4 1.2
+Urea BG11 11 266 200 2.7 1.35

21 551 200 1.9 0.7

5 642 200 2.3 1.25
D.armatus + | > 77 200 25 1.25
NH,Cl BG11 11 135 200 24 1.2

21 215 200 1.2 0.6

28 229 200 1.8 0.9

Table 4.6 shows interesting results of the effect of N sources on the neutral lipid
accumulation in Synechocystis strain. NH,Cl was found to be the best source of N in
Synechocystis based on the highest lipid content and percentage of lipid achieved after

18 days incubation in comparison with other N sources used (10% NaNOs;, and urea)
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Table 4.6 Lipid content of Synechocystis PCC6803 grown under different Nitrogen

sources.
Sample Day | Actual Biomass | Optimised Neutral | Percentage
content(ug/ml) | Biomass lipid lipid
content(ug/ml) | content | content of
(ug/ml) | DCW%
Synechocystis +10% 6 470 400 0.7 0.2
NaNO3 12 764 400 0.8 0.2
15 779 400 1.1 0.3
18 795 400 1.4 0.35
Synechocystis+NH4CI 6 522 400 0.8 0.2
BG11 12 676 400 0.7 0.2
15 641 400 2.0 0.5
18 661 400 2.4 0.6
Synechocystis +Urea 6 118 400 1.2 0.3
BG11 12 113 400 1.1 0.35
15 101 400 1.0 0.25
18 124 400 1.2 0.3
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4.2.9 Fatty Acid profile of N free BG11 stressed D. armatus cells

The fatty acid profile of D. armatus cells was determined using GC-MS (section 2.12) on
esterified samples from cells grown under N Free BG11 medium. The highest content
of neutral lipid was observed under this stress condition. The results in Figure 4-17
showed that linoleic acid and palmitic acid dominated the percentage of fatty acid
methyl esters in N depleted D. armatus cells. Small amounts of oleic acid (C18:1) and

polyunsaturated fatty acids were also detected.
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Figure 4.17 Fatty acid methyl ester profile of D. armatus cells grown under N Free
BG11. Each column represents the average of three readings. Error bars represent

biological repeats (n=3).
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4.2.10 Determination of lipid content using

NMR

The NMR spectral features of D. armatus lipid content extracted from cells grown in

normal (BG11) and stress conditions (0.2 M NaCl, N Free BG11) were determined. The

extraction was carried out by bead beating of the cells and then using chloroform and

methanol as solvents. The 'H NMR spectra are shown in Figure 4.18. Table 4.7 shows

the results of chemical shift and functional groups analysis of the neutral lipids (TAG

and FFA) and polar lipids and their fatty acid content. It is clear that the fatty acid

content of cells grown in N free medium is much higher than for cells grown in normal

BG11 medium.
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Figure 4.18 NMR spectra of D. armatus grown under normal BG11 and N Free BG11.
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Table 4.7 HNMR chemical shift (ppm) of functional group and values of D. armatus

grown under normal medium (BG11) stress N Free BG11.

Chemic | Functional D.armatus+ D.armatus+
al shift | group BG11 Free BG11
(ppm)
0.8 -CHs of all FA 30 108
except PUFA
1 -CH3 of PUFA 9 11
1.4 -(CHz) , of all FA | 149 680
1.62 CH,CH,C =0 of | 27 107
all FA
2.05 CH,CH =CH of 15 53
all FA
2.32 CH,C=0 of FFA | 21 58
2.8 (CH-CH),CH; of |3 49
PUFA
4.2 OCH;(,sn-3) Of 6 31
TAG
4.36 OCHg(sp-1) of 3.5 25
TAG
5.36 OCH(sp-2) of TAG | 2 19
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4.3 Discussion

The method of quantification of neutral lipid from different algal cells using Nile Red
fluorescence varies depending on the algal species. Therefore, different parameters
required to be optimized for D. armatus including: Nile Red concentration, type of

solvent, stain time, and concentration of algal cells (Rumin et al., 2015).

4.3.1 Influence of microwaves and solvents on investigation of neutral lipid

To boost the probability of Nile Red penetration to D. armatus and Synechocystis cells
a protocol was carried out in two steps (Chen et al., 2009): using organic solvent
because Nile Red is quenched in water (Greenspan et al., 1985), and microwaving the
cells. In the current work, two protocols were used to quantify the neutral lipids. One
of these protocols depended mainly on using acetone as a stain carrier and used Nile
Red directly. Poor results were found probably because acetone was not a good solvent
carrier. One negative impact of using Nile Red in determination of neutral lipid was due
to the dye failure to pass through the algal cells because of the rigidity of the algal cell
wall and cytoplasmic membrane which might affect the penetration of dye and
consequently it will not reach the target (intracellular lipid) (Chen et al. 2011) Many
studies found that DMSO was a good organic solvent to be exploited as a stain carrier
with Nile Red in terms of increasing the fluorescent intensity as much as 10-fold (Chen
et al., 2009; Frick et al., 2014) than other solvents used including acetone, ethanol,
ethylene glycol, and diaminotetraacetic acid (Cooksey et al., 1987; Castell and Mann,

1994; Doan and Obbard, 2011; Siegler et al., 2012; Wong et al., 2014).

Two microwave steps in combination with an organic solvent have revealed
that the neutral lipid content of the algal cells, in terms of fluorescent
intensity, was increased. Previous experiments found that the fluorescent
intensity of the algal cells was lower when using organic solvent alone even at
high concentration because of the fluorescence quenching of Nile Red under
high concentration of DMSO (Chen et al., 2009). The influence of two steps of
microwaving on the marked increase in the fluorescence intensity of D.

armatus and Synechocystis cells was probably related to the attribution of the
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molecular collisions speed enhancing and consequently simplifying the

entrance and interaction of Nile Red with intracellular algal neutral lipids.

4.3.2 Influence of algal cell concentration and time of staining

The influence on Nile Red staining of different concentrations of D. armatus
and Synechocystis cells was determined due to the fact that the Nile Red (NR)
staining varies with the cell concentration. The results are shown in Figures
4.3 and 4.4 respectively and 50% of cell concentration (=24*10%cells) with 14
minutes staining time was selected as the optimum conditions for D. armatus
cells. While 75% cell concentration (=15*10°cells) with 20 minutes staining
time was chosen as the best conditions for Synechocystis cells. The selection
of optimum concentration of D. armatus and Synechocystis cells were based
on the balance between the cell-normalised value, the ratio of
NR/concentration of algal cells, and the time of staining. The normalization
technique was used because it is an accurate method to compare the
fluorescent intensity readings of the same sample or different samples; they
were prepared at the same cell density or the same amount of biomass (Chen

et al., 2009).

The ratio of NR/cells plays an important role for precise measurement of
neutral lipid in cells. Pick and Rachutin-zalogin, (2012) reported that a high
ratio of NR/cells was not favourable because it causes stacking of Nile Red
dye, and consequently raises the possibility of quenchers in the samples. The
excitation/emission wavelengths (485/580 nm) were chosen based on the
results of Chen et al., (2011), who found the optimal excitation/emission

wavelengths for Scendesmus sp. were 490/580 nm.

Moreover, the time of staining for the algal cells with Nile Red is considered
to be a crucial factor for achieving the highest fluorescence intensity and it
largely depends on the cell wall structure of the selected strain and therefore
it is species dependent (Balduyck et al., 2015). Our results showed that the

maximum  fluorescence intensity was achieved after 14 minutes for
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D.armatus because the fluorescence intensity was slightly decreased with 20
minutes incubation. On the other hand, 20 minutes was selected to be an
optimal staining time for Synechocystis because the fluorescence intensity
was higher after 20 minutes in comparison with 14 minutes. In general, Pick
and Pick and Rachutin-zalogin, (2012) stated that the values of fluorescence
intensity deceased between (50%-90%) after 20 min staining with Nile Red
due to the quenching with long staining time because of the stacking of Nile
Red molecules, partial solubility of different concentration of Nile Red or

guenchers of the sample.

4.3.3 Influence of Nile Red concentration

The influence of Nile Red concentrations on the quantification of fluorescent
intensity were investigated in both D. armatus and Synechocystis sp. as
shown in section 4-2-2-2. The optimum Nile red concentration was selected
based on the balance between high and low Nile Red concentrations because
of the drawbacks of relying on the lowest or highest concentration. The
optimum concentration of Nile Red for D. armatus was (1 pg ml™?), and for
Synechocystis (1.3 pug ml™?). The importance of dye concentration was related
to the fact that the fluorescence intensity varies based on the concentration
with an increase in the dye concentration above the optimal one, then the
fluorescence  decreased with the further increase in the dye concentration
probably because of excess intense collisional quenching of the dye
molecules at high concentration (Lakowicz, 2006). Several papers have
reported that the fluorescence intensity depends on the concentration of Nile
Red. (Chen et al., 2009; Huang et al., 2009; Xu et al., 2013). Greenspan et al.,
(1985) referred to the fact that at low concentration the interaction between
the Nile Red dye and hydrophobic core is increased. Furthermore, the
guenching of the dye was decreased when compared with excess of Nile Red.
However, Pick and Rachutin-zalogin, (2012) observed that low concentration
of Nile Red affect on the interaction between the dye and lipid droplets and
consequently decrease the possibility of the dye to access through

hydrophilic quenchers. On the other hand, the selection of a high Nile Red
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concentration would probably lead to it reacting not only with the neutral
lipids but also with the phospholipidic coat and hydrophobic surface of
proteins (Sackett and Wolff, 1987). Overall, the optimum concentration of
Nile Red for microalgae staining ranged between (0.1-100 pg ml™) depending
on different species (Chen et al., 2009; Huang et al., 2009; Govender et al.,
2012).

