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Summary
This thesis aims to find ways of increasing lipid content in algal biomass for biofuel
production, by using complimentary metabolomic and proteomic data to increase
understanding of the mechanisms that control lipid accumulation. Salt stress was
investigated as a potential lipid trigger in two microalgae: a starchless mutant (CC-4325) of
the model species Chlamydomonas reinhardtii and the snow alga Chlamydomonas nivalis.
Gas chromatographic fatty acid (FA) analysis of both algae grown in a range of salt
concentrations revealed a complex relationship between salinity and lipid accumulation in
the two species. iTRAQ proteomic analysis was used to study the molecular mechanisms
of each species under salt stress. Chlamydomonas reinhardtii showed little accumulation
of lipids under salt stress, but some changes in lipid profile. Part of these analyses have

been published in a study by Hounslow et al. (2016a).

Chlamydomonas nivalis cells showed a large increase over time of the monounsaturated
FA C18:1cis when grown in 0.2 M NaCl. As monounsaturated FAs are one of the best FA
types for biofuel properties, an increase in this FA is ideal for biofuel production. Use of C.
nivalis as a homologous species to C. reinhardtii revealed novel proteomic analysis of lipid
accumulation in this species, and a comparison of the proteomic responses of both
species under salt stress was used to elucidate why salt triggers lipid accumulation in one
species but not the other. Most notably, the rate-limiting enzyme in the fatty acid
biosynthesis pathway, acetyl CoA-carboxylase, was found to be down-regulated in C.
reinhardtii cultures in 0.2 M NaCl, but was not affected in C. nivalis cultures in 0.2 M NaCl.
A number of enzymes involved in the availability of acetyl CoA for fatty acid synthesis
were differently affected by salt stress in the two species. Halotolerance appears to play

an important role in the ability of cultures to accumulate lipids under salt conditions.

The work in this thesis has contributed to two recent publications. The problem of reliable
lipid quantification techniques for microalgae was discussed using experimental data and

is addressed in a comprehensive published review by Hounslow et al. (2016b). This review



includes analysis of method requirements and construction of decision trees to guide

future researchers.
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1 Introduction, background and literature review

As fossil fuels continue to deplete, the search for ways to utilise the energy in natural
resources to meet the electricity and fuel demands of our world continues. A clean
renewable energy source is required to prevent further rises in greenhouse gases.
Atmospheric carbon dioxide has been increasing steadily since 1750, and is now 142% of
the 1750 levels. It increased by 2.9 ppm (parts per million) from 2012 to 2013, a relative
increase of 0.74% for that year (World Meteorological Organization, 2014). One essentially
unlimited source of energy is light from the sun. Photosynthetic organisms provide a
natural and abundant mechanism for converting sunlight into chemical energy, and
therefore provide an obvious choice in the search for new energy sources. This chapter
introduces and explores the potential for biofuels from microalgae to help meet the

requirement for a clean renewable energy source.

1.1 Introduction to algal biofuels

The first generation of biofuels was based on crop plants as the feedstock and bioethanol
as the product. First generation biofuels were modelled on the successful bioethanol
industry in Brazil using sugar cane, which has existed since the 1970s (Goldemberg, 2007).
Subsequently the US and Europe have adopted first generation biofuels from about 2003
onwards using corn/maize as the feedstock. However, it became apparent that there were
a number of problems with first generation biofuels including a negative impact on food
security, the requirement for large amounts of high quality agricultural land and a
Greenhouse Gas balance that was not favourable once full life cycle analyses had been
carried out (Mohr and Raman, 2013). Second generation biofuels were developed in
response to the problems associated with first generation biofuels and utilize non crop
plants such as switchgrass or willow, or by-products of agriculture such as straw (Mohr
and Raman, 2013). The main drawback of second generation biofuels is the recalcitrance

of cellulose, hemi-cellulose and lignin to being broken down into suitable substrates for
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fuel production (Himmel et al., 2007). Due to the problems associated with first and
second generation biofuels, research is now focussing on the possibilities of third

generation biofuels based on microalgae (Leite et al., 2013).

"Microalgae" are normally defined as microscopic (often single celled) photosynthetic
organisms, which can be either prokaryotic (cyanobacteria) or eukaryotic (Li et al., 2008b).
It is estimated that more than 50,000 species exist, and that they are present in every
ecosystem on Earth (Richmond, 2004), demonstrating the huge diversity within the group.
Microalgae are highly efficient at converting sunlight into useful products such as lipids,
which can be converted into biofuels. A lipid is defined as an organic compound that is
insoluble in water but soluble in organic solvents; these comprise fatty acids and their
derivatives. A triacylglyceride (TAG) is a lipid comprising three fatty acids and a glycerol
backbone (see Figure 1.1) (Merchant et al., 2012).

Microalgae can produce TAGs in abundance under certain conditions, and this is highly
desirable because TAGs can be easily converted by transesterification to biodiesel
(Fjerbaek et al., 2009), the process for which is demonstrated in Figure 1.2. There are
thousands of species, and many are highly oleaginous, producing different types of lipids
(Harwood and Guschina, 2009). The vast number and diversity of extant species allows for
a high diversity of lipid profiles that can be selectively screened to find desirable strains

for biodiesel production.

[Image removed for copyright reasons]

Figure 1.1 Chemical structure of TAG, comprising 3 fatty acid chains and a glycerol backbone. Image taken from
Merchant et al. (2012).
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[Image removed for copyright reasons]

Figure 1.2 Chemical reaction of transesterification of TAG to fatty acid methyl esters (FAME) or biodiesel. Image taken
from Scott et al. (2010).

Microalgae are better candidates for biofuel sources than land crops; they provide a lower
demand for land and intensive agricultural practices (Chisti, 2008), and a higher efficiency
of overall oil content per biomass of crop (Chisti, 2007). They may also provide a more
feasible opportunity for genetic engineering than higher plants, due to the relative
simplicity of biosynthesis and glycerolipid assembly in algae species, for example in
Chlamydomonas sp., compared to that of higher plants such as Arabidopsis (Riekhof et al.,
2005). To date, the state of genetic engineering of microalgae is still in its infancy,
however, engineering tools continue to be developed and validated in Chlamydomonas
reinhardtii (Rasala et al., 2014). Microalgae can use only sunlight, carbon dioxide and

some vital nutrient sources as inputs, though many species can also grow
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heterotrophically on carbon sources or mixotrophically (Liang et al., 2009; Moon et al.,

2013).

No biofuel has yet achieved price parity with petroleum derived fuels, including algal
biodiesel (Gallagher, 2011). Despite their many advantages, microalgae are not currently a
feasible source of biodiesel, due to TAG yields being too low (Vasudevan and Briggs, 2008)
and the production being economically unsustainable because it is not competitive with
petrol products (Chisti, 2007; Chisti, 2013; Gallagher, 2011; Sheehan et al., 1998). With
improvements in algal oil yields, it would be possible to address both of these issues, as
increases in productivity will improve economic sustainability (Beal et al., 2011; Gallagher,

2011; Slade and Bauen, 2013).

There is a long history of scientific investigation into improving the yield of algal biofuels.
The fuel crisis of the 1970s sparked off the Aquatic Species Program, a smaller subsection
of the U.S. Department of Energy’s Biofuels Program (Sheehan et al., 1998). This program
investigated the use of aquatic photosynthetic organisms to produce biofuels, and
naturally progressed to a focus on microalgae as a potential source of biodiesel. They
screened and characterized over 3000 species of microalgae, and initiated a body of work
that investigated the “lipid trigger” of environmental stress to induce TAG production.
They began to branch into genetic investigation by creating a strain with up-regulated
acetyl CoA carboxylase (ACCase) — a key enzyme in lipid biosynthesis, but this was
unsuccessful in stimulating TAG synthesis (Sheehan et al., 1998) and soon after, in 1995,
funding was cut and the project abandoned (Sheehan et al., 1998). Many studies have
tried to increase lipid accumulation via an increase in enzymes involved in lipid
biosynthesis, but the majority have been unsuccessful (reviewed in Courchesne et al.
(2009)). Blatti et al. (2013) describe the published efforts to date in engineering of fatty
acid biosynthesis in algae, some of which change the fatty acid profile, but none of which
change the yields, and most being unsuccessful in having any effect. There have, however,
been demonstrations of altering the lipid profile of microalgae, and of engineering cells to

excrete lipids (reviewed in Chisti (2013)). A review by De Bhowmick et al. (2015) describes
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a few studies which show that targeted genetic engineering can result in changes in lipid

yields in some species of green algae and diatoms.

A renewed feeling of urgency in the 21 century concerning the need for biofuels has
reignited interest in algal biofuels, as they remain the best option for a photosynthetic
source of biofuels (Chisti, 2008; Dismukes et al., 2008; Oncel, 2013). The ideal microalgae
species would have the following characteristics: it would be both prolific in biomass
production, and have a very high TAG content, therefore resulting in high lipid
productivity (Griffiths and Harrison, 2009); it would be able to dominate all other
microorganisms in an open pond system, would grow well in additional nutrient sources
such as wastewater streams (Pittman et al., 2011) and industrial CO, emissions
(Benemann, 1993), and be able to cope with seasonal and diurnal fluctuations in both
sunlight and temperature (Goldman, 1977). The reason for these latter characteristics is
that the ideal algae cultivation system is low energy input and low maintenance, in order
to make it energetically and economically sustainable, and therefore the algae culture
should be able to thrive in an outdoor open pond system, as these have a higher energy
balance than photobioreactors (Jorquera et al., 2010). Open pond systems are also more
economical than PBRs, providing the significantly higher 10% economic return of $18.10

gal™ versus $8.52 gal™ for PBRs (Davis et al., 2011).

No algae species like this is currently known. Finding a species through continuing
screening processes may be possible; many studies have screened various algae species
for their oil content, and some show greater oil producing capacity than others, with lipid
contents between 4 and 65% being reported in different species (Gouveia and Oliveira,
2009). The Department of Energy’s Aquatic Species Program (mentioned above) collected
and screened more than 3000 strains, but due to funding cutbacks many strains were lost
and the number retained at the Universty of Hawaii was reduced to 300 (Sheehan et al.,
1998). This screening process yielded about a dozen promising strains (all of which were
green algae or diatoms) with suitable characteristics for biofuels production, but none

that was ideal, leading them to the conclusion that genetically manipulating the dominant
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strains within algae cultures may be necessary for increased lipid production (Sheehan et
al., 1998). Indeed, the answer to the search for the perfect algae strain for biofuels is
likely to lie in the realm of biological engineering, and the need for a genetically
engineered algae strain has been recognised repeatedly by researchers (Chisti, 2013; Hu

et al., 2008; Radakovits et al., 2010; Sheehan et al., 1998).

This thesis investigates the limitations and the possible solutions to increasing algal oil
yields with the aim to increase triacylglyceride and overall lipid yields in algae. The
following literature review is a description of how this PhD project has pinpointed
environmental manipulation, proteomics and biosynthetic pathway study as the main
tools in creating an algal species with a high lipid output. The study of systems biology
(Kitano, 2002; Smolke and Silver, 2011) helps in understanding the processes by which
organisms produce substances, and subsequently, the manipulation of these systems can
take place through synthetic biology and metabolic engineering changes (Schwille, 2011;

Stephanopoulos, 1999).

For algal biodiesel to become a successful replacement fuel for oil-derived liquid fuels,
several advances need to be made in algal biofuels research. Firstly, lipids must be made
on a large enough scale to be able to meet the demand for liquid fuels. The liquid fuels
consumption around the world in 2016 is 95.26 million barrels per day (U.S. Energy
Information Administration), and is projected to rise. Secondly, biodiesel prices must be
able to compete with fossil fuel prices (Kovacevic and Wesseler, 2010). Biodiesel yields
from algal cultures are currently limited by lipid percentage of dry weight of algae, which
has a large impact on price; Jorquera et al. (2010) show that algae biodiesel would be
economically competitive with oil or petroleum if the oil percentage content was
increased from around 30% to 60%. By using proteomics and biological engineering
techniques, it may be possible to increase lipid yields enough to meet algal biodiesel
demand in an economically competitive manner, and solve the first problem. By
employing the use of species suitable for growth in low-energy input systems, it may be

possible to solve the second problem. Lowering production costs is also very important
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because currently algal biodiesel is not able to compete economically with rapeseed

biodiesel and fossil fuels (Chisti, 2013; Kovacevic and Wesseler, 2010).

1.2 Literature review

1.2.1 Biological and energetic limitations to algal biofuels production

More broadly speaking, the aims are to overcome the biological and energetic limitations
that currently hamper lipid yields. For this, a deeper understanding of lipid synthesis and
algae cell function is imperative. Figure 1.3 shows the lipid biosynthetic pathway within

plants and microalgae (Yu et al., 2011).

[Image removed for copyright reasons]

Figure 1.3 Lipid biosynthetic pathway in plants and microalgae, image taken from Yu et al. (2011).

The biggest problem encountered in increasing TAG production is that it has been
repeatedly demonstrated that conditions which induce high TAG contents also decrease
algal biomass productivity (Li et al., 2008a; Lv et al., 2010; Su et al., 2011), thus causing an
overall decrease in TAG productivity in a growth system. This is because there is an
intrinsic inverse relationship between algal growth rate and oil content; carbon is
redirected into storage compounds when it is not being used for growth (Williams and
Laurens, 2010). The basic premise that environmental stress causes retarded cell growth

and lipid accumulation within a cell is well established.

Fan et al. (2011) conducted investigations of the metabolic origins of lipid synthesis in C.
reinhardtii. They found that under three different stress conditions - nitrogen deprivation,
high salt, and high light - fatty acid synthesis was de novo, and located in the chloroplasts
and cytosol. This major pathway is known as the Kennedy pathway (Dubini, 2011). The
fatty acids were then used to synthesise TAG in the endoplasmic reticulum (see Figure
1.3). Concordantly, Miller et al. (2010) found that the acetate carbon source added to

algal growth medium was used for de novo fatty acid biosynthesis, demonstrating that the
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cell carbon sources, whilst possibly being diverted away from cell growth functions, are
not acquired by breaking down other parts of the cell, at least not solely. The discovery
that the fatty acids are synthesised de novo is important, as it indicates that these fatty
acids are not being converted from other deconstructed components of the cell that are
used in the cell functioning, but from the fixation of carbon. Therefore, in theory, there is
no reason why algae cannot both produce lipids and continue to function and grow in a
healthy state, if carbon is being directed towards both areas in adequate quantities. At the
moment, carbon is only directed towards storage compounds when growth is restricted
by stressors, and there is a complex set of constraints that govern carbon partitioning
(Johnson and Alric, 2013). By manipulating the natural pathways in the cell, it may be
possible to partition carbon into both storage compounds, and also into growth and cell
maintenance, although a large part of the constraint is the energy losses involved in

directing carbon into oil production (Johnson and Alric, 2013).

It is possible that with the availability of the right nutrients and cell components, the ideal
biofuels producing algal cell, the “healthy obese cell”, can be created. However, the
requirement for a carbon source in addition to CO, (in this case acetate) may restrict the
algae that can be utilized to produce TAG during active growth to those that grow
mixotrophically, like many Chlamydomonas strains. Photoautotrophic algal strains that
utilize CO, as a sole source of carbon may not be able to carry out large amounts of TAG

synthesis during active growth.

Some physical laws do impose firm upper limits on the ability of algae to produce
biodiesel (Weyer et al., 2010). These limits include the amount of sunlight that is available
to the cell, the ability of the algae to capture the light energy, and the biomass
accumulation efficiency (BAE). The latter term refers to the amount of energy that is used
in maintaining cellular functions rather than stored directly in biomass. Knowing exactly
how much energy is needed to maintain cellular functions and growth would give a better
indication of exactly how much carbon would potentially be available for oil storage as

TAG, and therefore what the theoretical limits of TAG production in algae really are.
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Dubinsky and Berman-Frank (2001) describe the main processes that use carbon in a cell.
These are respiration and production of new cells. They highlight that respiration is
increased under high population growth, and that stressors increase respiration. However,
this report provides no quantification of such carbon fluxes. Weyer et al. (2010) attempt
to give a numerical value to energy required for maintaining the cell, but they do so in
percentage form. They state a BAE of 50%, but this seems rather arbitrary, since the
possible values these authors discuss - based on varying assumptions - range from 11% to
100%, and the choice seems to have been made on a “middle ground” basis rather than

use of verified data.