4.3.4 Influence of Salinity on the neutral lipid accumulation

Figure 4.7 and Table 4.1 showed the influence of salinity on the neutral lipid
accumulation in D. armatus over different lengths of growth in the presence of high
salinity. For D. armatus cells, an increase in the NaCl concentration in BG11 medium to
0.2 M triggered a significant increase (p < 0.05) in the neutral lipid content (15.5 pg ml
') in contrast with growth in normal medium (7.3 pg ml™) or in 0.4 M NaCl (9.2 ug ml™)
after 33 days incubation. These results agreed with both (Kaewkannetra, Enmak and
Chiu, 2012; Salama et al., 2013) who reported that an increase in the concentration of
NaCl induced an increase of lipid production in Scenedesmus sp. However, increasing
the concentration of NaCl higher than 0.3 M is not preferable in terms of inhibiting the
photosynthesis efficiency of the selected microalgae and consequently decreasing the

productivity of biomass and lipid.

Figure 4.8 showed the effect of the salt stress (0.2 and 0.4 M NaCl) on Synechocystis
PCC 6803 after 33 days. The results showed that salt stress increased significantly (p
value = 0.29) the neutral lipid content in the first days of incubation. However, after a
month of growth the neutral lipid content decreased in contrast with normal BG11
medium. These results agreed with (Songruk et al., 2015) who found that the low
concentration of NaCl (0.1 and 0.15 M NaCl) enhanced the total lipid content of
Synechocystis PCC6803 after 9 days. While, high concentration of NaCl (0.4 M NaCl) did
not boost the lipid content in comparison with normal BG11. (Allakhverdiev et al., 1999)
stated that low concentration of salt stress induced the intracellular lipid content due
to the trigger of NaCl itself which probably stimulate membrane-bound enzymes and

modifies the membrane fluidity.
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4.3.5 Influence of nitrogen depletion

The effects of Nitrogen depletion on the neutral lipid content were investigated in both
D. armatus and Synechocystis cells. Figure 4.9 and Table 4.3 showed clearly that N free
BG11 significantly enhanced (t-test =0.01) the neutral lipid content (61 pg ml™) in
comparison with other nitrogen starvation concentration 25% NaNOs (1.6 pg ml™) and
10% NaNO; (29.9 pg ml") after 28 days growth. These results agreed with
(Rattanapoltee and Kaewkannetra, 2013; Xia et al., 2016) who demonstrated that the
neutral lipid content of Scenedesmus cells enhanced when the concentration of NaNOs
is decreased. Furthermore, Scenedesmus sp. grown on approximately 5% NaNO3; BG11
at 25° C was found to accumulate the highest lipid content at different temperatures in
comparison with the same strain grown under normal BG11 (Xia et al., 2016). Numerous
studies emphasized the fact that Nitrogen depletion or starvation increased
significantly the level of lipid content in different microalgae (Dean et al., 2010; Zhang
et al., 2013). The ideal theory to explain the effect of nitrogen starvation on enhancing
the lipid content of microalgae is that when microalgae grow in medium with deficient
concentration of nitrogen the protein synthesis required for growth will be affected and
consequently excess carbon derived from the photosynthesis process is accumulated in

the storage molecule that is triglyceride (Scott et al., 2010).

For Synechocystis, Figure 4.10 and Table 4.4 illustrated the influence of nitrogen
depletion on the neutral lipid content. N Free BG11 medium was found to be an ideal
stress condition because of the significant increase(t-test =0.03) in the neutral lipid
content (2.9 pg ml™") when compared with the neutral lipid content of normal BG11 (1.3
g ml?) and 10% NaNO; (1.4 ug ml™) respectively. These results disagreed with
(Monshupanee and Incharoensakdi, 2013) who demonstrated that nitrogen starvation
did not dramatically increase the lipid content (in form of Diacyl glycerol DAG) of
Synechocystis PCC6803 in comparison with significant increase of glycogen and
polyhydroxybutyrate (PHB). Moreover, our results disagreed with Sheng et al., (2011),
who reported that an attempt to increase the lipid content of Synechocystis were
restricted when he tried different solvents to evaluate the ideal method for lipid
extraction from Synechocystis cells. The explanation of these changes in the results

probably related to the use of Nile Red in combination with microwaves to evaluate the
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neutral lipid content in Synechocystis cells where the other studies used conventional

method of total lipid determination.

4.3.6 Influence of different nitrogen sources

Ammonium chloride and urea were used to investigate the effect of different nitrogen
sources on the neutral lipid accumulation in both D. armatus and Synechocystis strains.
Figure 4.11 and Table 4.5 showed clearly the significant increase in the neutral lipid
content of Desmodesmus cells (29.9 pg ml™) grown under 10% NaNO; after 28 days

growth in comparison with (1.9 pg ml™) for urea and (1.8 pg ml™) for NH4Cl respectively.

Our results agreed with (Ren et al., 2013)( who stated that NaNOs; was considered an
ideal source of nitrogen in terms of enhancing both the biomass concentration and lipid
content of Scenedesmus cells. Arumugam et al., (2013) confirmed our results by
showing that NaNO3 was the best source of nitrogen for Scenedesmus because of an
increase in the biomass yield in comparison with other sources of nitrogen. Moreover,
Xin et al., (2010) reported that Scenedesmus grown at a low concentration of NaNOs

accumulated high percentage of lipid content.

The effect of different nitrogen sources and concentration on the amount of lipid
accumulated by different microalgae has been investigated. One study demonstrated
that NH,4Cl plays a crucial role in boosting total lipid content of Scenedesmus; 1.5 fold
more than NaNOs and 2 fold more than urea after 10 days cultivation (Yilancioglu et al.,
2016). Furthermore, (Makarevi et al., (2011) reported that urea represents the
optimum source of nitrogen in terms of biomass productivity under low concentration
of NaNOs. Some species of Chlorella preferred ammonium as their nitrogen source
(Rodolfi et al., 2009). While, other species of Chlorella preferred to utilize urea as a
source of nitrogen (Amin et al., 2013). Overall, it is clear that various sources of nitrogen

can be successfully exploited to induce increased lipid content in different microalgae.

For Synechocystis, our results agreed with (Hauf et al., 2016) who found that the total
fatty acids level was increased when Synechocystis PCC 6803 was grown under nitrogen
starvation in combination with replacing NaNO3; by NH4Cl as a source of nitrogen.
Moreover,(Richter et al., (1999) demonstrated that Synechocystis and other

cyanobacteria have the ability to accumulate ammonium nitrogen inside the cells in
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polypeptide form called cyanophycin, under nitrogen starvation this polymer tends to
be degraded by a hydrolytic enzyme cyanophycinase. According to the results of neutral
lipid determination from Synechocystis in which the neutral lipid accumulation under
different stress conditions were low, we decided to stop further experiment with this
strain because although there were other techniques including metabolic engineering
of Synechocystis cells, the yields were still low (Ruffing, 2014). Furthermore, Ruffing,
(2014) reported that Synechococcus sp. PCC 7002 is more favourable than
Synechocystis PCC 6803 as a cyanobacterial host to direct conversion of CO;into Free
Fatty Acids (FFA) in terms of the potential drawbacks of Synechocystis FFA product on

the host cell physiology.

4.3.7 Fatty acid profile of nitrogen starved D. armatus cells

Figure 4.17 shows the results of fatty acid profile of D. armatus total lipid after 30 days

incubation under nitrogen depletion (N Free BG11 medium).