In practice, the energy that a cell uses to maintain its functions is one of the main
restrictions that this body of research faces (Leite et al., 2013); it would be ideal to have a
cell that is both good at maintaining its vital functions and therefore growing prolifically,
but also at producing the much desired TAG product. Theoretical limits cannot properly be
calculated without understanding exactly what is controlling energy flows and biological
pathways within an algal cell. This is where the study of the complex fluxes is vital, and
where state of the art laboratory techniques such as proteomics (the large scale study of
proteins, particularly in their structures and functions) need to be employed. Current
estimates on "return on investment" for synthesis of fatty acids is 60.7% (Johnson and

Alric, 2013).

One aim of engineering and manipulation of algal cells is to induce the lipid synthesis at a
high rate, whilst maintaining normal cell function and biomass productivity (i.e. the ability
to grow and multiply), by balancing the allocation of cellular resources between these two
processes. Alternatively, manipulation can be used to induce lipid synthesis in an already
dense and productive culture, thereby converting algal biomass into a more lipid-rich
product, if the first approach is not possible. As the lipid synthesis pathways interact with
stress inducers, chlorophyll and photosynthesis efficiency, starch synthesis and TAG

synthesis, this understanding needs to stretch beyond the mechanisms of lipid production,
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into regulation of the cell metabolic pathway interactions, and particularly about how the

cell pathways change in reaction to stress.

Walker (2009) highlights the pitfalls of imposing theoretical but practically implausible
maxima on the calculations for the biofuels output it is possible to achieve. For example,
predicting unfeasibly high growth rates of algal cultures or an unrealistic photosynthetic
efficiency value will only project false hopes for algal biofuels. The absolute maximum
photosynthetic efficiency attainable under ideal laboratory conditions is 11.9% (Radmer
and Kok, 1977). The realistic photosynthetic efficiency that can be achieved over
significant lengths of time (days to a few weeks) is about 4.5% (Walker, 2009). However,
microalgal photosynthetic efficiencies of up to 21.6% are quoted in the literature (Brennan
and Owende (2010), plus references therein) and used as a basis for microalgae biofuel
yield projections. However, there are areas in which engineering may be able to extend

the current limits of algae to produce oil, such as pathway efficiency in the cell.

Algae use TAG as an energy storage product when growth is curtailed by the absence of a
key nutrient, such as nitrogen (Chen et al., 2011b; Longworth et al., 2012) or phosphorus
(Khozin-Goldberg and Cohen, 2006), or by environmental stress such as high salinities
(Siaut et al., 2011). Under stress conditions, the photosynthetically fixed carbon supply
exceeds the ability of the cell to multiply, causing the build up of carbon in storage
molecules (Pal et al., 2011). It is therefore not only the TAG production that needs to be
investigated, but also the ability of the cell to continue to photosynthesise and multiply
under stress conditions. The formation, pathways, and composition of different lipid types
within algae are thoroughly researched and documented (Guschina and Harwood, 2006;
Harwood and Guschina, 2009), and now the challenge lies in comprehensively linking
these to the genes, metabolic pathways, proteins, and environmental conditions that
trigger their synthesis. The understanding and manipulation of these aspects of a cell to
make a new unique organism for a specific purpose is known as synthetic biology (Drubin

et al., 2007), and it is this area which this research has pursued.
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1.2.2 The need for a low energy system

One problem with algal biofuels is the current energy inputs required for cultivation.
Under certain conditions, it is possible for an algal population to grow exponentially,
known as algal bloom (Chen et al., 2009a). In practice, algal growth is subject to abiotic
factors — such as light and temperature (Moheimani and Borowitzka, 2007), pH (Sogaard
et al., 2011) and nutrient levels (Smith, 1986) - and to biological interactions with other

species, and with population limit factors (Titman, 1976).

The ability to dominate the population is imperative for open pond systems prone to
contamination. For this reason, the ability of a species to dominate, and the conditions
under which they do it, are important. Abis and Mara (2005) tested operational
parameters of primary facultative ponds in the UK on algal populations. Although average
ammonia removal was approximately 50% during both summer and winter, initially the
algal populations were significantly decreased during the midwinter in all test loadings of
effluent, demonstrating that temperature is a key issue in population maintenance.
Furthermore, different species dominate the population at different points in the year.
Chlamydomonas species flourished in one pond at the end of January, and Chlorella

species dominated another throughout the winter.

Robustness to changes is therefore very important. Bhatnagar et al. (2011) evaluated the
robustness of an algal consortium to climatic changes and compositional changes in
wastewater content. Their results showed that an open raceway pond was consistently
dominated by a few algal species, even during harsh winter conditions including freezing.
The three different algae species isolated from the consortia (Chlamydomonas globosa,
Chlorella minutissma and Scenedesmus bijuga) showed contrary responses in biomass and
chlorophyll content in response to added nitrogen and type of wastewater. This
demonstrates that every system and algal species is unique, and therefore finding the

ideal algal species for a system is a unique solution.

It therefore follows, when searching for an algal species for a particular country’s

conditions, that using data from tests carried out in different climates will not be
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sufficient. The current research takes place in temperate Europe, where it is hoped that
the aim of using outdoor algal ponds for biofuels production will be realised. To do this,

algae suitable for cold and temperate climates must be found.

Two main issues must be addressed: the first is that a species suitable to the temperature
and light levels in temperate Europe must be found and secondly, the species must be
able to dominate in an open environment. Buhr and Miller (1983) used mathematical
models to find the limitations on yield of both algae and bacteria in a high-rate
wastewater treatment pond, based on stoichiometric analysis and growth kinetics. They
found that operating parameters changed on a diurnal pattern. They found the limiting
factors that determined yield to be sunlight or substrate availability, but proposed that if
sufficient carbon source is provided, and flow rates do not exceed the washout rate, the
growth will only be limited by sunlight. Providing sufficient carbon sources may be
something we are able to control by adding more substrate in the form of wastewater,
carbon dioxide, or another carbon rich waste source. The limitation of sunlight, however,
remains a problem, and this is where the search for algae with low optimal sunlight needs
becomes a possible solution. The importance of fixed carbon is reinforced by Bhatnager et
al. (2011), who found that supplementing wastewater sources with nitrogen did not
increase biomass production, but that addition of glucose and nitrogen caused an increase

in biomass of 3-8 times.

Baliga and Powers (2010) researched and modelled different scenarios for algae
cultivation and conversion to biodiesel in upstate New York. Due to the challenging
aspects of the short days and cold temperatures during the winter months, their scenarios
involved insulation, greenhouses, artificial lighting and heating facilities. Out of their two
locations within upstate New York, the one which had higher natural light levels and
temperature used 18-20% less energy and yielded 12% more biomass output. They found
that when natural light was insufficient, the consequences of boosting the light levels with
artificial light powered by electricity counteracted the energy benefits of utilising waste

heat. Temperature control was also very energy intensive. If natural light and waste heat
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are absent, the energy consumption of algal biodiesel production is significantly increased
and the emissions from fossil fuel derived energy are increased. Furthermore, in an open
pond system, heating would result in large water losses through evaporation (Pfromm et

al., 2011), causing the need for a higher water input.

Chlamydomonas reinhardtii, an important model algal species, has been tested for its
suitability to treat wastewater coupled with biofuels production (Kong et al., 2010). This
involved the experimental culture of C. reinhardtii in both biocoil-type photobioreactors
(PBR) and flasks, wastewaters with added trace elements were used as the media. Growth
in the biocoil PBR produced a maximum of 2.0 g biomass per litre per day and a maximum
of 25.25% oil content. In the flasks, the biomass content was just 0.82 g per litre per day,
and the oil content reached a maximum of 16.6%. The effect of greater light exposure in
the biocoil PBR is thought to attribute to the higher productivity, demonstrating that light
is a strong limiting factor, but both oil contents are lower than the desired 60% oil content
qguoted by Jorquera et al. (2010) to make algal biofuel feasible. What this study
demonstrates is that C. reinhardtii can successfully uptake nitrogen and phosphorus to
treat wastewater, and this causes a productivity boost in the algal population. However,
the biomass and oil contents are both less than desirable even with wastewater
supplementation, and this supports the need to investigate engineering techniques to

boost oil contents and productivity.

The conclusions we can draw from this section are that heating and lighting inputs are
necessary for many species to reach their full productivity, but that these inputs make the
process energetically, economically, and environmentally unsustainable. Finding a species
with low light and heat requirements would be extremely beneficial, especially in
temperate Europe. This species also needs to be very productive and have high lipid-
producing capabilities, and it needs to be able to dominate in the unique conditions of an
outdoor open pond system with wastewater streams for low cost nutrient input, in

temperate Europe.
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1.2.3 A history of lipid manipulation in algae

Many species have been screened for oil content (Gouveia and Oliveira, 2009; Griffiths
and Harrison, 2009; Sheehan et al., 1998). Since algae, even with nutrient supplements,
naturally yield insufficient oil contents for commercial exploitation, typically achieving less
than half of the desired 60% (Gouveia and Oliveira, 2009; Jorquera et al., 2010), finding

ways to increase this oil content is imperative to successful biodiesel production.

As previously described, the Aquatic Species Program (Sheehan et al., 1998) was the main
body of work in trying to find or produce an algal species with high lipid productivity. Their
techniques included environmental manipulation, known as biochemical engineering
(Courchesne et al., 2009), and an attempt at genetic engineering (Sheehan et al., 1998).
Applying a form of stress, such as high salinity (Takagi et al., 2006), nitrogen deprivation (Li
et al., 2008a), and CO, aeration (Chiu et al., 2009) to microalgal cells has consistently been
shown to increase the lipid content of the cells, although the most common method is
nitrogen deprivation. Usually one stress method is applied at a time, although Pal et al.
(2011) investigated the effects of combined stress upon Nannochloropsis sp., using
nitrogen deprivation, salt stress, and light variation. They found that unlike nitrogen-
replete conditions, this species showed a significant reduction in lipid productivity overall
under high light, high salinity and nitrogen depleted conditions. This demonstrates that
nitrogen deprivation may not be the best method of inducing lipid production, because
nutrient deficiency reduces the resources that can be put into growth and TAG. The stress
used in exploring TAG and lipid accumulation in the current study is salt stress, because
there has been very little exploration of this stress in the model species C. reinhardtii, and
studying the model species allows lipid stress triggers to be linked with "-omics" strategies
for understanding lipid production (see Section 1.2.5). It is likely that salt stress has not
been employed as a lipid trigger in this species because it is a freshwater species with
limited salt tolerance. However, freshwater species Chlamydomonas mexicana has been
grown under salt stress and found to have a significant increase in lipid content under 0.05
M NaCl (Salama et al., 2013), demonstrating that the salt stress method of lipid trigger can

be used in freshwater species. This thesis also explores the effect of salt stress on lipid
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yield in C. nivalis, a related snow algae species with a greater salt tolerance than C.
reinhardtii, which could deepen the understanding gleaned from omics studies of salt

stress in Chlamydomonas.

Unfortunately, the stress conditions which induce high lipid contents within cells also
severely hamper the ability of the population to multiply. Algae halt growth and redirect
the carbon they fix into storage organelles as oil and starch (Li et al., 2011). The result of
this can be an overall decrease in lipid productivity in the culture (Griffiths and Harrison,
2009). Adams et al. (2013) explore the relationship between growth and lipid productivity
in green algae, using high and low nitrogen stress as the lipid triggers, finding different
responses in different species due to sensitivity to stress. Concurrent growth and lipid
production give higher lipid yields than if growth and lipid productivity do not occur at the
same time. One issue is that during nitrogen deprivation, the most common lipid inducer,
photosynthetic capacity is lost - as well as cell growth being arrested due to the inability to
synthesize proteins without a nitrogen source - so cell metabolism cannot rely on carbon
fixation from photosynthesis (Johnson and Alric, 2013). An inhibition of photosynthesis is
a limiting factor to the potential lipid yield, since a greater availability of fixed or
assimilated carbon provides a greater resource for lipid accumulation. Ideally then, a

stress lipid trigger would not reduce photosynthetic ability.

Since the desired effect is to turn on the “lipid trigger” (Sheehan et al., 1998), research has
turned to examining the cell pathways to find out how to apply the lipid trigger without
needing to apply the stress that decreased productivity. The first example was the
identification of ACCase as the committing step in lipid biosynthesis, and an experimental
up-regulation of this enzyme, but this was unsuccessful in that it did not increase lipid

production (Sheehan et al., 1998).

Radakovits et al. (2010) reviewed different targets of pathway manipulation for improving
biofuels production from microalgae. These include inducing lipid biosynthesis, preventing
lipid catabolism, and blocking metabolic pathways that lead to other energy rich storage

compounds such as starch.
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This latter method has been found to be successful in increasing lipid contents of cells.
Blocking starch synthesis in C. reinhardtii by inactivating ADP-glucose phosphorylase
blocks the pathway to starch synthesis and switches the photosynthetic carbon
partitioning into TAG synthesis, resulting in a 10-fold increase in TAG (Li et al., 2010a). This
has been achieved in the starchless mutant BAFJ5 which, in comparison with low-starch
mutants which did not show as strong an increase in TAG production, showed an 8-fold
increase in neutral lipid under high light and nitrogen starvation conditions, but still
demonstrated some growth impairment (Li et al.,, 2010b). Wang et al. (2009) similarly
demonstrated that when starch synthesis is blocked in C. reinhardtii, the lipid body
accumulation under nitrogen deprivation rises from 15-fold in wild type to 30-fold in the
starch-less mutant. These mutants still require stress to induce lipid production, but it has
been shown that carbon can be more efficiently partitioned within the cell for enhanced
TAG production. A comparison of a wild type and starch-less mutant also indicated that
the TAG biosynthetic pathway is not modified under inactivation of starch biosynthesis
(Fan et al., 2011), showing that it is possible to remove unnecessary pathways for the

purposes of biofuels production.

The challenge still remains in inducing TAG biosynthesis under non-stress conditions. This
is where study of cell pathways using “-omic” techniques is vital. Previous
experimentation on ACCase demonstrated that changing one enzyme in the pathway was
not enough to affect the lipid content of algae (Sheehan et al., 1998), and therefore a
successful transformation may rely on identifying several proteins that control the ability
of a cell to produce lipids. Lv et al. (2013) did, however, use a proof of concept knock out
of lyso-phosphatiditic acid acyltransferase and diacylglycerol transferase to decrease
neutral lipid production in C. reinhardetii, showing that by removal of key enzymes in lipid
production that it can be genetically modified, even if not up-regulated successfully yet.
Furthermore, their transcriptomic study of C. reinhardtii under induced lipid production

demonstrated expression changes in 2500 genes including 30 related to lipid metabolism,
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supporting the theory that single gene changes are not enough to make the required

change in the alga for higher lipid production.

1.2.4 Development of lipid analysis techniques

Measuring the neutral lipid content of algal cultures accurately is essential for finding the
conditions at which TAG production is at its highest rate. It is a problematic area, and no
one single technique is perfect. Upon deeper investigation this area appeared to be a
bottleneck in research progress in accurately assessing and analysing algal lipids, so a full
review of algal lipid measurement techniques was carried out. This full review was
published as a guide for researchers who encountered this issue of choosing appropriate
techniques from the plethora available (Hounslow et al., 2016b), and has been included
for reference in Appendix B. A summary of techniques available is displayed in Table 1.1
below. Broadly speaking, these are gravimetric, fluorescence, colorimetric,

chromatographic and mass spectrometry techniques.
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Table 1.1 Summary of lipid quantification techniques in microalgae. I=in situ. Ezextraction. N=quantitative, L=qualitative, S=quantitative with standards, H=semi quantitative.