The results showed 11 fatty acids methyl esters of different carbon length. However,
the most abundant fatty acid methyl esters belonged to palmitic acid C16:0 (39%),
Linoleic acid C: 18:2 (38%), alpha linoleic C: 18:3 (10%), hexadecane -tetraenoic acid C16:
4 (8%), and Oleic acid C18:1 (5%) respectively. Our results agreed with many studies
((Tan and Lin, 2011; Islam et al., 2013; Gour et al., 2016) who reported that the main
fatty acid in Scenedesmus cells under stationary growth phase (with different
percentages) were palmitic acid, linoleic acid, alpha linoleic, hexadecane-tetraenoic
acid and oleic acid. Moreover, the percentage of unsaturated fatty acids in our D.
armatus strain is favourable as a biodiesel resource world wide (SFA 39%, MUFA 5%,
PUFA 56%) and it was a bit lower in comparison with other Scenedesmus sp. and
soybean oil (Ramos et al., 2009; Gour et al., 2016). The occurrence of oleic methyl ester
in biodiesel develops the properties of biodiesel (Knothe, 2008; Prabakaran and
Ravindran, 2012). Therefore, our strain of D. armatus appears to be a desirable
feedstock for biodiesel production in terms of the strain types of fatty acid methyl esters
and the percentage of SFA, MUFA, and PUFA which showed close relation to the lipid

profile features of crops.
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4.3.8 'H-NMR determination of lipid content

The main interesting features for NMR characterization of the microalgal neutral lipid
content is the ability to assess the composition of biological mixture with smallest
amount of the extract that significantly minimizes the complication of chromatographic
separation or chemical derivatization (Bearden, 2012). Moreover, NMR spectroscopy
can identify the lipids and other biological metabolites within the entire cells because
of their ability to investigate the interior of intact cells (Beal et al., 2010; Merkley and
Syvitski, 2012). The 'H-NMR spectrum of D. armatus extract showed the specific signals
of glycerides, fatty acids and other components as described in Table 4.7. These
chemical shift signals were distinguished based on the comparison with spectral
features of soybean, and fish oil according to (Kumar et al., 2014; Sarpal et al., 2015).
The algal extract shows signals at 4.2, 4.36, and 5.36 ppm which are related to the
proton signals of different triglyceride moieties. Signals at 0.8 ppm are related to the
terminal methyl groups of saturated C14, C18 or n-6 /n-9 of unsaturated fatty acids
C18:1, C18:2, while the signals at 1 ppm belonged to terminal methyl group of n-3 types
of 3 or more than 3 double bonds, which indicates that the TAG comprised both
saturated and unsaturated fatty acids chains. The spectra also indicate a signal at 1.4
ppm that referred to long alkyl chain (CH,),. The spectra also showed different signals
at 2.32 ppm belonged to FFA and at 2.8 ppm related to C18:3. As shown in Table 4.7,
the results of "H-NMR showed an increase in the content of all lipids in stressed D.
armatus cells in comparison with the same microalga grown under normal conditions.
When the results of NMR and GC-MS results are compared it is clear that D. armatus
grown under N free BG11 medium accumulated a high percentage of TAG in the form
of saturated and unsaturated fatty acids which makes it a promising candidate for

biodiesel production.
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Chapter Five Attempts to

Enhance the Neutral Lipid

Content of Desmodesmus
armatus
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5.1 Introduction

In the last decade or so, microalgae have been suggested as a convenient alternative,
renewable, environmentally-friendly source of energy that could be an ideal option to
solve the common worldwide problems related to fossil fuel exhaustion and
greenhouse gas emissions (Chisti, 2007). However, the production cost of biodiesel
from microalgae is till now one of the main barriers that require hard efforts to
overcome to be economically feasible. Therefore, to address this crucial problem,
improvements in algal biomass production and the rate of lipid biosynthesis are
required because they represent the main factors that have a large effect on reducing
the cost of biodiesel production. However, it is recognised that increasing lipid

synthesis almost invariably deceases biomass levels (Sharma et al., 2012).

An improvement in the algal strain lipid yield can be achieved by two main approaches:
metabolic (biochemical) engineering as described in Chapter 4 of this thesis using
environmental stresses such as nitrogen limitation and genetic engineering using
overexpression of enzymes or blocking of competing metabolic pathways (Manuelle et
al., 2009). For the latter approach, random mutagenesis (Doan and Obbard, 2012) or
insertional mutagenesis tools (Terashima et al., 2015) can be used. Transformation
systems for algae were initially developed in diatoms such as Phaeodactylum
tricornutum (Zaslavskaia et al., 2000) and then expanded to include green algae e.g.
Chlamydomonas reinhardtii and the eustigmatophyte alga Nannochloropsis (Kilian et
al., 2011). Initially, the percentage of successful results was not high, essentially
because the function of key genes and enzymes that regulate the lipid metabolism,
synthesis, and accumulation in many algae species were not recognised (Khozin-
goldberg and Cohen, 2011). However, our understanding of algal lipid metabolism is

improving, but this is nonetheless a barrier to advanced genetic engineering of algae.

Inducing random mutations shows a significant benefit in comparison with genetic
engineering tools basically because it does not require an investigation of the
biochemical and genetic details of the selected microorganism. Mutagenesis using
different physical or chemical mutagens can be used to induce a higher rate of mutation
than the natural rate of the wild type microorganism (Kodym A., 2003). Among these

mutagens, ultra violet light (UV) is one of the most common physical mutagens which
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induces mutations that are frequently triggered by the formation of pyrimidine dimers
on the same strand of DNA. Mutations caused by UV are generally detected at the
methyl-CpG sites (lkehata and Ono, 2011). The damage to the DNA of microalgae
caused by UV influences several physiological processes like growth, photosynthesis,
biochemical composition and nutrient uptake (Shelly et al., 2005; Hader, 2006; Hughes,
2006; Wong et al., 2007). Because of the ease of UV mutagenesis, it is considered to be
a convenient and rapid genetic modification tool that can be used on various microalgal
isolates to perturb their lipid production (Vigeolas et al., 2012). Additionally, Chiew-yen
et al., (2004) reported that UV light had a negative influence on the growth rate of a
Chlorella species, a significant improvement in the lipid content was also detected after

exposure to UV light.

Once mutagenesis has taken place, the algal mutant cells must be selected for improved
lipid productivity. Many approaches depend on time consuming techniques where the
cells rare plating after mutagenesis, then the phenotypic features are used to
differentiate the mutant cells e.g. a phenotypic screen using iodine vapours was used
to identify mutant cells unable to accumulate starch (Zabawinski et al., 2001). Another
phenotypic factor is the appearance of small antenna size in mutant cells of the diatom
Cyclotella after plating (Huesemann et al., 2009). These phenotypic approaches could

be easily detected in the lab, but are not suitable for large scale screening programmes.

Developments in flow cytometry techniques have produced a favourable tool to sort
out the problems related to selection of mutant cells. Thousands of cells can be
investigated per second, and consequently this technique began a new period of quick
cell mutant generation (Betz et al.,1984; Davey and Kell, 1996). Flow cytometry is
currently considered as a powerful tool that can analyse cells at high flow rate (up to
100,000 cells per second) and to differentiate between low signals that make it a good
way to investigate several features and physiological parameters within a short time.
For instance, cell size and granularity (internal complexity of the cell) can be measured
in different microorganisms like bacteria, fungi, yeast and mammalian cells (Hyka et al.,
2013; Velmurugan et al., 2013)). In terms of microalgae, flow cytometry is exploited as
a desired method to separate a mutant cell from a complex population based on a

distinct characteristic of microalgal photosynthetic pigments (chlorophyll, carotenoids,
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and sometimes phycobilins) that show robust fluorescence intensity in combination
with lipid binding dyes such as Nile Red and BODIPY (Cirulis et al., 2012). The mutant
cells then can be sorted from a mixture of cells by fluorescence activated cell sorting
(FACS) technique. FACS permits a single mutated cell to be automatically sorted
depending on the fluorescence of the stained cell. FACS is a safe and non-lethal

technique that provides a flexible way for cell sorting.

The objectives of this chapter are:

1. The determination of the neutral lipid content of D. armatus cells using flow
cytometry technique in combination with Nile Red.

2. To induce random mutation in D. armatus cells using UV-C light as a
mutagen.

3. To utilize fluorescent activated cell sorting (FACS) technique for screening of
D. armatus mutated cells and sorting of the mutated cells.

4. To compare the neutral lipid content between wild type and UV mutated D.
armatus by isolation of RNA, compare the gene expression between the two

strain using cDNA microarray technique.
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5.2 Results

5.2.1 Determination of the influence of DMSO

The optimum concentration of DMSO was determined as described in section 2.13.1. Figure
5.1 shows that 15% (final concentration) DMSO was the best concentration to be used as a
stain carrier for determination of lipid content using flow cytometry in combination with Nile
Red.
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Figure 5.1 Optimisation of DMSO concentration for use as a stain carrier.
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5.2.2 Optimising the concentration of Nile Red

The proper use of Nile Red staining solution is crucial to achieve the highest
fluorescence and consequently produce the ideal staining of target clones. Serial
concentrations of Nile Red dissolved in DMSO were prepared to optimise an
appropriate concentration to be used in the flow cytometry technique as described in
section 2.13.2. Table 5.1 showed the analysis of Flow cytometry results using flow Jo
software in which it is obvious that the concentration 0.8 pg/ml was the ideal

concentration of Nile Red in terms of percentage of stained cells.