Technique type Technique variation Sensitivity Lipid detection 5 Advantages Disadvantages/ problems References
type c| T2
22| 58
5|38
Gravimetric Bligh and Dyer: 1:2 | 500 mg wet | "Crude" lipid E N Direct measurement. Extracts other compounds than | (Bligh and Dyer,
Use of cell lysis and a solvent to | chloroform methanol. biomass lipids. 1959; Kumari et
extract lipids from biomass, Requires large amounts of | al, 2011)
followed by drying and weighing culture
lipid extract. Solvent type favours certain lipid
types.
Folch: 2:1 chloroform | 500 mg wet | "Crude" lipid E N Direct measurement. Solvent type favours certain lipid | (Kumari et al.,
methanol. biomass types. 2011)
Soxhlet: Hexane and use | 1 gdry biomass | "Crude" lipid E N Direct measurement. Solvent type favours certain lipid | (Go et al., 2012;
of Soxhlet extractor. types. Li et al., 2008a)
Cequier-Sanchez: 500 mg wet | "Crude" lipid E Less toxic solvents used. Solvent type favours certain lipid | (Kumari et al.,
Dichloromethane biomass N types. 2011)
instead of chloroform.
Fluorescent lipid dye Nile Red: binds to | 0.2 to 1 x 10° | Neutral lipids | LS In situ. Varies between species as | (Chen et al,
Dye is applied to whole cells to | neutral lipids. cells mL™: Relatively fast procedure. penetration of cell wall and | 2009b; Cirulis et
penetrate in and bind to lipids. 5 pL for Can process many samples | concentration of dye must be | al, 2012)
Excitation and emission filters are microplate at once. optimised.
used to read dye fluorescence as method Doesn't  distinguish  between
a relative measure of lipids. neutral lipid types
Relative measure unless using
standards.
BODIPY: Bindstoarange | 0.2 to 1 x 10° Fatty acids, | | L In situ. Shows lower quantification | (Cirulis et al.,
of lipids and fluoresces | cells mL™ phospholipids, Relatively fast procedure correlation with other methods | 2012)
when excited at 488nm. ceramides, Can process many samples | compared to Nile Red.
cholesterol and at once.
cholesteryl Has no chlorophyll
ethers interference.
DiO: Binds to | 0.2 to 1 x 10° Phospholipids | L In situ. Suitable for phospholipids only. (Cirulis et al.,
phospholipids. cells mL™* Relatively fast procedure 2012)
Can process many samples
at once.
Colorimetric Phospho-vanillin (SPV) 5-120 pg dried | Fatty acids E S Can be done on small | Relies on extraction. (Cheng et al.,
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Extraction of lipids and reaction lipid volumes lipid. Signal decreases with chain | 2011b)
with a colour developer. Degree length of less than 12 carbons so
of colour change is proportional hard to detect smaller chains.
to lipid concentration. No structural information gained.
TFA-Cu salts: | 2 mL at ODsgg | Fatty acids E No structural information gained. | (Chen and
Triethanolanmine and | 0.06-1.2 Vaidyanathan,
copper 2012a)
TFA-metal 1-2 mL (OD not | Fatty acids E No structural information gained. | (Wawrik  and
specified) Harriman,
2010)
Raman microscopy N/A I cell Lipid type and | | Small samples needed Photosynthetic pigments can | (Samek et al.,
Lasers alter the vibrational state degree of In situ and non destructive | interfere with signal. 2010; Wu et al.,
of a sample and the shift in unsaturation Detailed information of | Components in low abundance | 2011)
energy is specific to chemical lipid properties. can't be detected.
bonds and structures, yielding
information about the sample
content.
Density equilibrium N/A 2 mL sample or | Lipid, hydro- | | Rapid, In situ. Indirect, relies on the | (Eroglu and
Samples are centrifuged in a 10- 5 mg dry | carbon or relationship density and lipid | Melis, 2009)
80% (w/v) sucrose gradient to biomass biopolymer content being constant between
find in vivo buoyant densities. An all samples.
equation is used to convert the
density values to lipid content
values.
Direct transesterification/ In situ | Lepage and Roy: Acetyl | 500 mg wet | FAME E Measures true potential of (Kumari et al.,
esterification chloride/methanol biomass algal biomass to be 2011)
Direct conversion of lipids in | reagent converted to FAME.
biomass to FAMEs using a solvent | Garcia: Toluene and 5% | 500 mg wet | FAME E Detailed information on (Kumari et al.,
and catalyst and measurement | methanolic HCl reagent biomass molecular structure of 2011)
with GC lipids.
In situ esterification 4-7 mg wet | FAME | Detailed information on (Laurens et al.,
biomass molecular structure of 2012a)
lipids.
NMR Time domain: This | 1 g dried | Specific lorE Detailed information on | Can be interference from other | (Gao et al.,
Applying  magnetic field to | method is based on | biomass targeted lipid molecular structure of | compounds, which is not | 2008)
sample and measuring the | relaxation time of lipids' compounds and lipids. consistent between samples.
resonant frequency emitted to | hydrogen nuclei in molecular Water can interfere so to exclude
provide spectra of chemical shifts | different phases of the structure this samples must be freeze-
and information about molecule | samples. dried.
structure. Liquid state 1 g wet biomass | Specific | Detailed information on | Can be interference from other | (Beal et al.,
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targeted lipid
compounds and

molecular structure of
lipids.

compounds, which is not
consistent between samples.

2010)

molecular

structure
Mass Spectrometry GCMS 5 mg dry | Lipid classes | E Lipid classes obtained as | Relies on the assumption that | (Barupal et al.,
Fatty acid extraction, biomass and chain types well as quantitation. derivatized fatty acids can | 2010; Gu et al,,
derivitazation, separation via correctly identify all the lipid | 2011b)
chromatography, electron portions in the correct
ionization, and measurement of proportions. Assumes that all
the mass to charge ratio of the lipid types will ionize at the same
compound in a mass rate.
spectrometer. LCMS 500 mg dry | Lipid classes | E Detailed identification of | Detection of lipids is dependent | (Macdougall et

biomass and chain types lipid composition. on lipid type. al., 2011)

FTIR N/A 0.15-2 mL | Ester groups | No extraction needed. Not specific to TAGs or lipids. (Dean et al.,
Measurements of infrared culture (OD not 2010; Stehfest
absorption and molecular specified) et al., 2005)

vibrational modes are used to
identify and quantify ester
groups at wavelength 1740cm™
in dried cells. Relative lipid
content is determined by
calculating the ratio of the lipid
band (1740cm™) to the amide |
band.
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The technigues summarised in Table 1.1 vary in their specificity in terms of: the level of
information about lipids they reveal (e.g. gravimetric showing total lipids versus Nile
Red showing the presence of neutral lipids versus GC-MS identifying the chain length
of hydrocarbons identified); the type of lipids they are suited to detecting (e.g. some
solvents in gravimetric methods favour certain classes of lipids over others or Nile Red
only shows neutral lipids); and the accuracy of the results. Even within types of
methods, there is diversity in how the protocols are performed and how suited they

are to different algal species.

1.2.4.1 Choice of lipid techniques for this thesis

Only a few of the techniques covered in the published review (see Appendix B) have
been chosen for use in this research. Gravimetric was chosen as a starting point for
total lipid content, with Bligh and Dyer technique (which uses chloroform and
methanol) being able to extract a wide range of lipids and therefore very suitable for
guantifying the total lipid in an algae samples. As this technique used large amounts of
biomass, Nile Red fluorescence and microcolorimetric SPV techniques were used on
smaller algae samples over time course experiments. Lastly transesterification of lipid
extract followed by GC-FID techniques allowed detailed investigation of lipid profiling
without needing to use high power multidimensional chromatographic techniques or
MS for absolute identification of all lipid compounds. In this case, information on the
major FAME types was sufficient to inform the research. Exploration of data obtained

with these methods is described in Chapter 3.

1.2.5 “-Omics” tools in understanding lipid synthesis

Approaching the manipulation or engineering of an organism requires a
comprehensive knowledge of how it functions. There are several approaches to
analysing the pathways, fluxes and functions of a cell, including genomic analysis,
transcriptomic analysis, proteomic analysis and metabolomic analysis. These each map
out the functions of an organism, but do so by analysing different components of the
cell. Proteomics, the tool used as the focus of this study, is the systematic analysis of
the proteins in a cell or tissue sample (Domon and Aebersold, 2006). This section will
evaluate advantages and disadvantages and the progress made to date by different “-

omics” tools.
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“-Omics” tools have been used in a lot of biotechnology research. The most well
known tool, genome or genetic manipulation, has been used to improve the yields of
targeted compounds in microorganisms. For example, genomic analysis and
manipulation has led to improvements of 23.5 fold increase in beta carotene
production in Escherichia coli (Scaife et al., 2009), and an increase of 1.57 fold of
shikimic acid in a modified strain of E. coli (Fu et al., 2007); antithrombotic hirudin
production was increased 2.5 fold in genetically modified Saccharomyces cerevisiae
yeast cells (Kim et al., 2003); and ethanol concentrations were increased from 5 mM to
92 mM by disrupting B-hydroxybutyryl-CoA dehydrogenase gene in Clostridium
butyricum (Cai et al., 2011). This corresponded to a decrease in hydrogen production,
suggesting that hydrogen and ethanol production pathways may compete for NADH.
This is an example where cell dynamics can be streamlined away from one pathway
and focussed into another (Cai et al., 2011). However, since genomic manipulation
attempts haven’t resulted in TAG increase (Sheehan et al., 1998), other “-omic” tools

may be necessary for analysis.

The following section describes advances made in “-omics” strategies in the study of C.
reinhardtii. Miller et al. (2010) focussed on transcriptomic analysis of C. reinhardtii
under nitrogen deprivation and lipid accumulation. Their study yielded a vast amount
of information on the up-regulation and down-regulation of identified genes. The first
point of note is that the changes in transcript abundance are numerous, since the
changes in the cell during nitrogen deprivation are complex and affect many different
aspects of cell function. More specifically, this study showed that genes involved in
carbon fixation and reduction dropped in transcriptome abundance to 25% of that
under nitrogen replete conditions. It also showed that genes associated with
photosynthesis and DNA replication tended to be down regulated, and those
associated with lipid metabolism tended to be up regulated. This technique has the
advantage of identifying the genes involved during stress, and quantifying their
expression. Although the quantity of transcripts would represent the quantity of
proteins being up and down regulated, the disadvantages of transcriptomics lie in not
being able to examine how post-translational modifications of proteins could have

important effects on cell pathways and function. In this case, Miller et al. (2010)
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verified that the RNA abundance did reflect changes in the activities of the relevant
pathways. However, they also acknowledge that gene expression in the form of
proteins may be subject to post-translational modifications, and therefore the

expression may not directly translate to metabolic fluxes.

Genomic analysis also has its limitations. Riekhof et al., (2005) in their exploration of
gene annotation in glycerolipid biosynthesis in C. reinhardtii, highlighted that a single
gene may code for enzymes that have dual targets within a cell. It is therefore vital to
study the location and state of the protein that is acting within the pathway, and this
demonstrates the importance of using proteomics in this study. Knowing the genes is

not enough in itself, regulation is paramount.

Moellering and Benning (2010) conducted proteomic analysis of C. reinhardtii lipid
droplets, by disrupting cells and extracting the lipid droplets from the resulting
suspension. These were then analysed using mass spectrometry. Their investigation
yielded the identification of the major lipid droplet protein gene (MLDP), and
subsequent repression of the gene resulted in increased lipid droplet size. This is
thought to be because creation of lipid droplet membranes is decreased, requiring the
need for more efficient use of the membranes in fewer, larger lipid droplets (a lower
surface area per volume ratio). TAG content was not affected. Although the lipid
content was not affected, this successful use of proteomic techniques to examine and
manipulate lipid droplets shows the potential of proteomics to identify the key
elements that regulate the cell function. Recently developed tools, such as strong
cation exchange (SCX) chromatography, have enabled analysis of post translational
modifications (Mohammed and Heck, 2011), meaning a precise identification of the
protein state can be obtained — perhaps vital information when investigating whether

transformations of a cell can successfully yield the desired protein expression.

Proteomic analysis is the only analysis that can provide a full picture of how cell
function changes its regulation. This knowledge can lead to successful genetic
manipulation for a physiological change in the cell, as demonstrated by Moellering and

Benning (2010). Proteomics was therefore chosen as the analytical tool in the current
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research. Quantitative proteomics can give comprehensive data that is vital for

informing systems biology (Cox and Mann, 2011).

1.2.5.1 Shotgun proteomics

Mass spectrometry based proteomics uses protein samples digested into peptides
using a sequence specific enzyme, usually trypsin (Olsen et al., 2004), to form peptides.
The peptides are then processed by mass spectrometry to determine their molecular
mass by ionising the peptides and then measuring their mass to charge ratios. These
peptide ions can then be further fragmented and their mass to charge (m/z) ratios
measured to determine the sequence of the peptide. This is known as tandem MS,
MS/MS or MS? (Steen and Mann, 2004). The resulting spectra are then used to identify
the peptide, and the protein it is from, by using databases of known protein and

peptide sequences via processing software such as Maxquant, PEAKS and Mascot.

Through this method, the presence of peptides, and therefore proteins, can be
determined; when comparing samples and phenotypes, it is important to make
quantitative measurements of protein abundance changes, or "fold changes" (Ong and

Mann, 2005).

There are different methods of proteomic investigation, namely shotgun, directed and
targeted approaches (Domon and Aebersold, 2010). Shotgun proteomics is used in this
thesis, meaning that a complex sample is studied without targetting the analysis
towards particular proteins, and it is preferable to detect and analyse as many proteins
as possible (Wu and MacCoss, 2002). There are issues in underdetection when using
shotgun proteomics, since the complex sample can produce background noise that
leads to some peptides being discounted when they are not high enough above the
signal-to-noise ratio (Domon and Aebersold, 2010). Detection limit, sample
reproducability and dynamic range are all negatively affected when the complexity of
the sample increases (Domon and Aebersold, 2010). However, shotgun proteomics
allows for complex sample analysis to look for key differences in protein expression
that may be linked to differences in phenotype worth pursuing, without limiting the
investigation to particular proteins (Wu and MacCoss, 2002). This is important when

trying to identify individual or groups of proteins associated with particular changes.
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When comparing samples via shotgun proteomics, a method of measuring and
comparing the amount of proteins between samples needs to be employed. The

methods available are discussed below.

1.2.5.2 Methods for quantification of peptides in a proteomic sample

There are several methods for quantifying and comparing proteins in different
samples. These include, but are not limited to, 2D-DIGE (difference gel
electrophoresis), iTRAQ (isobaric tags for relative and absolute quantification), cICAT
(cleavable isotope-coded affinity tags) (Wu et al., 2006), SILAC (stable isotope labelling
by amino acids in cell culture) (Ong et al., 2002), label-free (Griffin et al., 2010),
metabolic labeling (e.g. >N) and tandem mass tag (TMT) (Elliott et al., 2009).

Elliott et al. (2009) fully discuss the range of methods available for relative and

absolute quantification, and this is summarised in the following discussion.

Absolute quantification will determine protein quantities as a concentration in a
known amount of a sample, such as a known amount of tissue (Bronstrup, 2004).
Samples can then be compared to assess the difference in proteome between the two
samples. For this, internal standards of spiked proteins or peptides are desirable, to
account for any variations in machine performance between samples (Elliott et al.,
2009). Although label free methods avoid the limitations of relative quantification
methods (discussed below), there are also issues with this: to directly compare the
guantities of a peptide, it must be detected in both sample runs; isotopically labelled
samples however, are quantified in the same MS/MS run so each selected peptide is
detected and quantified for every sample being compared. Consequently in label-free,
very high resultion MS machines are required to resolve peptides enough to detect

enough peptides for reliable quantitation (Elliott et al., 2009).