Table 5.1 Flow cytometry analysis of D. armatus sp. cells stained with different
concentration of Nile Red. Each value is the average of 3 technical repeats.

Specimen Final Nile Red Cell population | Stained cells % of stained
number concentration population cells
pug/ml
1 unstained 10289 22 2.71
2 0.1 10269 6963 78.1
3 0.2 10205 8555 88.8
4 0.4 10199 8973 92.3
5 0.6 10248 8941 91.6
6 0.8 10159 9662 2]
7 1.2 10174 9315 94.7

Figure 5.2 revealed the FSC vs SSC area plot of scattered unstained (A) and stained D.
armatus with different concentrations of Nile Red(B-G). The unstained cells were
utilised to draw the gate that distinguish between the stained and unstained cells. The

stained cells showed uniform scatter.
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Figure 5.2 Flow cytometry analysis of D. armatus cells unstained and stained with
different concentrations of Nile Red.

A) Forward scatter (FSC) (blue 575) vs Side scatter (SSC) two dimensional (2D)
plots of unstained D. armatus cells.

B) Forward scatter (blue 575) vs Side scatter (SSC) two dimensional (2D) plots of
D. armatus cells stained with Nile Red at final concentration (0.1 pg/ml)

C) FSC (blue 575) vs SSC two dimensional (2D) plots of D. armatus cells stained
with Nile Red at final concentration (0.2pg/ml)

D) FSC (blue 575) vs SSC two dimensional (2D) plots of D. armatus cells stained
with Nile Red at final concentration at final concentration (0.4 pug/ml)

E) FSC (blue 575) vs SSC two dimensional (2D) plots of D. armatus cells stained
with Nile Red at final concentration (0.6 pug/ml)

F) FSC (blue 575) vs SSC two dimensional (2D) plots of D. armatus cells stained
with Nile Red at final concentration (0.8 ug/ml)

G) FSC (blue 575) vs SSC two dimensional (2D) plots of D. armatus cells stained
with Nile Red at final concentration (1.2 ug/ml)
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5.2.3 Random mutation of D. armatus cells using UV mutagens

UV mutagens were used to induce random mutation in D. armatus cells to enhance the
neutral lipid content in the mutated cells. Desmodesmus armatus cells were exposed to
UV light at different times as described in section 2.14. Figure 5.3 showed clearly that
the wild type (zero min — no exposure to UV) showed a clear enhancement in the
biomass in terms of cell counts for 8 days, while the UV-exposed strains showed a
significant decrease in growth rate and final biomass, especially for the longer UV

exposure times (30, 48, and 60 min).
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Figure 5.3 The growth of D. armatus cells exposed to UV mutagenagenesis for
different lengths of time.
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5.2.4 Flow cytometry of UV irradiated D. armatus cells

The neutral lipid contents of the D. armatus cells irradiated with UV for different time
periods were measured as described in section 2.14. The flow cytometry analysis of the
UV irradiated cells was carried out as described in section 2.13.3. Table 5.2 showed that
30 minutes is the optimum time in which the neutral lipid content was the highest in
terms of the median of the UV exposure time and the biggest value of neutral lipid
percentage. Also, unstained cells (control) were used to show the level of

autoflourscence of the chlorophyll and other photosynthetic pigments.

Table 5.2 Flow cytometry analysis of UV irradiated D. armatus cells for different
time periods. Each value is the average of three replicates.

Sample % of stained cells Cells median % of neutral lipid
Unstained 23 116 0
(Control)

zero min 99.8 3726 0.3
9 min 99.2 4654 0.8
12 min 99.7 6055 1.6
24min 99.8 7303 2.2
30 min 99.7 7514 3.0
36 min 99.5 5436 1.7
48 min 99.6 4389 1.0
60 min 99.5 4463 0.8
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5.2.5 Fluorescence activated cell sorting (FACS) of the UV irradiated D. armatus
cells

The UV irradiated D. armatus cells that showed highest neutral lipid yield after
analysis using flow cytometry (30 min UV exposure) were sorted as described in
section 2.14.1. Figure 5.4 A showed the florescent scatter of the stained cells (Red),
while B revealed the gate which represents the edges that were used by the sorting
unit to substantially isolate 2.9% (21000 cells mI™*) of the highest lipid content that

were sorted and collected in the sterile tube ( blue ).
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Figure 5.4 FACS analysis of 30 min UV mutated D. armatus.

A) Dot spot of UV mutated D. armatus cells population
B) Dot spot of sorted of UV mutated D. armatus cells (2.9%)
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5.2.6 Screening of the mutated cells

After the cells were sorted, a single cell technique was carried out to screen the mutated

cells in terms of TAG accumulation that differentiate between single cells as described

in section 2.14.2. The neutral lipid contents of 12 mutant cells and one wild type cell

were analysed. Table 5.3 summarised the results in which among the 12 UV irradiated

single cells it was noted that the cell H12 accumulated TAG 5 fold higher than the wild

type cell H5 in terms of median values.

Table 5.3 Flow cytometry analysis of neutral lipid content in both a single wild type

cell (H5) and 12 single UV mutated sorted cells (A4 to H12). The letters and numbers

are related to the well of the 96 well plate.

Well number of the cells % +Nile Red Cells Median Fluoresence
Intensity
H5 (Wild type) unstained 1.4 209
H5 (wild type) stained 99 2714
Ad 98.4 3622
A10 99.2 6510
B7 98.8 4697
C2 99 3960
Cc8 99.3 4970
E5 99.1 3957
E9 99.3 4653
F3 99.1 4618
F12 99.1 5869
G5 98.8 4482
H11 98.4 5247
H12 99.6 10160
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5.2.7 Detemination of the neutral lipid in Wild type and sorted UV exposed D.
armatus

The lipid concentration and lipid percentage of both wild type and sorted UV exposed cells were
determined after 15 days incubation was described in sections in 2.14.3 and 4.2.7. The result
(Table 5.4) shows approximately doubled increase in the neutral lipid content and lipid
percentage in the sorted UV mutated D.armatus cells (H12) grown under N free BG11 in

comparison with wild type D.armatus cells grown on the same medium.

Table 5.4 lipid content of both wild type (H5) and sorted UV mutated (H12) grown
under normal and N free BG11 for 18 days

Sample Actual Biomass Optimised Neutral Percentage
concentration(pg/ml) Biomass lipid lipid content
concentration content of DCW%
(ng/ml) (ng/ml)
H5 +BG11 870 200 8.5 4.25
H5+N free 370 200 37 18.5
BG11
H12 +BG11 820 200 13 6.5
H12+Nfree 420 200 70 35
BG11
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5.3 Discussion

5.3.1 Flow cytometry for analysis of neutral lipid in D. armatus cells.

Among various conventional techniques used for measuring the algal lipid
contents, flow cytometry has become the most common and favourable
technique for determining the algal lipid vyields even with single cell
resolution. The distinct features of flow cytometry are use of the instrument
is low cost and the instruments are commonly found in universities and
hospitals, the measuring protocol for the lipid yield is easy and well-known
and simultaneously can be exploited to measure other parameters like the
cell size; granularity, autoflourscence of pigments (chlorophyll, carotenoids),
and the enzyme activity of the single cell. Moreover, the fast characterisation
and sorting of cells by flow cytometry allows the investigation and
identification of desired vyield of cells and the achievement of an axenic

culture (Montero, et al., 2011; Hyka et al., 2013; Chioccioli et al., 2014).

Many studies stated that flow cytometry is a promising tool for measuring the
algal lipid content on a single—cell basis in combination with a lipophilic probe
such as Nile Red and BODIPY (Guzman et al., 2011; Satpati et al., 2016). Cirulis
et al, (2012) stated that NR is more desirable than BODIPY to stain
microalgae because the NR fluorescence signal is less effected by the overall
concentrations of dye. Both DMSO as an organic solvent for the dye and Nile
Red concentration were optimised to enhance the effectiveness and
efficiency of NR to stain the neutral (intracellular) lipids. Fifteen %
concentration was recorded to be the best concentration of DMSO. These
results disagreed with Satpati and Pal, (2014) in which they reported that 40%
was an optimum concentration of DMSO for achieving high fluorescent
intensity of Nile Red. Our results found that the optimum concentration of NR
was 0.8 pg/ml which agreed with the values of Cabanelas et al., (2016).
Moreover, our results were close to Chen et al., (2009) who reported that 0.5
ug/ml was the optimum concentration of NR. In contrast, our results again
disagreed with Satpati and Pal, (2014) who recorded that 5 pg/ml was the

optimum concentration of NR used to stain different strains of microalgae.
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Overall, the selection of the optimum concentration of NR varies between
different microalgal species, because each microalgal strain has a different
response to NR fluorescence in terms of their cell wall composition which
effects the penetration of NR through the cells and the organic solvent used
as a stain carrier (Rumin et al., 2015). The optimum concentration of Nile Red
was selected based on the highest fluorescent intensity of D. armatus cells

which was 97% after flow cytometry analysis.