Relative quantification uses the introduction of mass tags to samples to bind to
peptides and quantify them through the relative ratios of the tags being detected by a
mass spectrometer (Ross et al., 2004). This means that two or more samples are
labelled and then combined at a certain point during the sample preparation process
(this varies depending on which labelling method is used), and then the isotopic labels

of each peptide or protein can be quantified (Ong and Mann, 2005). Some labels are
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introduced at the peptide level (after extraction and digestion of proteins into
peptides), some at the protein level (before protein digestion or before extraction)

(Elliott et al., 2009).

After consideration of the methods available, iTRAQ labelling was chosen for
quantitation. A discussion of this choice and the advantages and disadvantages

follows.

1.2.5.2.1 Comparison of iTRAQ to alternative labelling methods for proteomic profiling

There are several points during the proteomic sample preparation process when a
label could be introduced, and it varies depending on the method. These methods can
broadly be divided into metabolic labelling and chemical labelling (Bantscheff et al.,
2007). Metabolic labelling takes place before protein extraction as it uses isotopes of
chemical elements in amino acids to label proteins during protein synthesis (Beynon

and Pratt, 2005).

Whilst labelling during growth of cultures using metabolic labelling techniques such as
SILAC could in theory allow a larger number of samples to be analysed than other
metabolic labelling strategies (Bantscheff et al., 2007), the uptake rate of stable
isotope labelled arginine is affected by culture conditions, including salt (Mastrobuoni
et al., 2012), which would make it unsuitable for the current work. SILAC is also not
ideal for autotrophic organisms like algae, as they are less likely to incorporate amino
acids from growth media than if N labelling is used, because algae synthesise their
own amino acids. >N limits the comparison to just two samples, however (Elliott et al.,
2009). Metabolic labelling is also subject to issues of protein turnover rates and

possible incomplete labelling (Beynon and Pratt, 2005).

Use of chemical mass tags allows multiple samples to be labelled and compared
without the limitations discussed so far, and is therefore a more suitable method for
an experimental design which compares several proteomic samples from

photosynthetic organisms, as in the case of this research project.

Although other methods are available for isobaric labelling, such as ICAT, there are

limitations to these methods that lead to iTRAQ being chosen. ICAT bind specifically
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with cysteine residues, so that any peptide lacking these will not be labelled (Fuller and
Morris, 2012), which could exclude more than half of the peptides in a sample (Vaughn

et al., 2006).

One of the limitations of chemical mass tag labelling is the number of isotopes
available and therefore the number of samples that can be compared in one
experiment. Using a labelling system with as many sample channels as possible is
therefore advantageous in an exploratory experiment (Pottiez et al., 2012). iTRAQ 8-
plex kits have the largest number of sample channels available, whilst TMT is available

in 2-plex or 6-plex, and iTRAQ is also available in 4-plex (Pichler et al., 2010).

iTRAQ was concluded to be the most suitable quantification technique for this
investigation, although factors affecting data acquisition in iTRAQ must still be
considered, so these are discussed below. It must also be considered that every
guantitation method has its pitfalls and limitations, so method choice must match
suitability to experimental design, and take limitations into account during data

analysis (Elliott et al., 2009).

1.2.5.2.2 Principles of iTRAQ

In this study, iTRAQ was employed for relative quantification of proteins between
samples. This method allows shotgun proteomic analysis of up to 8 samples, using an
8-plex kit, by labelling peptides with isobaric tags (Wiese et al., 2007). Each 8-plex kit
contains 8 different isobaric tag labels. Each isobaric tag consists of a reporter group
(for which the mass is different for each of the 8 different labels), a balance group, and
an amine specific peptide reactive group (Sadowski et al., 2006). The structure of this

is shown in Figure 1.4.

[Image removed for copyright reasons]

Figure 1.4 Chemical structure of iTRAQ label (image taken from Sadowski et al. (2006)).

Proteins are extracted and digested into peptides during preparation for the mass
spectromtry process, and the digestion of proteins into peptides by trypsin results in
free amines at the N-terminus of each peptide, since trypsin cleaves at the carboxyl

side of the amino acids lysine and arginine (Olsen et al., 2004). During the labelling
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process, the free amine of the N-terminus on the peptide replaces the peptide reactive
group of the isobaric tag, and each peptide is labelled with the isobaric tag containing
a reporter group and a balance group (Elliott et al., 2009). The aim of the labelling
process is to obtain full coverage and label every peptide in a sample with the isobaric
tags. Once each of the 8 samples is labelled with the 8 different reporter groups, the
samples can be mixed together and the rest of the proteomic processing
(fractionation, clean up, identification via mass spectrometry, data processing) can
take place on one "sample", but the presence of the tags allows the relative quantities

of the peptides in each sample to be calculated (Bantscheff et al., 2007).

As each reporter group has an attached balance group, so each peptide in the sample
has the same mass upon entering the mass spectrometer, regardless of which tag label
is attached, hence being isobaric. As the sample is processed in the mass
spectrometer, peptides are selected for fragmentation. Each peptide is fragmented
into y-type and b-type sequence ions, and the reporter ions are released from the
peptide (Unwin, 2010). The intensity of each of these reporter ions and fragment ions
is detected by the mass spectrometer, thus a spectrum of a peptide will appear as in
the simplified example diagram in Figure 1.7. Through the relative intensities of the
reporter ions, it is therefore then possible to calculate the relative quantities of that
peptide in each of the 8 samples. Unique peptides that are identified can then be used
to calculate the relative quantities of a particular protein in each of the 8 samples

(Ross et al., 2004).
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Figure 1.5 Basic layout of a peptide spectrum (with iTRAQ tags) after fragmentation and detection by MS.
1.2.5.2.3 Advantages of iTRAQ labelling

This quantification approach was chosen for several reasons. Labelling the samples
means that all digested samples can be mixed and analysed by the mass spectrometer
at the same time. Therefore, variation in the performance of the mass spectrometer
will not affect the outcome of sample detection in an unequal way (Elliott et al., 2009).
Using labelling is also suitable for samples that require prefractionation before sample
injection into MS, since there will not be variations in fractionation between samples
as samples are already combined (Wang et al., 2012). A labelling method that allowed
several samples to be compared was preferred, since this maximises the number of
conditions and biological replicates that can be analysed, and the iTRAQ 8-plex kit is
one of the largest multi-channel resources available (Pichler et al., 2010). This makes it
highly suitable for comparing multiple conditions, or for comparisons of samples in a

time course experiment (Wang et al., 2012).

iTRAQ has been shown to be highly efficient in peptide labelling, for example Nogueira
et al. (2012) showed that 99.8% of all identified unique peptides. The quantification

values detected by mass spectrometry have also been shown to be reliable, with
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multiple injections showing good reproducability of relative quantities (Chong et al.,
2006). iTRAQ is also highly suitable for shotgun proteomics where a complex protein

sample is analysed (Aggarwal et al., 2006).

1.2.5.2.4 Current limitations and disadvantages of iTRAQ

iTRAQ has been shown to have systematic issues with underestimation of ratios of
peptides between samples, because the normalization of the sample compresses
ratios further towards the value 1 (Karp et al.,, 2010). This occurs for a number of
reasons, namely: isotope impurities, statistical correction of each sample to contain
the same mass of protein, and co-fragmented MS/MS (Evans et al., 2012). Although
protein samples are quantified to get an equal estimated quantity of each sample for
labelling, there will be small variations between the amount of sample loaded, which
must be accounted for (Fuller and Morris, 2012). There may also be other variations
like the efficiency of the label to bind to the sample, however experimental testing
showed the variation caused at the point of iTRAQ labelling to be much lower than
other technical or biological sources of variation in a workflow (Gan et al., 2007). These
differences are accounted for in quantification software by adjusting all detected
amounts so that the total amount detected is equal in each sample. This adjustment
can compress the detected ratio differences (Evans et al., 2012). There are also issues
of isotope contamination in separate labels at the point of manufacture (Evans et al.,

2012).

This can also cause problems with peptides that are present in low abundance: their
relative amount can be changed a lot by these normalization changes, and therefore
there is a cut off in intensity applied for peptides, so that differences between sample
groups are not over-magnified. This may mean that many proteins would be excluded
from anlaysis of differences between samples, and that only high abundance proteins
would be accurately quantified (Ow et al., 2009). It is possible to avoid this issue by
using variance-stabiliing normalization (VSN) (Karp et al., 2010). Another way of
accounting for this is to spike in known quantities of a specific protein to each sample

and apply a correction factor (Karp et al., 2010).
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Another issue may occur during selection of precurser ions; if two different peptides
have similar enough m/z ratios, they may be selected together and the reporter ions
would be from two difference peptides with different relative quantities (Fuller and
Morris, 2012). This can be solved in part by high resolution fractionation (Ow et al.,
2011), and fractionating samples using HPLC prior to LC-MS/MS will be an important

part of methodology in the experimental design used in this thesis.

The ratio of abundance between phenotypes is calculated by using an average of the
detected peptide ratios used to identify a protein. If one of these peptide ratios is not
accurate, this will affect the quantification of the whole protein (Fuller and Morris,
2012). Peptides may also only be relatively quantified if they appear in all of the iTRAQ
channels, otherwise ratios cannot be drawn between samples, since an unquantified

peptide will have a value of 0 (Gan et al., 2007).

These limitations of the technique mean that there are possible pitfalls in the analysis
and interpretation of data gathered in iTRAQ experiments. However, taking care to
employ suitable statistical analysis will overcome some of these. Other limitations will

have to be ackowledged during reporting of iTRAQ data.

1.2.5.2.5 Use of iTRAQ in literature for shotgun proteomics of algal samples

8-plex iTRAQ methods have been successfully used to study the effects of
environmental stresses on eukaryotic algae to identify key changes in the proteome.
Longworth et al. (2012) used iTRAQ 8-plex for a time course experimental study on C.
reinhardtii subjected to nitrogen stress to accumulate lipids. Gao et al. (in press)
studied Chlorella vulgaris exposed to pesticide Cypermethrin using four different
phenotypes. Du et al. (2014) studied silicon starvation and metabolism in the diatom
Thalassiosira pseudonana. Wase et al. (2014) studied the effects of nitrogen
deprivation on C. reinhardtii over time. This shows that iTRAQ 8-plex kits are suitable
to the purpose and experiments employed in this thesis, which will aim to explore the

effect of salt stress on the proteome of Chlamydomonas.

1.2.6 Choice of species for study

This study uses two known species to investigate oil production. The species were

chosen for two different but complimentary reasons. In Section 1.1 it was explained
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that two possible avenues for making algal biofuels energetically and economically
viable were to use biological and genetic engineering of algae to increase TAG output,
and to use algae with low energetic requirements for culture. Two species of
Chlamydomonas were chosen as suitable to tackle these two challenges. The first is
Chlamydomonas reinhardetii. This was chosen for the first part of the research because
it is one of the most suitable algae species for engineering purposes. Whilst this is not
a highly oleaginous algal species, researchers have recognised its suitability as a model
organism for investigating systems biology in green algae (Rupprecht, 2009). It is the
model organism for microalgae (Harris, 2001). It is a highly tractable microalgal species
(Grossman et al., 2003) and therefore suitable for proteomic and genetic investigation
and manipulation, and it has an already existing large body of information on the
proteome (Longworth et al., 2012; Stauber and Hippler, 2004), and phosphoproteome
(Wagner et al., 2006). There is already a good knowledge base on lipid biosynthesis in
C. reinhardtii from previous studies (Giroud et al., 1988) and success in proteomic
identification and engineered up-regulation of a lipid droplet protein (Moellering and
Benning, 2010). It has also been successfully genetically engineered with smaller PSII
antennae resulting in improved photon conversion efficiency and increased growth
rates in high light conditions (Beckmann et al., 2009). There is a comprehensive online
database, The Chlamydomonas Centre, of strain variants and tools for growing and

analysing the species (www.chlamy.org). The availability of information and

manipulation tools is the key aspect in choosing this species, as the ultimate aim of the
research is to engineer an algae species with enhanced oil producing capabilities. Using
this highly tractable species may allow methods of increasing lipid production and
accumulation through the successful execution of genetic modification. Additionally, a
large number of mutants are available, meaning that strains with enhanced lipid
producing abilities have been developed and can be used to target cell processes
further towards becoming the ideal biofuel producer. The proteomic analysis of this
species may give indicators as to which proteins need to be over-expressed or under-

expressed in order to achieve this.

Among the mutants of Chlamydomonas sp. that are available, are starchless mutants,

which show higher lipid accumulation levels than wild type strains (Li et al., 2010a; Li et
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al., 2010b; Work et al., 2010). Strains CC-4325 stal-1 mt- [Ball 17] and CC-4323 137c
mt- [Ball wild-type background for starch mutants] were ordered from the

Chlamydomonas Centre (www.chlamy.org), as a low starch producing mutant and a

wild type strain were required for experimentation. A cell wall defective mutant was
used in some preliminary experimentation (CCAP 11/32CW15+) and obtained from the
Culture Collection of Algae and Protozoa (CCAP, Oban, UK).

The second part of the research was to find ways of reducing the energy input into
algal biofuels by employing a species with low temperature growth requirements, and
to investigate ways of increasing lipid content in that species. For this the species
Chlamydomonas nivalis was selected. This is a snow alga and is a primary coloniser in
frozen and snowy environments (Remias et al., 2010), as it has the ability to grow in
extremely cold places with limited light, with the temperature for cell division being 0-
2°C (Hoham, 1975), although the optimum temperature for growth has also been
reported as 15-20°C (Hoham, 1975). This species was chosen as it is close
phylogenetically to C. reinhardtii, and may therefore prove an organism also well
suited to proteomic investigation using the same techniques as with C. reinhardtii. It is
necessary to either have a sequenced organism for proteomic investigation, or to use
homology-based sequence-similarity finding tools; identification of proteins for
proteomic investigations rely on matching peptide sequences to databases of known
proteins (Liska et al., 2004). If a genome is not available, the transcriptome can be
sequenced and used as a reference point (Guarnieri et al., 2011), but this supports the
point that proteomic data cannot be gained without the use of sequence information
of some kind. Sharing the same genus as Chlamydomonas reinhardtii may mean that
although C. nivalis is not sequenced, it can be proteomically investigated using
homology searches against the C. reinhardtii databases. Being able to grow in low
levels of sunlight and low temperatures is extremely useful for algal biofuels
development, as irradiance may be a limiting factor in theoretical yield calculations
(Weyer et al., 2010), and as outdoor algal cultures in temperate climates must be able
to grow in low temperatures during winter; a further reason that C. nivalis may prove a
desirable biofuel producer. Furthermore, C. nivalis has a greater tolerance for

environmental changes than C. reinhardtii, especially for salt conditions and
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temperature (Lu et al., 2012a; Lu et al., 2012c; Lukes et al., 2014). This means that a
greater range of environmental stress conditions can be used in lipid investigation with
C. nivalis than C. reinhardtii. This may reveal a greater capacity for lipid producing
mechanisms as a defence mechanism against these environmental stresses in C. nivalis
than in C. reinhardtii. C. nivalis has already been shown to increase lipid content under
certain salt concentrations, as shown by a Nile Red staining experiment (Lu et al.,

2012¢).

Combining the two advantages of investigating salt induced lipid production in a
model, sequenced, highly tractable species and a closely related halotolerant and
psychrophilic species will allow this study to compare the response of a little-
investigated species of interest which shows the potential for high lipid production
under salt stress, with the response of a well known species for which we have a good
platform for genetic engineering. It may be possible to use the mechanisms
investigated in the snow algae species in a modified version of the model species for
an alga designed for greater lipid production. Alternatively, the manipulation
techniques applied to C. reinhardtii might be used in C. nivalis if they are similar

enough.

1.2.7 Proteomic studies in Chlamydomonas reinhardtii

Chlamydomonas reinhardtii has been the subject of many proteomic investigations.
There have been two reviews that summarize and explain the findings in C. reinhardltii
(Rolland et al., 2009; Stauber and Hippler, 2004), although these are from a few years
ago and subsequently there has been a lot more research on C. reinhardtii proteomics,
which will be discussed subsequently. Broadly speaking the two reviews cover
advantages of C. reinhardtii as a candidate for proteomic research, the tools that have
advanced the study of the C. reinhardtii proteome, and the aspects of the proteome
that have been investigated and better understood due to proteomic research. These
focus on the eyespot apparatus, redox signalling, mitochondrial proteins, the
chloroplast, basal body and flagella proteins and circadian oscillators, with the review
by Stauber and Hippler (2004) having a main focus on the sub-proteomes of

Chlamydomonas. Neither review contains information specifically on the study of the
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proteome for lipid metabolism. Ndimba et al. (2013) reviewed the proteomics of
bioenergy crops, including algae. MLDP, high CO, conditions and hydrogen production
under anaerobic conditions are the main findings summarized by this review for algal
proteomic specific information, although they also state that most studies to date have
either been subcellular compartments or stress response investigations. Algal sample
preparation needs to be done carefully, since polysaccharide-rich sample species can

hinder SDS-PAGE separation (Ndimba et al., 2013).

Heat stress has also been investigated in C. reinhardtii using shotgun proteomics
(Muhlhaus et al., 2011). In this study chaperone proteins were up-regulated, whilst
proteins concerned with photosynthetic and photorespiratory carbon metabolism,
acetate metabolism, nitrogen metabolism, C; metabolism and cytosolic ribosomes
were down-regulated. Proteins detected involved with glycerolipid and carbohydrate
synthesis were also down-regulated. Gene Ontology enrichment was used to detect
the differences between protein down regulation and protein degradation due to

damage.

Proteomic investigations in C. reinhardtii have covered a wide range of research
focuses, but for the purposes of this study, those concerned with lipid metabolism will
be discussed. Table 1.2 summarises the experimental conditions and key findings from
a number of proteomic investigations of lipid production in C. reinhardtii. This is not an
exhaustive list but provides an indication of the breadth of existing research in this

field.

Table 1.2 Examples of proteomic analysis carried out on C. reinhardtii.

Investigation purpose, methods used, and key findings Reference
Nitrogen deprivation in CC124 and sta6-1. 2D-GEL and MALDI-TOF. Velmurugan et al.
(2014)

Periplasmic L-amino acid oxidase (LAO1) upregulation (control protein in carbon-
nitrogen intergration). Glutathione S transferases and esterase inducement
(lipid metabolism and lipid body associated proteins). Changes in major
chlorophyll enzymes and carbon fixation and uptake enzymes.

Nitrogen deprivation in mutated strain selected for lipid production. 2D-gel ad | Lee et al. (2014)
MALDI-TOF.
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Upregulation of beta-subunit of mitochondrial ATP synthase. Upregulation of
two-component response regulator PilR, a protein involved in response
mechanisms of environmental stresses.

Lipid-producing strains created by random mutagenesis. Comparison of wild- | Choi et al. (2013)
type with mutants at exponential and early stationary phase. 2D-PAGE and
MALDI-TOF.

Iron deficiency in cell wall-less strain. LC-MS/MS. Hohner et al

(2013)
Down-regulation of proteins involved in PSI, chlorophyll biosynthesis and the cyt

bef complex. Inducment of a bifunctional alcohol and acetaldehyde
dehydrogenase (ADH1). Inducement of proteases and redox and oxidative stress
related enzymes.

Micronutrient deficiency (copper, iron, zinc, manganese). Label-free | Hsieh et al. (2013)
guantification. LC-MS.

Nitrogen deprivation, iTRAQ quantification, LC-MS/MS. Longworth et al.

(2012)
Changes in activity balance between photosystems | and Il. Increase in cell wall

production and energy metabolism. Decrease in translation machinary.

Ammonuim (nitrogen) deprivation. LC-MS, label free spectral counting. Lee et al. (2012)

Calvin cycle, acetate uptake and chlorophyll biosynthesis were altered. Increase
in enzymes for lipid biosythesis and accumulation of short chain free fatty acids.

The majority of proteomic investigations of lipid production with C. reinhardtii have
been done with nitrogen deprivation. James et al. (2011) investigated the lipid profile
of starch-less mutants BAF-J5 and 17 under nitrogen deprivation, and found a shift in
the lipid profile but the only major protein found in the lipid oil fraction was MLDP (not
even oleosin or caleosin proteins were found, which would be expected as they are
major structural proteins in lipid bodies). However, Nguyen et al. (2011) found 248
proteins associated with the lipid bodies in C. reinhardtii (2 or more peptides) under
nitrogen stress, 33 of which were involved in lipid metabolism. These included key
steps of the TAG synthesis pathway. They also found a number of proteins showing
similarity to lipases and suggest that down regulation of these could be a route to
boosting oil accumulation under non-stress conditions; although, it may also be due to
degradation of plastidial membranes, which occurs when oil accumulation is triggered
(Nguyen et al., 2011). Longworth et al. (2012) investigated the proteomic changes in C.
reinhardtii under increased lipid production from nitrogen stress. 135 proteins across
all functional groups were found to be significantly altered under the lipid producing
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conditions, and two of these were specifically to do with fatty acid production: up-
regulation in acetyl-CoA carboxylase and a predicted protein with homology to long

chain acyl-CoA synthase.

Nitrogen sparing mechanisms have been studied and it has been shown that
respiration is prioritized over photosynthesis, and ribosomes were reduced. High
abundance proteins are decreased and low abundance proteins are increased, and
TAGs (which contain no nitrogen) are increased (Schmollinger et al., 2014). Eckardt
(2014) suggest that thylakoid membranes are reduced in TAG synthesis, rather than de
novo fatty acid biosynthesis, as they found that proteins involved with the early stages

of fatty acid metabolism were reduced under nitrogen deprivation.

1.2.8 Salt stress and lipid accumulation in microalgae and cyanobacteria

Salt stress (an induction of increased salt level) has been shown to cause TAG increase
in Nannochloropsis salina (Bartley et al., 2013), as well as decreased membrane lipid
content. Xia et al. (2014) have also shown that addition of high NaCl to a freshwater
algal species (Desmodesmus abundans) induced higher lipid productivity,
demonstrating that salt stress is not just relevant to halophile or halotolerant species.
Botryococcus braunii shows increases in the relative proportions of oleic acid and
palmitic acid under increased salinity (from 34 mM to 85 mM) (Rao et al., 2007).
Venkata Mohan and Devi (2014) also find higher lipid productivity under salinity
induction than under normal growth phases in their mixed microalgal culture.
Dunaliella salina has also been shown to increase lipid content in response to high salt

concentrations (Takagi et al., 2006).

In cyanobacteria, salt stress results in the inactivation of photosynthetic machinary (Hu
et al.,, 2014). To counter the effects of salt stress, halotolerant cyanobacteria have
protection mechanisms; namely the formation of compatible solutes, and the
desaturation of lipid membranes (Singh et al., 2002). The desaturation of lipid
membranes in salt stressed cyanobacteria is theorised to regulate the movement of
ionic salts in and out of the cell, thereby helping to prevent osmotic shock by
maintaining a low cellular salt content (Singh et al., 2002). The mechanisms of lipid

membrane desaturation that are used to counter salt stress are also used in low-
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temperature stress (Sakamoto and Murata, 2002). Cyanobacteria at low temperatures
have increased membrane lipid desaturation, as this makes the membrane more fluid
and aids low temperature stress tolerance (Yuzawa et al., 2014). The increase in
membrane fluidity due to lipid desaturation at low temperatures has also been found

in green alga Nannochloropsis salina (Van Wagenen et al., 2012).

It has also been found that cyanobacteria downregulate activity in photosystem Il
under salt stress but upregulate it in photosystem | (Zhang et al., 2010). This is
suggested to be to protect photosystem Il from excess excitation energy. The
upregulation of photosystem | activity has also been suggested to provide energy for
synthesising organic osmolytes to protect against osmotic stress (Zhang et al., 2010).
Proteomic analysis of cyanobacteria under salt stress reveals upregulation of synthesis
of compatible solutes glucosylglycerol and sucrose (Chen et al., 2014). ADP-glucose
phosphorylase upregulation was observed by Pandhal et al. (2008), this provides the

precursors for glucosylglycerol biosynthesis.

Whilst salt has been shown to induce lipid changes in cyanobacteria and microalgae, as
demonstrated in these studies, only one study investigated the effect of salt stress on

lipid content in C. reinhardtii (Siaut et al., 2011), and this did not study lipid profile.
1.2.9 Chlamydomonas reinhardtii: lipid knowledge and manipulation

1.2.9.1 Stress manipulation

Nitrogen deprivation has been the main focus in lipid manipulation in C. reinhardtii.
Sulphur stress has also been investigated and shown to be a lipid trigger (Cakmak et
al., 2012). According to Fan et al. (2011), light levels are important factors in the TAG
levels, as well as acetate availability. Sharma et al. (2012) provide a full description of
different stresses used to investigate the lipid profile in different species. C. reinhardtii
is to date documented to respond with a TAG increase to nitrogen deprivation and
sulphur deprivation. The effect of nitrogen stress and its interaction with culture
growth and metabolism has been discussed by Johnson and Alric (2013), who describe
how nitrogen deprivation induces cell growth arrest and loss of photosynthetic
apparatus. To explore the unknown pathways involved with carbon relocation to lipids,

they discuss the conditions known to lead to lipid production, namely: nitrogen
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deprivation; lack of cell wall; sufficient acetate availability; and sufficient light
availability. A full discussion of the known metabolic constraints of lipid production is

detailed in this review (Johnson and Alric, 2013).

1.2.9.2 Salt stress in C. reinhardtii

There have been a few studies of salt stress in C. reinhardtii, although only one that
investigates the effect of salt on lipid content (Siaut et al., 2011), and four studying the
proteome (Mastrobuoni et al., 2012; Neelam and Subramanyam, 2013; Subramanyam
et al., 2010; Yokthongwattana et al., 2012). Neelam and Subramanyam (2013) studied
the effect of salinity (50, 100, 150 mM) on the protein profile of Photosystem Il and
Light Harvesting Complex Il, and found inhibitory effects on their functioning, as well
as flagella motility inhibition. The inactivation of reaction centres in PSIl increased as
salinity increased, with a decrease of donor and acceptor side proteins and slower
electron transport. This data was supported by a loss of chlorophyll pigments in the
cells and changes in morphology. Similarly Subramanyam et al. (2010) targeted PSI and
LHCI proteins in cells grown under 100 mM NaCl conditions, as this was the less well
studied of the two photosystems with regards to salt stress. Electron transfer activity is
reduced under these conditions, as there is evidence that PSI-LHCI is damaged by
reactive oxygen species (ROS) under high salt conditions. This, in turn, impairs cell

growth.

Yokthongwattana et al. (2012) used 300 mM NaCl with an exposure time of 2 hours to
see the effect of short term sudden salt stress on the proteome. They used a 2D-gel-
based method for this and exclusively investigated proteins that were present in only
either the control or the salt stress group. 18 proteins appeared only in the control
group, including the only spot that was seen associated with fatty acid metabolism. In
contrast, 99 proteins were found in only the salt stressed sample. From these, a large
number were associated with carbohydrate (11%) and amino acid (12%) metabolism,
TCA cycle and energy metabolism (10%), photosynthesis (8%), protein folding, sorting
and degradation (9%), and stress related proteins (15%). Broadly Yokthongwattana et
al. (2012) concluded that: antioxidant enzymes are required to scavenge the ROS; the

cells require a lot of energy to maintain homeostasis, from the glycolytic and energy-
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producing metabolic pathways; and heat shock and chaperone proteins are required
to renature misfolded or aggregated proteins. Yokthongwattana et al. (2012) provide
some evidence that many changes to salt stress specific proteins could be from post
translational modifications (PTMs) (as an active role in countering salinity stress) rather
than de novo synthesis, although this was not proven. The alternative conclusion is
that proteins are inactivated by the toxic level of salt stress and lose their function via

PTMs.

Mastrobuoni et al. (2012) used SILAC labelling to measure proteomic changes under
100 mM and 150 mM NaCl over time points 1, 3, 8 and 24 hours, and combined this
with metabolomic analysis. This study focused on protein dynamics, namely half-life of
proteins and relative synthesis rates of proteins. They found proline accumulation as
functional response to salt stress, as it can aid resistence to salt stress and freezing.
They also found that amino acid metabolism is induced under salt stress. The
metabolite changes occurred sooner in the 150 mM salt stress, with the 100 mM salt
stress taking an additional 23 hours to reach the same metabolite pattern. The
changes in patterns in metabolites were not reflected in the proteome, and the two
salt conditions gave rise to very similar proteomes. It is suggested that the

metabolome regulation is post translational.

It has also been found that C. reinhardtii produces volatile organic compounds (VOCs)
in response to salt stress to mitigate against ROS. These VOCs induce a decrease in cell
density, but an increase in chlorophyll content and antioxidant enzyme activity (Zuo et
al., 2012). Salt stress is enhanced by high illumination, as demonstrated by production
of oxidative stress indicator lipid hydroperoxide in salt treated C. reinhardtii (Yoshida
et al., 2004). It has also been shown to enhance photoinhibition of photosyntheis, by
preventing cell repair from photodamage (Ledn and Galvan, 1999; Neale and Melis,
1989). The production of glycerol to mitigate against osmotic stress is limited by

illumination levels (Ledn and Galvan, 1999).

1.2.10 Lipid research in Chlamydomonas nivalis

There are currently three published studies on lipid biomarkers in C. nivalis under salt

conditions (Lu et al., 2012a; Lu et al., 2012b, c). Lu et al. (2012c) found that under a
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range of salt stresses, using Nile Red as their screening technique, the highest lipid
content was found at 1.00% NaCl (0.17 M NaCl) at 7 hours and 1.25% NaCl (0.21 M
NaCl) at 5 hours. The use of UPLC/Q-TOF-MS has shown that certain lipids are
biomarkers for salt stress; some appear during salt stress and others disappear under
salt stress, as the need for membrane stability changes (Lu et al., 2012a; Lu et al.,
2012c). The results from these previous studies can be summarised thus: the studies
address the types of lipid component and their relative proportions rather than
comparing relative levels of different fatty acid chains. The lipid types are sulfolipids
(sulfoquinovosyldiacylglycerol or SQDG), galactolipids (monogalactosyl diacylglycerol
or MGDG, and digalactosyldiacylglycerol or DGDG, collectively known as DAGs or
diacylglyerols) and phospholipids (phosphatidylglycerol or PG,
phosphatidylethanolamine or PE, and phosphatidylinositiol or PI) and diacylglyceryl
trimethylhomoserine (DGTS). The different lipid types can contain different fatty acid
chains and these change depending on the conditions the algae are grown in. Both the
relative proportions of the lipid groups change, as well as the chain types of fatty acids
within the different lipid types (Lu et al., 2012a; Lu et al., 2012c). It is therefore difficult
to draw apart exactly how the relative proportions of chain types as a whole change,
but these studies describe how certain lipid types change in response to salt stress;
regulation of galactolipid and the DGDG/MGDG ratio may be a response to salt stress
and protecting the function of the cell (Lu et al., 2012a). All of these lipid types are
polar, and therefore not the main group of lipids that are interesting for biofuels
research: TAGs are neutral lipids. However, the polar lipids are also the only lipids
investigated in the study of nutrient deprivation in C. nivalis carried out by Lu et al.
(2013), showing that, to date, there is no research focussing solely on the neutral lipids
or TAGs in this species, that accumulate in lipid bodies. One study into a related
Antarctic Chlamydomonas species studied lipid accumulation under salt stress (An et
al., 2013) and found a 23% lipid content (w/w) under 16% NaCl, and a strong influence

of salinity on lipid profile.