5.3.2 Random mutation of D. armatus cells

Various tools have been utilised to enhance the lipid content of the
microalgae. Among these methods, mutagenesis has been reported to be an
ideal protocol to breed an algal strain with a remarkable increase in the lipid
content (Manandhar-Shrestha and Hildebrand, 2013). Random mutagenesis
is the easiest approach for dramatic increases in the metabolite productivity
of microorganisms including lipid accumulation. However, the main drawback
is that its accuracy level is low therefore, the screening of the highest putative
mutant is crucial (Carlton and Brown, 1981). Ultra Violet light has been used
successfully to induce random mutation in microalgal cells that led to
significant increases in the lipid accumulation in microalgal cells (Bougaran et
al.,, 2012; Vigeolas et al., 2012; Anthony et al., 2015). Our results revealed a
significant decrease in the growth of the cells particularly those exposed to
UV-C for long time (30, 48, 60 min) that agreed with Friesner et al., (2004)
and Anthony et al., (2015) who also reported that UV decreased the biomass
of the irradiated microalgae. Both UV-C and UV-B exposure cause an
abundance of DNA photoproducts which probably enhances the opportunity
for mutation during cell replication (Jiang and Taylor, 1993) Moreover, Sato et
al., (1995) documented that the growth rate of UV mutated Chlamydomonas
reinhardtii was lower than the wild type strains because of the drop in the

photosynthetic O, evolution that was associated with CO, fixation.
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5.3.3 Flow cytometry analysis of the UV mutated D. armatus

The results of our study revealed the utilisation of flow cytometry in
combination with Nile Red to investigate the optimum UV exposure duration
that led to the production of a high value mutated cell with high lipid content.
UV exposure time of 30 min was found to be the optimum time for inducing
random mutation in D. armatus cells in terms of high median values with
reference to the lipid content. Our results closely agreed with Liu et al.,
(2015) who stated that 24 min exposure to UV was the best duration to

produce mutant cells.

Several reports documented that flow cytometry was successfully utilised for
evaluation and screening of the lipid droplets in mutated and parent algal
cells. Doan and Obbard, (2012) exploited random induced mutagenesis to
evaluate the increase in neutral lipid composition in Nannochloropsis sp. cells
using flow cytometry with NR. Bougaran et al.,, (2012) reported a remarkable
rise in lipid yield after flow cytometry analysis of Isochrysis galbana. Another
study confirmed the active uses of flow cytometry for screening of mutant
cells with rich lipid content in Chlorella sp. effectively exploited flow
cytometry to differentiate mutant cells with perturbed lipid yield from a
collection of 1800 transformants and consequently determined the

phenotype in 31 mutants (Manandhar-Shrestha and Hildebrand, 2013)

5.3.4 Florescence Activated cell sorting (FACS)

FACS technique was used effectively to separate the UV mutated D. armatus
cells that showed hyperlipidic content in comparison with the wild type cells.
Using single cell technique, individually sorted NR stained cells were grown in
96 well plates. Among 13 single generated sorted cells, a cell with
hyperaccumlation of lipids (5 fold higher than the wild type cells) was
successfully separated using FACS. Although there are several conventional
techniques that can be utilised for the selection of cells with distinct features
that can be conducted manually like infinite dilution or micro operation, FACS
method is preferable because it is quicker, enabling the separation of a higher

number of sorted cells and consequently a rapid revival of the selecting cells.
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Various reports documented the efficient role of FACS techniques for
isolation of cells with desired traits as revealed through flow cytometry.
(Montero et al., 2011) reported firstly the combination of flow cytometry and
FACS to detect, separate and select the cells with rich lipid yield from cultures
of Tetraselmis suecica. Moreover, in recent years FACS tool has been used
widely to isolate mutant cells with hyper lipid content from Nannochloropsis
( Doan and Obbard, 2012), Chlamydomonas reinhardtti (Velmurugan et al.,
2013; Xie et al., 2014; Terashima et al, 2015) and Chlorella (Manandhar-
Shrestha and Hildebrand, 2013). Our results revealed a high percentage of
cells stained with NR were recovered after FACS. The toxicity of dye, the
organic solvent (DMSO, acetone) and the FACS procedure are the initial
factors that play a crucial role on the cell viability after FACS process. Our
results agreed with (Terashima et al.,, 2015; Cabanelas et al.,, 2016) who also
reported that a high percentage of stained sorted cells were recovered after
FACS operation. While our results disagreed with Velmurugan et al., (2013)
who documented that the sorted NR stained C. reinhardtti cells failed to
recover from the sorting process. The recovery rate differences are probably
because we washed the cells with PBS 2-3 times after staining to remove any
excess of the NR dye and the organic solvent from the sample as described in

Terashima et al., (2015).

5.3.5 Nile Red determination of wild type and UV mutated cells

The phenotypic detection of rich content lipid generated from random mutated
microalgae that were grown under nutrient starvation has paved the way for further
investigation to realise the molecular and genetics mechanisms that induce the cell to
hyperaccumlation of lipid. Our results revealed an interesting increment (35%) in the
lipid content of UV mutated sorted cells (H12) in comparison with the wild type cells
(H5) (18.5%). Our result agreed with Xie et al.,, (2014) who showed a massive
enhancement in the lipid content of FACS sorted Chlamydomonas reinhardtii after N
starvation. Morover, Satpati and Pal, (2015) reported an increase in the neutral lipid

content of the FACS sorted Chlorella ellipsoidea and Chlorococcum infusionum after
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nitrogen depletion. Lim et al., (2015) isolated two FACS sorted cells with huge increase

in the lipid content (114%, and 123%) after cultivation in N depleted growth condition.
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Chapter Six Discussion,
Conclusions, and Future
Work
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6.1 Discussion

Over the last few decades, microalgae have been examined as an optimum source of
renewable, carbon neutral, environmentally friendly source of energy that can be
utilised efficiently to overcome the drawbacks of Green House Gases triggered mainly
from the continuous burning of conventional fossil fuel sources of energy (Rastogi et al.,

2015)

The first step in our research project, as outlined in Chapter 3, was focused on isolation
of local fresh water microalgal strains from Weston Park in Sheffield (UK). Various
techniques were used to achieve an axenic strain including streaking on agar plate,
Percoll solution treatment, and serial centrifugation. Our work emphasized that the
identification of the unknown microalgal strain based on conventional microscopic tools
was found to be insufficient to distinguish between Desmodesmus and Scenedesmus
species because of their closely related morphological features. Therefore, molecular
identification approaches are now required for accurate taxonomy of the microalgal
cells. Ribosomal DNA (in particular 18S rDNA) is the common DNA marker used to
eliminate the gaps in the precise taxonomy of microalgal species. However, our results
highlighted that using 18S rDNA alone as a molecular marker did not lead to a species
identification of the isolated alga. Our results outlined that the Internal Transcribed
Spacer (ITS) region (including ITS1,5.8 S rDNA and ITS2 sequences) emerged as valuable
DNA barcodes that can solve the close evolutionary relationship between
Desmodesmus and Scenedesmus. Final identification of our local isolate that as
Desmodesmus armatus was based on the sequences of 18S rDNA, 5.8S rDNA, ITS1 and
ITS2. Moreover, the phylogenetic tree construction confirmed the precise taxonomy of
our local strain (Hadi et al., 2016). The identification of the model cyanobacterium,
Synechocystis PCC 6803, was confirmed through the molecular barcode 16S rDNA that

is the essential molecular tool for identification of prokaryotic microorganisms.

The fourth chapter of the thesis focused on the investigation of the neutral lipid content
of both D. armatus and Synechocystis sp. based on a flourometric approach in
combination with the lipophilic Nile Red dye. DMSO is the organic solvent that was used
to facilitate the transition of NR through the algal cells for the accurate in situ detection

of lipid droplets. Flourometric assessment of lipid has many advantages over the
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conventional gravimetric determination e.g. it is an in situ measurement that matches
the fluorescence of the dye with the TAG content of the microalgal cells while, the
gravimetric method evaluation required extraction of total lipid from the algal biomass
using various organic solvents that might trigger loss of some lipid content during
extraction. Also, gravimetric measurements are for all lipids present, whereas NR
specifically measures TAG. Moreover, the fluorescence measurement can be utilised
effectively to measure the lipid yield over time of culture that provides a proper
background of the cell culture homogeneity while the gravimetric and chromatographic
method is time consuming and not suitable for many repeat measurements (Rumin et

al., 2015).