No proteomic studies on C. nivalis exist to date. There has been a proteomic study
(using 2-DE and subsequent MALDI-ToF-MS) on the effect of low temperature stress

(4-6°C compared with control condition 6-8°C) on a related Antarctic "Chlamydomonas
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sp." (Kan et al., 2006), which identifies newly expressed enzymes that are important
for the transport and metabolism of amino acids (homocitrate, isopropylmalate and
citramalate synthases) and help the cells to maintain normal metabolism under
temperature induced decreases. The second newly expressed protein was glutathione
S-transferase, associated with free radical, active oxygen and noxious metabolite
scavenging, which is necessary under low temperature stress. This paper references
Palmisano and Sullivan (1982) on the role of increased fat in protecting ice diatoms
from freezing, and Devos et al. (1998) for the role of Rubisco in adaptation to cold in
psychrophilic algae. The authors also highlight the importance of protein sample
preparation in Antarctic species with thick cell walls and a large amount of high-
molecular weight substances (lipid, starch, polysaccharide pigments and salts) that

need to be removed with TCA-acetone precipitation.

Non genome sequenced algae can be used for proteomic work using do novo
sequencing or EST databases (Ndimba et al., 2013), but the information obtained will
be limited. Investigating an unsequenced species may require cross-species
investigation (Wright et al., 2010). This is made possible by shared peptides between
species, which can be high even in species not in the same genus, as demonstrated by
30-50% shared peptides between Mus musculus and Homo sapians (Snijders et al.,
2007). Pandhal et al. (2008) have demonstrated the successful use of this technique in
a (quantitative proteomic study of salt concentration on an unsequenced
cyanobacterium, and identified 383 proteins using a combination of sequenced
organism databases (although 82.5% of the identfications came from one closely
related species). Pereira-Medrano et al. (2012) have also demonstrated this in a
guantitative proteomic study of unsequenced psychrophilic bacterium Pedobacter
cryoconitis. The number of identifications that can be made in cross-species
investigation is limited by differences in amino acid sequences (and therefore peptide
masses) between species, and therefore this method does not yield as many successful

peptide identifications as when using a sequenced species (Wright et al., 2010).
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1.2.11 Gaps in research and opportunities for investigation

The lack of full lipid investigation into C. reinhardtii under salt stress provides an
opportunity to investigate this model species under a new stress condition that could
provide further understanding of lipid metabolism changes under stress. Unlike
nitrogen stress, salt stress does not necessarily have the same limits on protein
synthesis and cell division, and therefore might address the issues that affect overall
lipid productivity in a culture. Coupling lipid investigation with proteomic analysis
improves the chances of understanding these mechanisms within the cells, which as

yet has not been carried out on lipid studies in C. reinhardltii.

Although lipid biomarkers have been investigated in C. nivalis, lipid productivity and
suitability of the species to biofuel production has not been carried out in full, despite
its advantages in robustness to environmental changes, and its low temperature
requirements. This species has not been sequenced, so to date no proteomic studies

have been carried out on it.

These areas have been chosen to explore the aim of this thesis - to explore ways to
enhance microalgal biofuel production - and these are explained in more detail in the

project aims in Section 1.3.
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1.3 Aims of this PhD thesis

The aim of this research, broadly speaking, is to find ways of increasing the useful
output from microalgae for renewable energy purposes. There are potentially several
angles for doing this spanning over the range of upstream and downstream processes,
but this project focusses specifically on the ways that biological understanding can
influence both biological engineering of algal species and also the culturing of species
to improve the oil content of those algae. Knowing that "lipid triggers" are a proven

way to increase the overall oil content of algal biomass, this path was pursued.

The first aim was to establish whether salt stress was a lipid trigger in Chlamydomonas
reinhardtii and if so, how this influenced the lipid profile of the species. It was
important to know how the many different aspects of the biology interacted together,
so the aim was not just to assess lipid content and profiling, but also aspects of carbon
partitioning, growth data, and ability to carry out photosynthesis. This knowledge of
exactly how different salt concentrations affect C. reinhardtii in these aspects informs
research on how we can engineer algal cultures using lipid trigger understanding. Prior
work has shown that these mechanisms are not simple and that making an algal cell
produce more lipid suitable for biofuel may be a complex multifaceted problem.
Understanding the lipid profiling in response to salt stress is also important for
understanding the ability for cultures to function under fluctuating salinity, as may
occur in open pond environments, and how the cells regulate their necessary

processes for growth and maintenance with the desired process of creating lipids.

The second aim was to identify proteomic changes in the regulation of proteins
associated with these key biological processes in response to salt, most importantly
the regulation of lipid production, accumulation and regulation of different fatty acids.
The quantitative difference between proteomes of treatment types, under normal and
altered (ideally elevated) lipid producing conditions would demonstrate which proteins
were responsible in the regulation of these lipids and for all processes associated with

coping with increased salinity stress.

The third aim was to take a closely related species C. nivalis and investigate these same

biological processes and regulation of lipid production under salt stress, with respect
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to proteomic changes, as described for C. reinhardtii in aims 1 and 2. C. nivalis has
different growth conditions so the influence of carbon source presence and
temperature and species may have a different outcome to that of C. reinhardtii.
Furthermore, it has a higher salt stress tolerance (1.2 versus 0.1 M NacCl). Part of this

aim will be to explore the genetic and proteomic similarly of the two species.

By exploring these aims together, the suitability of C. reinhardtii and C. nivalis as
biofuel producers could be evaluated and compared. Linking this research to
proteomic data on the response of the species to a potential and unexplored lipid
trigger could aid bio-engineering of algal cultures in the future to improve algal biofuel
yields as much as possible. By comparing the proteomic studies from two species, we
may be able to gain molecular information on the differences in lipid responses to salt

from the two species.

The original contribution of this thesis is to provide in depth analysis of the effect of
salt stress on the lipid profiles of two Chlamydomonas species, coupled to proteomic
investigation of the lipid metabolism under salt stress. To date, there has been no
detailed lipid profiling of C. reinhardtii under salt stress and therefore no clear
evidence of whether or not this provides a lipid trigger in this species. Whilst there has
been some lipid biomarker study of C. nivalis under salt stress in previous studies,
there has been no proteomic investigation of the lipid changes using this un-
sequenced species, and little investigation into its suitability to biofuel production.
Therefore, these gaps in scientific knowledge are the areas that this thesis addresses.
The flow chart displayed in Figure 1.6 outlines how this thesis will address these areas
of investigation. Overall, the investigations into salt stress in microalgae may provide
crucial information into its effects on producing biodiesel from algae on an industrial

scale, since salt conditions have the potential to enhance or reduce yields.
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Chapter1
Background literature review on algal biofuels with a focus on use of stressors
aslipid triggers, and proteomics to investigate lipid accumulation.

Chapter2

Description of experimental design and methods employedin algal culturing,
measuring biological parameters (growth, lipids, carbohydratesand
photosyntheticactivity), and proteomic techniques.

Chapter3

Results chapter 1: Exploring lipid techniques for quantificationin algaeand
descriptionsof why the experimental design and methods used for
experimental chapters4 and 5 were chosen.

Chapter4

Results chapter 2: Investigation into the effect of salt stress on lipid
production, growth and other biological parametersin C. reinhardtii, with
supporting proteomic investigation of salt stressed phenotypes.

Chapter5

Results chapter 3: Investigation into the effect of salt stress on lipid
production, growth and other biological parametersin C. nivalis, with
supporting proteomic investigation of salt stressed phenotypes displaying

lipid accumulation.
Chapter6
Results chapter 4: Comparison of the proteomic results obtained from C.

reinhardtii and C. nivalis subjected to salt stress, and implicationsfor the role
of salt stress in biofuel research and as a lipid trigger.

Chapter?7
Discussion, conclusions and future work.

Figure 1.6 Flow diagram of chapters and thesis structure.
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2 Chapter 2: Materials and Methods

The methods used in this thesis are designed to investigate various biological
parameters of two algal species in laboratory cultures. The main areas of investigation
are growth (both in terms of biomass production and cell numbers), lipid production,
carbohydrate  production, chlorophyll  production, cell morphology and
photosynthesis/respiration rates. The second main aim is to quantify the proteome of
the different algal species and comparing the proteomes under lipid producing

conditions.

This chapter sets out the methods that have been tested and developed, and describes
the final methods that were used to gather data for the project. Additionally, the

experimental design of the thesis is outlined below.

2.1 Experimental design

This section outlines the list of experiments undertaken and the reasons for choosing
these experimental designs. The aim of the experiments in this thesis are to reveal the
effect of salt stress on the lipid production of two species of algae, through lipid
analysis and subsequent proteomic analysis. The broad workflow of the experiments is
shown in Figure 2.1, although the details of the experimental design (e.g. exact culture
conditions, lipid measuring techniques, salt conditions) developed as the research
progressed. The list of experiments undertaken is summarised and explained in Table
2.1. The reasons for the developments in experimental design are further expanded in
Chapter 3; this chapter presents the data obtained from preliminary lipid experiments
and how this informed the choice of experimental design that forms the main body of
investigation for this thesis (Chapters 4-6). All preliminary work (Experiments 1-8 in
Table 2.1) was carried out on C. reinhardtii, whilst the full investigations of lipid profile

and subsequent proteomic analysis (Experiments 9-16 in Table 2.1) were carried out
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on both species. The choice of salt concentrations is described and explained in Section

2.3.1.

. 8 -
Stage 1: Culturing ==Control
ofalgaeinsaltand 6 | ®Saltstress
control conditions, g ¢
L pes . E Saltstress
with lipid analysis S 4
T3
=]
=2
1
0 . -
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Time (hours)
Stage 3: Selection of \ Stage 2: Additional analysis

appropriate sample timings
(onsetof lipid accumulation) of
proteomicanalysis via 8-plex

(optical density, biomass,
chlorophyll, starch,
photosynthesis and

iTRAQ respiration, microscopy)
v
Control (e.g. 24 hour) Salt(e.g. 24 hour)
| Compared
with

Stage 4: Protein extraction, digestion,
labelling, clean up and identification via
mass spectrometry

Stage 5: Data processing and
identification of up and down regulated
proteins and pathways associated with
lipid accumulation in Chlamydomonas

Figure 2.1 Experimental design workflow for investigating the effect of salt on lipid metabolism in
Chlamydomonas species.
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Table 2.1 Summary table of experiments carried out for this thesis. Experiments are ordered chronologically and include rationale for changes in experimental design to show development of
methods and experimentation.

Experiment Experiment description Species used Salt Methods Aims and desired outcomes of Alterations (with rationale) to
number conditions used experiment experimental design from previous
tested experiment

1 1 mL seeding culture in 100 mL of TAP media C. reinhardtii | 0,0.05, 0.1, Gravimetric To determine the optimum salt N/A
containing a salt concentration. 1 replicate. wildtype CC- | 0.15,0.2 and lipid analysis concentration for increasing lipid content
Sampling took place at late log phase of 4323 137c 0.25 M NacCl in wild type C. reinhardtii by measuring
growth curve (time point different for each mt- lipid content in each culture. Growth
condition). measured via OD and cell counts.

2 1 mL seeding culture in 100 mL of TAP media C. reinhardtii | 0,0.05,0.1, Gravimetric To determine if sampling early or later in Introducing salt at later stages as
containing a salt concentration, or containing wildtype CC- | 0.15,0.2 M lipid analysis the growth cycle affected the lipid well as it the point of seeding to look
only TAP media and introducing salt later to 4323 137c NaCl content. Also to determine if adding salt to | at the effect of stress addition timing
the culture at different time points. 1 mt- a culture partway through, rather than at on the lipid content. Loss of 0.25 M
replicate. Sampling took place at different the start, affected lipid content. NaCl condition due to contaminated
time points for each set of cultures. culture.

3 1 mL seeding culture in 100 mL of TAP media C. reinhardtii | 0,0.05, 0.1, Gravimetric To confirm results obtained from Repeat of experiment 1, with 3
containing a salt concentration. 3 replicates. wildtype CC- | 0.15,0.2 M lipid analysis experiment 1 were consistent biological replicates.

Sampling took place at late log phase of 4323 137c NaCl (determining optimum salt concentration

growth curve (time point different for each mt- and to make them more scientifically

condition). rigourous by using three biological
replicates.)

4 Using samples from experiments 1 and 2 C. reinhardtii | 0,0.05,0.1, Microcolorim | To test accuracy and suitability of Testing of microcolorimetric method
gravimetric lipid extracts to test the accuracy wildtype CC- | 0.15and 0.2 etric lipid microcolorimetric techniques. againt gravimtric results to see if this
of the microcolorimetric method. 4323 137c M NacCl analysis Comparisons of results obtained with method would allow lipid analysis

mt- gravmietric results. using smaller sample sizes.

5 Cultures grown in TAP media (no added salt) C. reinhardtii | 0and 0.15 M Nile Red lipid Nile Red samples are small enough to take | Use of 0.15 M NaCl, it was
until log phase and resuspended using salt cell wall NaCl. Also analysis multiple time points in a time course. Aim determined from experiment 2 that
media to ODy5,0.44. Multiple time points mutant CCAP | Nitrogen to compare lipid content over time in salt this was likely to yield the highest
obtained and lipid analysis via Nile Red. 11/32CW15+ | deprivation. stress conditions, control conditions, and lipid content. Comparison against

established lipid trigger nitrogen
deprivation.

the known stress (nitrogen
deprivation) shown to increase lipid
in cell wall mutant.
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6 Cultures grown in TAP media (no added salt) C. reinhardtii | 0,0.15 and Nile Red lipid Compare lipid content over time in Results from experiment 5 did not
until log phase and resuspended using salt starchless 0.2 M NacCl analysis starchless mutant strain under control, yield increase in Nile Red
media to OD;s40.44. Multiple time points mutant CC- 0.15 and 0.2 M NacCl. fluroescence, so starchless mutant
obtained and lipid analysis via Nile Red. 4325 stal-1 and higher salt conditions of 0.2 M

mt- [Ball 17] NaCl were tested.

7 Cultures grown in TAP media (no added salt) C. reinhardtii | 0,0.2and 0.3 | Nile Red lipid Compare lipid content over time in Experiment 6 did not yield a high
until log phase and resuspended using salt starchless M Nacl analysis starchless mutant strain under control, 0.2 | increase in Nile Red fluorescence.
media to OD;540.44. Multiple time points mutant CC- and 0.3 M NaCl. Salt may have been interferring with
obtained and lipid analysis via Nile Red. 4325 stal-1 Nile Red so PBS buffer was used to
PBS buffer used. mt- [Ball 17] wash samples. Higher salt conditions

were also used.

8 Cultures grown in TAP media (no added salt) C. reinhardtii | 0,0.2and 0.3 | Nile Red lipid Compare lipid content over time in Repeat of experiment 7 but with
until log phase and resuspended using salt starchless M NacCl analysis and starchless mutant strain under control, 0.2 | protein samples also obtained to
media to OD;50.44. Multiple time points mutant CC- protein and 0.3 M NaCl, and take protein samples compare proteomes of cultures
obtained and lipid analysis via Nile Red. 4325 stal-1 extractions for proteomic analysis of lipid producing under control and high lipid
PBS buffer used. Protein samples obtained at mt- [Ball 17] conditions. (iTRAQ data not included in producing conditions.
multiple time points. results chapters).

9 Cultures grown in TAP media (no added salt) C. reinhardtii | 0,0.2and 0.3 | GC analysis Use samples from experiment 8 to Same samples as experiment 8, but
until log phase and resuspended using salt starchless M NacCl compare FAME profile over time in tested via GC analysis to compare
media to OD;s40.44. Multiple time points mutant CC- starchless mutant strain under control, 0.2 | FAME to Nile Red result.
obtained and lipid analysis via GC analysis of 4325 stal-1 and 0.3 M NaCl.

FAME. mt- [Ball 17]
PBS buffer used.

10 Cultures grown in TAP media (no added salt) C. reinhardtii | 0and 0.1 M GC analysis Examine FAME profile over time in Lower salt concentration than
until log phase and resuspended using salt starchless NaCl starchless mutant strain under control and | experiment 9, to compare the
media to OD;5,0.44. Multiple time points mutant CC- 0.1 M NacCl. effects of high salt (0.2 M and above)
obtained and lipid analysis via GC analysis of 4325 stal-1 and low salt (0.1 M) on FAME profile.
FAME. mt- [Ball 17]

PBS buffer used.