The first step in measurement of the neutral lipid content of D. armatus and
Synechocystis strains started with the optimisation of the cell concentration, dye
concentration and incubation time in the presence of the dye to avoid any probability
of NR fluorescence quenching because NR fluorescence varies based on the species and
the conditions of the assessment (Halim and Webley, 2015). Various cultivation
conditions were performed to induce the TAG accumulation in both strains. Our results
revealed that nitrogen starvation was the optimal stress condition in which both strains
accumulated the highest yield of neutral lipid. However, the maximum neutral lipid
production under N starvation in Synechocystis cells was much less than D. armatus
because Synechocystis sp. cells tend to produce high amounts of glycogen as the main
storage product while neutral lipid was produced at a low level (Monshupanee and
Incharoensakdi, 2013). A recent study stated that N starvation is an ideal approach to
massively enhance the lipid content in Desmodesmus sp. however, the biomass
productivity is highly decreased with this stress condition and this is a serious drawback

for commercial production (Rios et al., 2015).

Nitrogen is a vital component of chlorophyll synthesis and crucial proteins of the two
photosystems. Thus, any shortage in the nitrogen source leads to inhibition of both
structural and physiological components of the cells including the degradation of
chlorophyll and thylakoid membranes. Under N starvation, photosynthesis cannot be
stopped completely because it is mainly dependent on the abundance of light.

Microalgae species tend to protect the integrity of photosynthesis and cell structural
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components by storing the excess carbon produced by photosynthesis as neutral lipids
via the induction of the TAG pathway to remodel and accumulate high levels of neutral

lipid in the cytosol (Martin et al., 2014).

The lipid profiles of D. armatus grown under normal and N starvation conditions were
analysed using the GC-MS techniques after extraction of the neutral lipid using hexane
as a non-polar solvent. This revealed interesting data as N starved D. armatus cells
accumulated both PUFA i.e. linoleic acid C18:2 (n6c) and saturated fatty acids i.e.
palmitic acid C16:0. These two fatty acids dominated the free fatty acids (FFA)
percentage of the lipid profile after transesterification of the TAG. The FFA content plays
a crucial role in selecting microalgae isolated from various aquatic environments for
commercial utilisation as an optimum source for biodiesel production. In our
experiment Tridecanoic acid methyl ester (C13:0) was exploited as an internal standard
and the FAME quantification was carried out based on peak area of each FAME in
comparison with that of the internal standard. Moreover, a mixture of fatty acid
standards (C4-C24) is used as an additional standard to estimate the lipid
concentrations depending on the peak areas ratio. Gas chromatography is a
chromatographic approach that is commonly used to separate a mixture of lipids (fatty
acids) based on size and uses various standards to distinguish the separated lipids. Mass
spectrometry is generally used in combination with GC to further identify the lipid
content based on the relation between their mass when ionised and split in the mass

spectrometer (Paik et al., 2009).

Further identification of the lipid content in D. armatus cells grown under normal
condition (BG11 medium) and N starvation conditions was conducted using 'H Nuclear
Magnetic Resonance (NMR) and the results confirmed the variation in the lipid yield
between the two strains based on the abundance of TAG and the FFA content in the
stressed D. armatus cells. NMR technique is basically used to offer a good knowledge
of the targeted sample structure based on combination between the magnetic field of
the equipment and nuclei of atoms in the sample and measured the resonant rate
emitted from the sample. This relation can be exploited to initiate a spectrum of

chemical shifts in which the values of the spectral peaks of the targeted molecule can
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be compared with standards or with another known sample to measure the level of

that molecule in the candidate sample (Sarpal et al., 2015).

Chapter 5 of the thesis highlighted the attempt to increase the neutral lipid content of
the local strain D. armatus cells through the random mutation of the cells using UV-C as
a mutagen. After optimising the optimum UV exposure time, the lipid content of the D.
armatus cells was investigated using flow cytometry techniques in combination with NR
dye. The outcome was a UV mutated cell line with a large enhancement in the neutral
lipid yield (5 fold higher than the wild type yield of neutral lipid) based on the median
values in fluorescence activated cell sorting (FACS). Random mutation using various
physical and chemical mutagens is considered to be an optimum tool to overcome the
problem of the high cost of biodiesel produced from microalgae and to help make it
economically feasible. Moreover, UV mutagens contribute to alter the type of fatty
acids produced in wild type and UV mutated cells in which the yield of PUFA is increased
in the UV mutated cells (Lim et al., 2015). The FACS approach was used in this study to
assess, sort, and select the UV mutated cells with high neutral lipid level and compare
their lipid production with the wild type cells at the single cell level in combination with
NR dye. The concentration of the NR dye was optimised to avoid any toxicity of the dye
on the cell growth after sorting. The strategy of selecting the desired mutated cells using
FACS technique is based merely on the morphological features of the cells (forward and
or side scatter) of the flow cytometry channel and the autofluorscence of the cells

(Montero et al., 2011).

161



6.2 Conclusions

The following major conclusions can be drawn from the current study:

e Molecular identification using various DNA markers (18S rDNA, 5S rDNA,
ITS1, and ITS2 sequences) is an optimum approach for the accurate
classification and construction of the phylogenetic tree of unknown

microalgae.

e The fluorometric technique of using NR dye is an efficient tool for the

quantification of neutral lipid in microalgae.

e Nitrogen starvation is the key stress condition to greatly enhance the neutral
lipid content of the algal cells in comparison with salinity and alteration of

the medium nitrogen sources.

e Random mutation of the algal cells using UV-C as a mutagen led to a highly

significant increase in the neutral lipid content of the candidate strain.

e Fluorescence Activated Cell Sorting (FACS) technique is the most valuable

tool for efficient screening of the high lipid producing cells among a complex

population of cells.

162



6-3 Future Work

Based on the results of this study, the following future work is recommended

Further DNA barcodes should be targeted like the chloroplast riboulose
bisphosphate large subunit gene rbcL, the elongation factor tufA, and
chloroplast ribosomal subunit 23S for further confirmation of the

identification of the local D. armatus strain.

Compare the lipid yield obtained using NR dye with other fluorometric
approaches using lipophilic fluorescent BODIPY dye, or other techniques
such as Raman spectroscopy, and Fourier transform infrared
spectroscopy (FTIR) to assess the optimum method of lipid

guantification.

Further investigation of the FAME properties of the local D. armatus
strain such as Cetane number (CN), iodine value (IV), saponification
value (SV), degree of unsaturation (DU) and other properties. Compare
these properties with the industry standards to assess whether the local
candidate species biodiesel properties can meet with the properties of
the European standard (EN14214) and American standard (ASTM
D6751) for biodiesel production.

Investige the neutral lipid profile of the UV exposed D. armatus cells for

comparison of their content of fatty acids with the wild type strain.

Attempt to utilise various mutagens like heavy carbon ions, or chemical
mutagens such as ethyl methane sulfonate (EMS) or other mutagens to
induce the lipid content of microalgae to reduce the cost of producing

biodiesel from microalgae.
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APPENDIX

Appendix A

Forward 16S rDNA sequence read of Synechocystis PCC603 958 bp

AGCTACACATGCAGTCGACGGAGTTCTTCGGACTTAGTGGCGGACGGGTGAGTAACACGTGAGAACC
TACCTTCAGAATGGGGACAACAGTTGGAAACGACTGCTAATACCCAATGTGCCGAAAGGTGAAAGATT
TATCGTCTGAAGATGGGCTCGCGTCTGATTAGCTAGATGGTGGGGTAAGAGCCTACCATGGCAACGAT
CAGTAGCTGGTCTGAGAGGATGAGCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAG
GCAGCAGTGGGGAATTTTCCGCAATGGGCGAAAGCCTGACGGAGCAATACCGCGTGAGGGAGGAAG
GTCCTTGGATTGTAAACCTCTTTTATCAGGGAAGAAGTTCTGACGGTACCTGATGAATAAGCATCGGCT
AACTCCGTGCCAGCAGCCGCGGTAATACGGAGGATGCAAGCGTTATCCGGAATTATTGGGCGTAAAG
CGTCCGTAGGTGGTTATGCAAGTCTGCCGTTAAAGAATGGAGCTTAACTCCATAGGAGCGGTGGAAAC
TGCAAGACTAGAGTACAGTAGGGGTAGCAGGAATTCCCAGTGTAGCGGTGAAATGCGTAGATATTGG
GAAGAACATCGGTGGCGAAAGCGTGCTACTGGGCTGAAACTGACACTGAGGGACGAAAGCTAGGGT
AGCGAAAGGGATTAGATACCCCTGTAGTCCTAGCCGTAAACGATGGATACTAGGCGTGGCTTGTATCG
ACCCGAGCCGTGCCGAAGCTAACGCGTTAAGTATCCCGCCTGGGGAGTACGCACGCAAGTGTGAAAC
TCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGTATGTGGTTTAATTCGATGCAACGCGAAGA
ACCTTACCAAGGCTTGACATCCCTGGAATCCTGCGGAAACGTGGGAGTGCCTTAGGGAGCCAGGAGA
CAGGT.
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Reverse 16S rDNA sequence read of Synechocystis PCC603 959 bp

CTTCGGCGCCCTCCTCCCTAGGTTAGAGTAACGACTTCGGGCGTGACCAGCTCCCATGGTGTG
ACGGGCGGTGTGTACAAGGCCCGGGAACGAATTCACCGCAGTATTCTGACCTGCGATTACTA
GCGATTCCTCCTTCATGCAGGCGAGTTGCAGCCTGCAATCTGAACTGAGGCCGGGTTTGATG
GGATTCGCTTACTCTCGCGAGCTCGCTGCCCGTTGTCCCGACCATTGTAGTACGTGTGTAGCC
CAAGGCGTAAGGGGCATGATGACTTGACGTCATCCCCACCTTCCTCCGGTTTGTCACCGGCAG
TCTCTCTAGAGTGCCCAACTTAATGATGGCAACTAAAAACGAGGGTTGCGCTCGTTGCGGGA
CTTAACCCAACATCTCACGACACGAGCTGACGACAGCCATGCACCACCTGTCTCCTGGCLTCCC
TAAGGCACTCCCACGTTTCCGCAGGATTCCAGGGATGTCAAGCCTTGGTAAGGTTCTTCGCGT
TGCATCGAATTAAACCACATACTCCACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTCA
CACTTGCGTGCGTACTCCCCAGGCGGGATACTTAACGCGTTAGCTTCGGCACGGCTCGGGTC
GATACAAGCCACGCCTAGTATCATCGTTTACGGCTAGGACTACAGGGGTATCTAATCCCTTTC
GCTACCCTAGCTTTCGTCCCTCAGTGTCAGTTTCAGCCCAGTAGCACGCTTTCGCCACCGATGT
TCTTCCCAATATCTACGCATTTCACCGCTACACTGGGAATTCCTGCTACCCCTACTGTACTCTAG
TCTTGCAGTTTCCACCGCTCCTATGGAGTTAAGCTCCATTCTTTAACGGCAGACTTGCATAACC
ACCTACGGACGCTTTACGCCCAATAATTCCGGATAACGCTTGCATCCTCCGTATTACCGCGGCT
G
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Appendix B

Forward 18S rDNA sequence read of undefined Pond water samples (later defined as
Desmodesmus armatus) 512 bp

CAGTTAAAGCTCGTAGTTGGATTTCGGGTGGGTTCTAGCGGTCCGCCTATGGTGAGTACT
GCTATGGCCTTCCTTTCTGTCGGGGACGGGCTTCTGGGCTTCACTGTCCGGGACTCGGAG
TCGACGTGGTTACTTTGAGTAAATTAGAGTGTTCAAAGCAGGCTTACGCCAGAATACTTT
AGCATGGAATAACACGATAGGACTCTGGCCTATCTTGTTGGTCTGTAGGACCGGAGTAAT
GATTAAGAGGGACAGTCGGGGGCATTCGTATTTCATTGTCAGAGGTGAAATTCTTGGATT
TATGAAAGACGAACTACTGCGAAAGCATTTGCCAAGGATGTTTTCATTAATCAAGAACGA
AAGTTGGGGGCTCGAAGACGATTAGATACCGTCGTAGTCTCAACCATAAACGATGCCGAC
TAGGGATTGGCGAATGTTTTTTTAATGACTTCGCCAGCACCTTATGAGAAATCAAAGTTT
TTGGGTTGCGGGGAAGTAT

Reverse 18S rDNA sequence read of undefined Pond water samples (later defined as
Desmodesmus armatus) 509 bp

TAGGGCTGGCGAGTCATTAAAAAAACATTCGCCAATCCCTAGTCGGCATCGTTTATGGTT
GAGACTACGACGGTATCTAATCGTCTTCGAGCCCCCAACTTTCGTTCTTGATTAATGAAA
ACATCCTTGGCAAATGCTTTCGCAGTAGTTCGTCTTTCATAAATCCAAGAATTTCACCTC
TGACAATGAAATACGAATGCCCCCGACTGTCCCTCTTAATCATTACTCCGGTCCTACAGA
CCAACAAGATAGGCCAGAGTCCTATCGTGTTATTCCATGCTAAAGTATTCTGGCGTAAGC
CTGCTTTGAACACTCTAATTTACTCAAAGTAACCACGTCGACTCCGAGTCCCGGACAGTG
AAGCCCAGAAGCCCGTCCCCGACAGAAAGGAAGGCCATAGCAGTACTCACCATAGGCGGA
CCGCTAGAACCCACCCGAAATCCAACTACGAGCTTTTTAACTGCAACAACTTAAATATAC
GCTATTGGAGTGAAATTT
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Appendix C

Forward ITS1 sequence read of undefined Pond water samples (later defined as
Desmodesmus armatus) 996 bp

TAGCCATGCATGTCTAAGTATAAACTGCTTATACTGTGAAACTGCGAATGGCTCATTAAA
TCAGTTATAGTTTATTTGGTGGTACCTTCTTACTCGGAATAACCGTAAGAAATTTAGAGC
TAATACGTGCGTAAATCCCGACTTCTGGAAGGGACGTATATATTAGATAAAAGGCCGACC
GGGCTCTGCCCGACCCGCGGTGAATCATGATATCTTCACGAAGCGCATGGCCTTGTGCCG
GCGCTGTTCCATTCAAATTTCTGCCCTATCAACTTTCGATGGTAGGATAGAGGCCTACCA
TGGTGGTAACGGGTGACGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGG
CTACCACATCCAAGGAAGGCAGCAGGCGCGCAAATTACCCAATCCTGATACGGGGAGGTA
GTGACAATAAATAACAATACCGGGCATTTCATGTCTGGTAATTGGAATGAGTACAATCTA
AATCCCTTAACGAGGATCCATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCA
GCTCCAATAGCGTATATTTAAGTTGTTGCAGTTAAAAAGCTCGTAGTTGGATTTCGGGTG
GGTTTCAGCGGTCCGCCTATGGTGAGTACTGCTGTGGCCTTCCTTACTGTTGGGGACCTG
CTTCTGGGCTTCATTGTCCGGGACAGGGATTCAGCATGGTTACTTTGAGTAAATTGGAGT
GTTCAAAGCAGGCTTACGCCGTGAACATTTTAGCATGGAATAACATGATAGGACTCTGCC
CTATTCTGTTGGCCTGTAGGAGTGGAGTAATGATTAAGAGGAACAGTCGGGGGCATTCGT
ATTTCATTGTCAGAGGTGAAATTCTTGGATTTATGAAAGACGAACTACTGCGAAAGCATT
TGCCAAGGATGTTTTCATTAATCAAGAACGAAAGTTGGGGGCTCGAAGACGATTAGATAC
CGTCGTAGTCTCAACCA
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Reverse ITS1 sequence read of undefined Pond water samples (later defined as
Desmodesmus armatus) 919 bp.

TCATCCTTCCTATGTCTGGACCTGGTAAGTTTTCCCGTGTTGAGTCAAATTAAGCCGCAG
GCTCCACGCCTGGTGGTGCCCTTCCGTCAATTCCTTTAAGTTTCAGCCTTGCGACCATAC
TCCCCCCGGAACCCAAAAACTTTGATTTCTCTCAAGGTGCTGACGGAGTCATGCAAAAAC
GTCCGCCAATCCCTAGTCGGCATCGTTTATGGTTGAGACTACGACGGTATCTAATCGTCT
TCGAGCCCCCAACTTTCGTTCTTGATTAATGAAAACATCCTTGGCAAATGCTTTCGCAGT
AGTTCGTCTTTCATAAATCCAAGAATTTCACCTCTGACAATGAAATACGAATGCCCCCGA
CTGTTCCTCTTAATCATTACTCCACTCCTACAGGCCAACAGAATAGGGCAGAGTCCTATC
ATGTTATTCCATGCTAAAATGTTCACGGCGTAAGCCTGCTTTGAACACTCCAATTTACTC
AAAGTAACCATGCTGAATCCCTGTCCCGGACAATGAAGCCCAGAAGCAGGTCCCCAACAG
TAAGGAAGGCCACAGCAGTACTCACCATAGGCGGACCGCTGAAACCCACCCGAAATCCAA
CTACGAGCTTTTTAACTGCAACAACTTAAATATACGCTATTGGAGCTGGAATTACCGCGG
CTGCTGGCACCAGACTTGCCCTCCAATGGATCCTCGTTAAGGGATTTAGATTGTACTCAT
TCCAATTACCAGACATGAAATGCCCGGTATTGTTATTTATTGTCACTACCTCCCCGTATC
AGGATTGGGTAATTTGCGCGCCTGCTGCCTTCCTTGGATGTGGTAGCCGTTTCTCAGGCT
CCCTCTCCGGAATCGAACCCTATTCCTCCGTCACCCGTTACCACCATGGTAGG
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Appendix D

Forward ITS2 sequence read of undefined Pond water samples (later defined as
Desmodesmus armatus) 950 bp