11 Cultures grown in TAP media (no added salt) C. reinhardtii | 0,0.2and 0.3 | GC lipid Carry out iTRAQ proteomic experiment of Repeat of experiment 9 but with
until log phase and resuspended using salt starchless M NacCl analysis and short term salt stress (at 3 hours fewer time points (as already
media to ODy570.44. Multiple time points mutant CC- iTRAQ exposure), comparing 3x control samples, established FAME profile in
obtained and lipid analysis via GC analysis of 4325 stal-1 proteomic 2x 0.2 M NaCl samples, and 3x 0.3 M NaCl experiment 9) and with protein
FAME. mt- [Ball 17] analysis samples. samples obtained for proteomic
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PBS buffer used. Protein samples obtained at
multiple time points.

analysis.

12 Single replicate preliminary data. C. nivalis 0,0.2,0.5,1.0 | GClipid Compare FAME profile over time in C. Preliminary tests on C. nivalis.
Cultures grown in 3N-BBM-V media (no salt) and1.5M analysis nivalis under different salt conditions to Different salt concentrations used to
until log phase and salt was added to media. NacCl establish the best salt concentration to C. reinhardtii because C. nivalis has a
Multiple time points obtained and lipid increase lipids in this species. higher salt tolerance.
analysis via GC analysis of FAME.

PBS buffer used.

13 Cultures grown in 3N-BBM-V media (no salt) C. nivalis Oand 1.4 M GC lipid Carry out iTRAQ proteomic experiment of 3x biological replicates of control
until log phase and resuspended using salt NaCl analysis and short term salt stress (at 3 hours and high salt conditions. High salt
media to OD;s0.44. Multiple time points iTRAQ exposure), comparing 3x control samples conditions had been used in C.
obtained and lipid analysis via GC analysis of proteomic C. nivalis, 3x 1.4 M NaCl samples C. nivalis, | reinhardtii for a short term lipid
FAME. analysis and 2x 0.3 M NaCl samples C. reinhardtii response to salt stress, so salt
PBS buffer used. Protein samples obtained at (used as 2 additonal 8-plex channels were conditions beyond the salt tolerance
multiple time points. available). (iTRAQ data was not able to be of C. nivalis were used to try to

obtained for results chapters). achieve the same effect.

14 Cultures grown in 3N-BBM-V media (no salt) C. nivalis 0Oand 0.2 M GC lipid Compare FAME profile over time of 3x biological replicates of control
until log phase and resuspended using salt NacCl analysis control conditions and of 0.2 M NaCl and 0.2 M NaCl salt conditions.
media to OD;sy0.44. Multiple time points conditions (found from preliminary Preliminary results from experiment
obtained and lipid analysis via GC analysis of experiment 12 to be the most suitable for 12 and literature data suggested this
FAME. lipid increase from long term salt stress). salt condition would achieve high
PBS buffer used. lipid contents in C. nivalis.

15 Cultures grown in 3N-BBM-V media (no salt) C. nivalis 0and0.2 M GC lipid Compare FAME profile over time of Repeat of experiment 14 but grown
until log phase and resuspended using salt NaCl analysis control conditions and of 0.2 M NaCl to higher OD before resuspension to
media to ODy5,0.7. Multiple time points conditions when carrying out resuspension | ensure a thick starting culture to
obtained and lipid analysis via GC analysis of at later phase in growth curve. obtain biomass.

FAME.
PBS buffer used.

16 Cultures grown in 3N-BBM-V media (no salt) C. nivalis 0Oand 0.2 M GC lipid Carry out 8-plex iTRAQ proteomic Repeat of experiment 14, but with
until log phase and resuspended using salt NaCl analysis and experiment of 0.2 M NaCl salt stress, protein samples taken at multiple
media to ODy5,0.35. Multiple time points iTRAQ comparing 2x0.2 M NaCl samples at 3 time points for subsequent
obtained and lipid analysis via GC analysis of proteomic hours, 2x 0.2 M NaCl samples at 82 hours, proteomic investigation.

FAME. analysis 2x 0.2 M NaCl samples at 170 hours, and

PBS buffer used. Protein samples obtained at

2x control samples at 170 hours.
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multiple time points.

17 Genetic analysis C. nivalis Control 18S To establish strength of genetic N/A

sequencing relatedness of C. nivalis to C. reinhardtii.

18 Cultures grown in TAP media (no addded salt) | C. reinhardtii | 0,0.1,0.15 GC lipid Carry out 8-plex iTRAQ proteomic Repeat of experiment 11, but with
until log phase and resuspended using salt and 0.2 M analysis and experiment of 0.2 M NaCl salt stress, protein samples taken at multiple
media to OD;540.35. Multiple time points NaCl iTRAQ comparing 2x 0.2 M NaCl samples at 3 time points for subsequent
obtained and lipid analysis via GC analysis of proteomic hours, 2x 0.2 M NaCl samples at 11 hours, proteomic investigation.

FAME. analysis 2x 0.2 M NaCl samples at 18 hours, and 2x

PBS buffer used. Protein samples obtained at
multiple time points.

control samples at 18 hours.
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2.2 Algal species

Algal species Chlamydomonas reinhardtii strain CC-4323 137c mt- (Ball background
strain nitl nit2) and strain CC-4325 stal-1 mt- [Ball I7] were obtained from the
Chlamydomonas Resource Centre (www.chlamycollection.org). The Ball 17 strain is
deficient in the catalytic (small) subunit of ADP-glucose pyrophosphorylase and was

obtained by X-ray mutagenesis of the wild type strain CC-4323.

Snow algal species Chlamydomonas nivalis (strain number CCAP 11/128) was obtained
from the Culture Collection of Algae and Protozoa, Scottish Marine Institute, Oban.
This strain was originally collected from rocks below a snowfield near Saddlebag Lake,

Sierra, USA.

2.3 Algal culturing

Chlamydomonas reinhardtii was used for the majority of experiments, due to its more
highly tractable nature for genetic transformations (Leon-Banares et al., 2004).
Cultures were grown in TAP medium, for mixotrophic growth. The composition of TAP
medium is shown in Appendix A. Cultures were grown in 24 hour light, at 25°C
(monitored and keep constant by the Seasons Air Conditioning unit in the growth
room) and at light intensity displayed in Figure 2.2. The cultures were grown without
shaking initially (the shaker in this room was Stuart Orbital Shaker SSL1, Serial Number
R000101087, Barloworld Scientific Limited, Stone, Staffordshire, UK), and all cultures
were seeded from 1 mL culture in 100 mL media in 250 mL conical flasks, sealed with
55 x 50 mm polyurethane foam sponges (Fisherbrand Scientific, UK, product code

12904301) to allow some air, and therefore carbon dioxide, to enter the flask.
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Figure 2.2 | Light intensity across the top shelf (A) and bottom shelf shaker (B) of the growth room (C). Light
intensity measured in micro-Einsteins/m’/second (p.Em'zs'l). Cultures on the top shelf were 40 cm from the
light source. Cultures on the bottom shelf were 90 cm from the light source. Lights were Osram Lumilux cool
white L36W/840 fluorescent bulbs (Germany).

After initial experiments, it was noted that the cultures would need to be shaken to

ensure homogeneity of the culture, both in terms of the proteomic activity and for

biological activity generally. Cultures were, from this point forward, grown in a Sanyo

Versatile Environmental Test Chamber Model MLR-351H on shakers at 100 rpm. The

light intensity was recorded across the different shakers and displayed in Figure 2.3.

The temperature was 25°C and light was 24 hour constant cycle.
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Figure 2.3 | Light intensities on different levels of the Sanyo Versatile Environmental Test Chambers (D and E).
Chamber contains 4 levels. The first level was not used in this experiment. The light intensities on the shakers
placed on the second (A), third (B) and fourth (C) levels. Light measured in micro-Einsteins/m*/second (p.Em'zs'l).

Shakers were Yellowline 052 basic (Scientific Laboratory Supplies, IKA-Werke, Germany).

Two different approaches were taken to seeding the cultures with salt medium.

Initially the cultures were seeded with 1 mL seeding stock in 100 mL fresh medium. In

this approach, the culture takes a long time to reach high culture density at high

salinities but the cells in the culture were viable and intact, since the cells will only

grow in the culture if they are able to withstand the culture conditions. The second

approach was to grow the culture for 48 hours in normal TAP medium and then
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centrifuge and re-suspend the culture at an early-to-mid log growth phase (in this case
measured as 0.44 OD at 750 nm) in either normal TAP medium or TAP medium with

NaCl added to the desired concentration.

A second species, C. nivalis, a snow alga, was also investigated. This species naturally
occurs in meltwater from ice and snow. It was grown in 3N-BBM-V medium, the
composition for which can be found in Appendix A. It requires a relatively low
temperature in order to grow, so a water bath at 16°C was set up with 250 mL conical
flasks (containing 100 mL of culture) held in place with clamp stands. The water in the
bath was heated by Tempette TE-8A heating element (Techne, Cambridge, UK, Serial
No. 2200417) and cooled by P Selecta cooling element (Serial no. 116580). The light
intensities (measured with a Scalar PAR Irradiance Sensor, Biospherical Instruments
Inc, Serial number QSL-2100), for the growth of C. nivalis are shown in Figure 2.4A, B
and C. Since the medium does not have a carbon source in it, the algae required
carbon dioxide as the carbon source. Filtered sterile air was bubbled into the cultures
using a pump and tubing with Whatman hepa-vent filters (Cat. no. 6723-5000, GE
Healthcare Life Sciences, UK). The flow rate of air for the cultures was between 61.0
and 71.8 mL min. The air was at room temperature (approximately 21°C). Although
the bubbling encouraged growth of the cultures, the system of tubing and sponge
bungs did not completely seal the system and thus the cultures did not remain sterile.
In addition, greater volumes of culture were required. Instead, a culturing system using
500 mL measuring cylinders and rubber bungs to seal them was used. Each bung had
three holes drilled into it to allow three sets of tubing to enter the cylinders. One tube,
for air inlet, reached the bottom of the culture and ended in a 1 mL pipette tip, which
was used to bubble the air. It was connected to a filter and a pump. The second tube
reached 3 cm into the cylinder, above the medium level, facilitating air outlet. A filter
was attached to the air outflow, to ensure the system was sealed and that no
contamination could enter via the outlet tube. The third tube reached to the bottom of
the culture. This was for sampling, so that the system would not have to be opened
each time a sample was taken. The sampling tube was clamped shut with a metal
clamp. During sampling it was opened and syringes were used to draw out the sample

through this tube. The set up is shown in Figure 2.4E and F.
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Figure 2.4 | Light distribution in the growth set up for Chlamydomonas nivalis, as pictured from the top of the
tank. Diagrams show light intensity at the surface of the water (A), halfway down the tank (B), and at the bottom
of the tank (C). All values measured in micro-Einsteins/m>/second (p.Em'zs'l). Growth set up (E, F) demonstrates
light rig which contains 4 fluorescent tube lights (Wickes 18W, 57 cm length).

2.3.1 Application of salt stress

In C. nivalis, the cultures were grown to mid-log phase, at OD between 0.35 and 0.6
(750 nm), then salt stress was introduced. In the preliminary experiment, 4 different
salt concentrations (one replicate only, due to space restrictions) were applied as well
as a control. These were 0.2, 0.5, 1.0 and 1.5 M NaCl, and were added in as un-
dissolved salt. After this preliminary experiment, two salt concentrations were chosen
for subsequent experiments. The first was 1.4 M, as this was a high salt level beyond

the C. nivalis salt tolerance level of 1.2 M. The sudden shock response of the algae
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immediately after high salt stress application was of interest, as high osmotic shock
would reveal a clear response in this halotolerant species. The high level of osmotic
shock would also show how algae respond on a short term basis to dealing with very
saline conditions, and also how a large change in salinity from the original growth
conditions would affect the lipid reponse. Three replicates of control and salt stressed
cultures were grown. To make up 1.4 M salt in 500 mL solution, 4 M salt 3N-BBM-V
media was made and 175 mL of this was added to 325 mL of grown culture. The same
was applied to the control cultures using normal 3N-BBM-V medium. Most tubes lost
some volume due to evaporation (approximately 100 mL), therefore culture volume
and salinity was maintained by topping up with the appropriate medium at the start of

the experiment.

The second main salt concentration investigated in C. nivalis was 0.2 M NaCl. This was
chosen as a low level salt stress that is well within the tolerance of the species. There is
literature to show that this concentration of NaCl can envoke a lipid increase response
in this species (Lu et al., 2012c), and preliminary testing of the FAME profile confirmed
this to be the case. This salt concentration is therefore of interest particularly for a low

level, long-term reponse to salt stress that can accumulate lipid content over time.

In C. reinhardtii, preliminary experiments grew the cultures in TAP medium made up to
the appropriate NaCl molarity from the start of the culture. In later experiments, salt
was added into the cultures by simply adding in the appropriate amount of un-
dissolved salt. Finally the approach was used of growing the cultures in normal TAP
medium to late log phase, spinning the cultures down at 3000 g for 5 minutes and re-
suspending them in TAP medium with NaCl dissolved in the media at the appropriate
amounts, and this was the approach used for the majority of experiments.
Chlamydomonas reinhardtii has been reported to tolerate salt concentrations of up to
200 mM NaCl (Leon and Galvan, 1994), so initial experiments used a range of salt
concentrations to establish the limit of salinity tolerance in this species. A range of salt
concentrations (0, 50, 100, 150, 200 and 250 mM NaCl) was used, with each culture

condition grown in triplicate. Later in the final experiments, the salt concentrations
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100, 200 and 300 mM were used. These were chosen because the research is testing
the response of the model species both within the bounds of tolerance (100 mM) to
see the long term response of low level salt stress, and on the boundary of (200 mM)
and beyond the bounds of salt tolerance (300 mM). Long term low level salt stress may
reveal how a growing culture adapts and responds to salt stress over time, whilst short
term extreme responses may reveal different mechanisms at play in lipid metabolism.
The development of the chosen salt stress conditions for experiments is explained

further in Table 2.1.

2.4 Biological parameters

2.4.1 Growth

To measure growth, initially cell counts were measured against optical density (OD).
Cell counts were taken using a Helber Cell Counting chamber, taking 10 cell counts for
each sample and using an average to establish the final cell count number. The algal
cells were prepared in a solution of 9:1 algae culture: Grams lodine solution. 20 uL was
pipetted onto the Helber Slide counting chamber and the heavy coverslip firmly placed
on top. The cells were counted in four of the large squares, on each of the four corners
of the counting chamber. This process was repeated 10 times with fresh algal culture

and Grams lodine solution.

Correlation curves were made between cell counts and OD, and afterwards OD was
used as a measure of culture growth. The OD originally used was 600 nm and this is
what was used for the cell count correlations. However, later, OD at 750 nm was used
as the measure of growth phase, since a wavescan of a Chlamydomonas culture across
a wide range of wavelengths showed that this OD was far enough away from pigment
peaks (680 nm) and peaks that would also include bacterial cells (600 nm) to be a good
representation of the culture growth (see Figure 2.5). However, OD at all three of
these wavelengths was recorded for subsequent growth experiments. OD was
measured on an Ultraspec 2100 Pro spectrophotometer (Serial no. 88446, Biochrom

Ltd, Cambridge, UK), using 1 mL cuvettes, and using deionised water as a blank.
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Figure 2.5 | Wavescan of C. nivalis taken on a spectrophotometer. This was the same shape for C. reinhardtii.