GAGAGTTCATTAAACCCTCCCACCTAGAGGAAGGAGAAGTCGTAACAAGGTTTCCGTAGC
CATGCGGATGTCAGTCTTAAAAGGACTGGCAAGTGGGAACGAATGTATATTCTTTCCTGC
AAGACTGTCAAATTGCCGGAACATCCTGTTAGGCCACTGGTACCGCCCTCTCTAGGAAAC
TAGGTTGTGGCACCGTAGGGAAACTTGCGGGTATGGTAAAAATCCAGTGGATAGGGACAA
TCGGCAGCCAAGCCCTAAGGGTAAGCAATTACCTACGGGTGCAGTTCACAGACTAAATGG
CAGTCGGCTGGCCTGACGGCTGGCTTAAGATATAGTCGGGCCCTACCGAGAGGTAGCCTA
TAAGAGGACGGCACTTGTGCTTGAGAGCTTATAGGAGGTTGGGTAATACTTATTGCCGTA
AGGCATTAAGGGCTGCTGAACAGTGGCCTCAAACCTGGAGTAACCGAGGTGAACCTGCGG
AAGGATCATTGAATATGCAAACCACAACACGCACTCTTTTATTTGTGTACCGACGTTAGG
TCATAACCTTAACCCGGTTTGGCCTACTAACCTACACACACCATTGACCAACCATTGATT
AAACCAAACTCTGAAGTTTCGGCTGCTGTTAATCGGCAGTTTTAACGAAAACAACTCTCA
ACAACGGATATCTTGGCTCTCGCAACGATGAAGAACGCAGCGAAATGCGATACGTAGTGT
GAATTGCAGAATTCCGTGAACCATCGAATCTTTGAACGCATATTGCGCTCGACTCCTCGG
AGAAGAGCATGTCTGCCTCAGCGTCGGTTTACACCCTCACCCCTCTTCCTTTTCAAGGAA
GCTTGTCGTGCTTGCTCAAGCCGGCATCAGGGGTGGATCTGGCCCTCCCAATCGGATTCA
CTTTCAGTTGGGTTGGCTGAAACACA

Reverse IT2 sequence read of undefined Pond water samples (later defined as
Desmodesmus armatus) 1058 bp

TAAGCGCGAGCTTACGGGGTTCTCACCCTCTCTGACGCCCCTTTCCAGGAGACTTTAGCT
CGGCCCGTTGCAGAGGGTACTTCTATAGACTACAATTCTCCAAGGGAGATTTACAAGTTG
GGCTTTGCGCGGTTCGCTCGCCGTTACTAAGCGCATCCTTGTTAGTTTCTTTTCCTCCGC
TTAGTGATATGCTTAAGTTCAGCGGGTAGCCTTGCCTGAGCTCAGGTCGAATACAGAGAT
ACGCGCCAGAGACGCGTTTCCTGCTTGGCTCCTAACCAGGTCCTCAGACACAACTTCGTG
TAGGCACCCGAGGGTGTTGCTACCTATCCAGTTGAGCCCGAATCGGGTCCCAGTTTAAGC
CTCTGTGCTTCAGCCAACCCAACCGAAAGTGAATCCGATTGGGAGGGCCAGATCCACCCC
TGATGCCGGCTTGAGCAAGCACGACAAGCTTCCTTGAAAAGGAAGAGGGGTGAGGGTGTA
AACCGACGCTGAGGCAGACATGCTCTTCTCCGAGGAGTCGAGCGCAATATGCGTTCAAAG
ATTCGATGGTTCACGGAATTCTGCAATTCACACTACGTATCGCATTTCGCTGCGTTCTTC
ATCGTTGCGAGAGCCAAGATATCCGTTGTTGAGAGTTGTTTTCGTTAAAACTGCCGATTA
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ACAGCAGCCGAAACTTCAGAGTTTGGTTTAATCAATGGTTGGTCAATGGTGTGTGTAGGT
TAGTAGGCCAAACCGGGTTAAGGTTATGACCTAACGTCGGTACACAAATAAAAGAGTGCG
TGTTGTGGTTTGCATATTCAATGATCCTTCCGCAGGTTCACCTCGGTTACTCCAGGTTTG
AGGCCACTGTTCAGCAGCCCTTAATGCCTTACGGCAATAAGTATTACCCAACCTCCTATA
AGCTCTCAAGCACAAGTGCCAGTCCTCTTATAGGCTACCTCTCGGTAGGGCCCGACTATA
TCTTAAGCCAGCCGTCAGGCCAGCCGACTGCCATTTAGTCTGTGAACTGCACCCGTAGGT
AATTGCTTACCCTTAGGGCT
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Appendix E

Forward 5.85S rDNA sequence read of undefined Pond water samples (later defined as
Desmodesmus armatus) 868 bp

GACGCATTTGCCAAGGATGTTTTCATTAATCAAGAACGAAAGTTGGGGGCTCGAAGACGA
TTAGATACCGTCGTAGTCTCAACCATAAACGATGCCGACTAGGGATTGGCGGACGTTTTT
GCATGACTCCGTCAGCACCTTGAGAGAAATCAAAGTTTTTGGGTTCCGGGGGGAGTATGG
TCGCAAGGCTGAAACTTAAAGGAATTGACGGAAGGGCACCACCAGGCGTGGAGCCTGCGG
CTTAATTTGACTCAACACGGGAAAACTTACCAGGTCCAGACATAGGAAGGATTGACAGAT
TGAGAGCTCTTTCTTGATTCTATGGGTGGTGGTGCATGGCCGTTCTTAGTTGGTGGGTTG
TCTTGTCAGGTTGATTCCGGTAACGAACGAGACCTCAGCCTTTAAATAGTCACGGTCGCT
TTTTGCGGTTGGTTTGACTTCTTAGAGGGACAGTTGGCGTTTAGTCAACGGAAGTATGAG
GCAATAACAGGTCTGTGATGCCCTTAGATGTTCTGGGCCGCACGCGCGCTACACTGATGC
ATTCAACAAGCCTATCCCTAGCCGAAAGGCTCGGGTAATCTTTGAAACTGCATCGTGATG
GGGATAGATTATTGCAATTATTAGTCTTCAACGAGGAATGCCTAGTAAGCGCAATTCATC
AGATTGCGTTGATTACGTCCCTGCCCTTTGTACACACCGCCCGTCGCTCCTACCGATTGG
GTGTGCTGGTGAAGTGTTCGGATTGGCAATTATCGGTGGCAACACTGTCGATTGCCGAGA
AGTTCATTAAACCCTCCCACCTAGAGGAAGGAGAAGTCGTAACAAGGTTTCCGTAGCCAT
GCGGATGCCAGTC
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Reverse 5.8S rDNA sequence read of undefined Pond water samples (later defined as
Desmodesmus armatus) 990 bp

GCACTGTTCAGCAGCCCTTAATGCCTTACGGCAATAAGTATTACCCAACCTCCTATAAGC
TCTCAAGCACAAGTGCCGTCCTCTTATAGGCTACCTCTCGGTAGGGCCCGACTATATCTT
AAGCCAGCCGTCAGGCCAGCCGACTGCCATTTAGTCTGTGAACTGCACCCGTAGGTAATT
GCTTACCCTTAGGGCTTGGCTGCCGATTGTCCCTATCCACTGGATTTTTACCATACCCGC
AAGTTTCCCTACGGTGCCACAACCTAGTTTCCTAGAGAGGGCGGTACCAGTGGCCTAACA
GGATGTTCCGGCAATTTGACAGTCTTGCAGGAAAGAATATACATTCGTTCCCACTTGCCA
GTCCTTTTAAGACTGACATCCGCATGGCTACGGAAACCTTGTTACGACTTCTCCTTCCTC
TAGGTGGGAGGGTTTAATGAACTTCTCGGCAATCGACAGTGTTGCCACCGATAATTGCCA
ATCCGAACACTTCACCAGCACACCCAATCGGTAGGAGCGACGGGCGGTGTGTACAAAGGG
CAGGGACGTAATCAACGCAATCTGATGAATTGCGCTTACTAGGCATTCCTCGTTGAAGAC
TAATAATTGCAATAATCTATCCCCATCACGATGCAGTTTCAAAGATTACCCGAGCCTTTC
GGCTAGGGATAGGCTTGTTGAATGCATCAGTGTAGCGCGCGTGCGGCCCAGAACATCTAA
GGGCATCACAGACCTGTTATTGCCTCATACTTCCGTTGACTAAACGCCAACTGTCCCTCT
AAGAAGTCAAACCAACCGCAAAAAGCGACCGTGACTATTTAAAGGCTGAGGTCTCGTTCG
TACGGGGAATCAACCTGACAAGACAACCCACCAACTAAGAACGGCCATGCACCACCACCC
ATAGAATCAAGAAAGAGCTCTCAATCTGTCAATCCTTCCTATGTCTGGACCTGGTAAGTT
TTCCCGTGTTGAG
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