The last indication of culture growth used is dry cell weight (DCW). This is a normalising
measure of culture growth and volume. Dry cell weight is important to know, since all
other aspects of the culture can then be measured against it in terms of an overall
percentage of the culture yield. This can be used as a normalising basis for lipid
content, carbohydrate and chlorophyll content. Dry weight was measured by
centrifuging a sample from the culture using a Hermle Z400K centrifuge (Labnet
International Inc., New Jersey, USA) at 1,200 g for 10 minutes at 4°C, and transferring
the pellet to a pre-weighed 1.5 mL Eppendorf tube. The sample was frozen, first at -
20°C, then at -80°C, and then freeze-dried. The new tube and sample weight was used

to obtain the DCW of the culture.
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2.4.2 Carbohydrate analysis

Anthrone solution was made up by adding 25 mg anthrone to 500 pL ethanol and 12
mL 75% (v/v) H,S04. From a 10 pg uL™ algal suspension, 50 pL was pipetted to fresh 1.5
mL Eppendorf tube and diluted with 950 pL deionised water to make 0.5 pg uL'1 algal
suspension. 200 pL of the 0.5 pg pL™* algal suspension was transferred to a glass tube
(75 x 10 mm, Fisher Scientific, Serial no: 12347279), then 400 uL of 75% (v/v) H,SO4
was added, followed by 800 puL anthrone solution. Samples from triplicate cultures
were vortexed and placed in 100°C heating block for 15 minutes. They were left to cool
at room temperature for 15 minutes, vortexed again and then absorbances were read
at 620 nm in an Ultraspec 2100 Pro spectrophotometer (Serial no. 88446, Biochrom
Ltd, Cambridge, UK). A blank was used consisting 200 uL deionised water instead of
algal suspension for one sample. A standard curve was made up using known

guantities of glucose put through the same protocol.

2.4.3 Chlorophyll analysis

2.4.3.1 Acetone method

A method based on MacKinney (1941) was developed. 5 mL algal culture was
centrifuged at 5000 g for 10 minutes. The supernatant was drained off and the sample
was re-suspended in 1 mL distilled water and 4 mL acetone, and centrifuged at 5000 g
for 5 minutes. The optical density of the supernatant was measured at 645 nm and 663
nm. The following equations were used to determine chlorophyll content:

ODgss x 202 =y

ODgg3 X 80.2 = x

(y+x)/5 = pg chlorophyll mL™
2.4.3.2 Wellburn based method
A second method, based on Wellburn (1994), was also used for chlorophyll analysis.

Phosphate buffer (HsPOg4, pH 7.4, 0.05 M) was made up by adding 0.3 g NaH,PO,4 to 50

mL deionised water, then using 1 M NaOH solution to adjust the pH to 7.4.
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Samples were analysed from triplicate cultures. From a 10 pg uL ™ algal suspension, 50
puL was pipetted to fresh Eppendorf tube and centrifuged at 2000 g for 2 minutes.
Supernatant was removed and the solution was centrifuged again at 10000 g for 5
minutes and supernatant was removed. The pellet was re-suspended in 150 pL
phosphate buffer and vortexed for 1 minute. 100 uL glass beads (425-500 pum) from
Sigma (G8772) were added. A Disruptor Genie bead beater (Scientific Industries, New
York, USA, Serial No. D68-10198 and D48-1014) was used to break the cells for 10
minutes in dark conditions by covering the samples with foil. 800 pL pure acetone was
added, and sample was vortexed for 1 minute. Samples were incubated at room
temperature in the dark for 10 minutes, then centrifuged at 1000 g for 1 minute. 110
uL of the resulting solution was pipetted into a 400 uL quartz cuvette and read at 663,

646 and 470 nm (using 80% acetone as a reference).

2.4.4 Photosynthesis and respiration analysis using oxygen electrode

Photosynthesis and respiration were measured using a Hansatech oxygen electrode set
up connected to Picolog software. The oxygen electrode (S1 Oxygen Electrode Disc,
Hansatech Instruments) was set up with 5 drops (approximately 30 uL) of 2.3 M KClI
solution pipetted to equally cover the electrode well and dome (one on each corner
and one on the dome) and covered using a 1 cm square of cigarette paper and a 2.5
cm square of Teflon, which were fixed in place with the o-rings. The electrode was
placed into the chamber which was connected to the light source (type L52A, Serial
No. 108556, Hansatech Ltd, Kings Lynn, England), O, Electrode Control Box CB2D
(Hansatech, type CB2-D, Serial no. 8813), CO, Light Source Control Box (Hansatech,
L52B, serial no: 108556) and DrDAQ converter which connected the instrument to
computer. A magnetic stirrer (Hansatech, Serial no. H.2815) was used to ensure fast

and equal mixing.

Water was used to check the stability of the voltage readings and the membrane
stability for 30 minutes. All measurements were taken at 1 second intervals. The

equipment was then calibrated by using water with oxygen saturation (the lid off the
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sample chamber) as the 100% value and by adding a small amount of sodium
dithionite to reduce to a 0% value. The voltages were measured at both of these for 6
minutes and used for calibration. The data was analysed using Microsoft Excel to find a
stable period of the voltage reading on both of these. An average of this period was
used to find voltage values equivalent to 100% and 0% oxygen. These were then used

to program the parameters for the voltage conversion with the equation:

(536/(100% Voltage value — 0% Voltage value)) * (A- 0% Voltage value) =

mmoles of oxygen

Where 536 is the number of moles of oxygen in 100% saturation, and A is the value

recorded by the electrode during sample runs.

Once the electrode was calibrated and washed, a 2 mL sample was pipetted into the
electrode chamber. The voltage was measured for 6 minutes without the light source
to get the stable "start" reading. Then the voltage was measured for 6 minutes with
the light source switched on to obtain a value of the oxygen evolution during
photosynthesis. The voltage was then measured for 6 minutes with the light source
switched off to obtain a value of oxygen uptake during respiration. From each of these
data sets, a period of stable voltage was found to create a linear equation of the rate
of oxygen increase (photosynthesis) or decrease (respiration) within the sample. The
OD of the sample was used to normalise for culture density. This method was taken

from Smith et al. (in press).

2.4.5 Microscopy and cell morphology

Cells were photographed under x1000 magnification using an Olympus BX51

microscope (Smcs Limited), with ProgRes® C5 camera attachment (Jenoptik, Germany)

and ProgRes® CapturePro 2.6 imaging software. Photographs were used as a visual

reference to examine cells.
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2.5 Algal lipids

Lipid techniques have been thoroughly investigated in this thesis and a full discussion
of the suitability of the techniques in assessing algal lipid content are set out in
Appendix B. This discussion was a result of issues with various lipid techniques being
used and then found to not be suitable for the overall purpose. The following is a
description of how lipid techniques were chosen and investigated for the purposes of

this study.

2.5.1 Gravimetric method

The method was adapted from Bligh and Dyer (1959) and Chiu et al. (2009). Four
samples of 15 mL were taken from each flask. Samples were centrifuged at 1,200 g, at
4°C for 10 minutes. The supernatant was discarded and the pellet was re-suspended in
5 mL of distilled water and centrifuged again for five minutes at 1,200 g. Supernatant
was discarded and the pellet re-suspended in 5 mL of distilled water. Sample was
centrifuged again for five minutes at 1,200 g, supernatant was discarded and each
pellet was re-suspended in 1 mL of distilled water. Samples were transferred to four
pre-weighed and labeled Eppendorf tubes. Lids were removed from another four
Eppendorfs and holes made in the top using a dissecting needle. These lids were then
put on the Eppendorf tubes containing the samples. The samples were put in -80°C
freezer overnight and then freeze-dried for 48 hours. The tubes were weighed to
obtain the dry cell weight of the biomass. 500 pL of methanol:chloroform solution (2:1
v/v) was added to samples and sonicated using a probe sonicator (Soniprep 105) at an
amplitude of 15 microns for 1 minute on ice. Samples were centrifuged at 1,200 g for 5
minutes and supernatent was transferred to a fresh Eppendorf. The volume was
estimated using a Gilson pipette. Chloroform and 1% NaCl solution was added to make
a 2:2:1 methanol:chloroform:water solution. Samples were centrifuged for two
minutes at 1,200 g, and chloroform phase was transferred to new pre-weighed and
labeled Eppendorf tubes. Tubes were left open in a fume cupboard to evaporate. The

tubes were weighed to obtain the dry weight of the lipids recovered.
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The effect of the timing of both salt introduction and of measurement was
investigated. Two sets of cultures were set up with salt introduced at 0 hours. One of
these was measured after 7 days (168 hours), and the other was measured after 4
weeks (672 hours). Two sets of cultures were set up with salt introduced part way
through the growth cycle: one with salt introduced at 48 hours, and measurements
taken at 96 hours, and one with salt introduced at 120 hours, and measurements

taken at 168 hours. Results for these experiments are displayed in Appendix B.

2.5.2 Colorimetric method

A micro-colorimetric method was also tested, as authors have concluded that it is
highly suitable for lipid determination (Cheng et al., 2011b; Inouye and Lotufo, 2006),
particularly in algae (Cheng et al., 2011b). The method was carried out using aliquots
of 25, 50 and 100 pL for each sample. The method used extracted lipid as in the
gravimetric method detailed in Section 2.5.1. A range of lipid standards was made
using a stock solution of 5 mg mL™ corn oil in 2:1 chloroform methanol and then
pipetting 5 uL, 10 pL, 15 pL, 20 pL and 25 plL with replicates into wells of a 96 well plate
to give 25 pg, 50 pg, 75 ug, 100 pg and 125 ug lipid respectively. Samples were also
pipetted into wells of the 96 well plate, with three technical replicates for each sample.
The plate was incubated at 90°C to evaporate the solvent. 100 pL concentrated
sulphuric acid was added to each well and incubated at 90°C for 20 minutes. The 96
well plate was cooled to room temperature using ice water and background
absorbance was measured at 540 nm on a Genios Tecan plate reader (Tecan, Austria,
Model: Genios Basic, Serial no. 502000016). 50 uL vanillin-phosphoric acid reagent (0.2
mg vanillin per mL of 17% v/v phosphoric acid) was added to each well and allowed 10
minutes for colour development. The absorbance was measured again at 540 nm on
the Tecan plate reader. Concentration curves were drawn based on the standards to

calculate the amounts in extracted lipid samples.

2.5.3 Nile Red measurement method

A Nile Red method was adopted for a large amount of initial experimentation in this
research. This method was that used by Longworth et al. (2012), originally adapted
from Chen et al. (2009b). 10 mL was taken at each time point from the culture,

centrifuged at 1,200 g for 10 minutes at 4°C and transferred to a pre-weighed labelled
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1.5 mL Eppendorf tube. This was frozen at -20°C. When all samples were gathered,
they were transferred to -80°C and freeze dried. Samples were weighed again to find

dry cell weight.

The dried algal samples were resuspended in deionised water to 10 mg mL™" and
sonicated for five minutes in a pulse sonicator water bath. 50 pL of this was taken and
added to 950 L water to make a solution of 0.5 mg mL™ algal suspension. A Black
Walled Micro Assay 96 well plate (Greiner Bio-one, UK, ref. 655076) was used. Each
sample had six technical replicates (6 wells of the plate). To each well, 125 pL
deionised water was added, followed by 100 pL diluted algal sample and 50 pL
dimethyl sulphoxide (DMSO). The plate was shaken for three minutes at 37°C and read
five times at thirty-second intervals in a Genios Tecan plate reader (Tecan, Austria,
Model: Genios Basic, Serial no. 502000016), at excitation 530 nm and emission 580
nm. From this the background autofluoresence was recorded. To each well, 25 puL Nile
Red solution in DMSO (concentration 9 ug mL™) was added. The plate was read again
on the Tecan plate reader on an 8 hour program with 32 reads at fifteen-minute

intervals.

From the two sets of readings, the maximum readings for each well were calculated, to
ensure full permeation of the Nile Red. The background fluorescence was subtracted
from the final Nile Red reading and an average of the six technical replicates was taken
to give a final Nile Red reading. This reading, in units of fluorescence, can give a

relative comparative measure of lipid measurement when comparing strains.

Measurements for Nile Red and GC were taken at 3 hours and then at 12 hour time
intervals after re-suspension. Sampling continued up to 288 hours, depending on the
species used. This allowed monitoring of the effect of salt shock on the cultures over

time.
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2.54 Direct Transesterification and Gas Chromatography Protocol for FAME

analysis

2.5.4.1 Sample preparation

Samples were harvested, washed in 1 x PBS buffer and pelleted. They were stored in -
20°C freezer, and freeze dried. The dry cell weight was calculated and dilution of 10 mg
mL™* was made using distilled water. 100 pL sample was taken and added to 2 mL
Eppendorf tube. 500 uL glass beads (425-600 um) were added to the sample, with 1.2
mL of methanol:chloroform (1:2) solution and the first internal standard (detailed
below in Section 2.5.4.2). The samples were bead beaten using a Disruptor Genie bead
beater (Scientific Industries, New York, USA, Serial No. D68-10198 and D48-1014) on a
2 minute disruption and 2 minute interval on ice cycle. There were 10 cycles. The
samples were centrifuged at 16,000 g at 4°C for 5 minutes. The supernatant was
transferred to a new Eppendorf tube. 400 uL chloroform (Fisher Scientific UK) and 400
uL HPLC grade ultrapure water (Fisher Scientific UK, code: W/0106/17) were added to
each sample. Samples were centrifuged for 15 minutes at 7000 g at 4°C. The organic
phase, or bottom layer, was transferred to a glass vial and evaporated to dryness
under inert nitrogen gas. 250 uL chloroform:methanol (1:1) solution and 100 pL
BF3:methanol solution were added to each sample. Samples were incubated at 80°C
for 90 minutes, then cooled at room temperature for 10 minutes. To each sample 300
uL ultrapure water (Fisher Scientific UK, code: W/0106/17) and 600 pL hexane (Fisher
Scientific UK) with the second internal standard (detailed in Section 2.5.4.2 below)
were added and samples were transferred to a fresh Eppendorf tube. They were
vortexed for 1 minute and centrifuged at 7000 g for 5 minutes at 4°C. The top organic
layer was transferred to a fresh glass vial and evaporated to dryness under inert
nitrogen gas before re-suspending in hexane ready for injection into the gas

chromatograph.

2.5.4.2 Internal standard to check transesterification efficiency

To check the transesterification efficiency, a known quantity of a fatty acid was spiked

into each sample after the organic phase (containing the lipids) was separated from
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the rest of the algal sample. This fatty acid was chosen as it does not appear in the
Chlamydomonas lipid extracts, but is in the 37 FAME Mix standard. In this case
tricosanoic acid C23:0 (obtained from Sigma-Aldrich, T6543-100MG) and methyl
tetracosanoate C24:0 (obtained from Sigma-Aldrich, L6766-100MG) were chosen since
they did not appear in any of the preliminary GC investigations of C. reinhardtii. 100 pg
was spiked into 1 mg biomass, with tricosanoic acid (suspended in
methanol:chloroform (1:2) solution) added to the biomass pellet at the point of
solvent addition. Methyl tetracosanoate was added (suspended in hexane) after the
extraction and transesterification. The transesterification efficiency was then

calculated. This method was adapted from Laurens et al. (2012a).

2.5.4.3 Gas Chromatography

Analysis was carried out on a Thermo Scientific Trace 1310 Gas Chromatographer with
FID detector and autosampler (Thermo Scientific, USA), and a TRACE TR-FAME Column
(obtained from Thermo) (dimensions 25m x 0.32um x 0.25mm). The oven ramp was
held at 150°C for 1 minute, and increased by 10°C min™ up to 250°C, then held at
250°C for 1 minute. Split injection was carried out at split ratio 50, split flow 75 mL min~
Y and carrier flow 1.5 mL min’. The FID detector was set to 250°C, air flow 350 mL min”
! and hydrogen flow 35 mL min™. The GC was calibrated using Supelco 37 Component

FAME mix (Supelco, Bellefonte, PA).

2.5.4.4 Data Analysis

This data contained analytical replicates (3 injections of the same sample) and three
biological replicates. In some cases analytical replicates showed the presence of FAMEs
in one but not in another. Therefore the average of the available replicates was taken,

but if a value was missing it was discounted and not recorded as a "0".

The biological replicates also sometimes showed FAMEs in one replicate but not
another. In this case, missing values were recorded as "0", therefore there were always

3 biological replicates for each sample.
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2.6 Proteomics

The recovery of the proteome can be greatly affected by the choice of protein and
peptide preparation methods. In some instances, more than one method was tried

before the final protocol was selected for this project.

2.6.1 Sample Washing

In these experiments, the salt must be removed, as well as any debris in the sample
medium, in order to be compatible with the iTRAQ procedure. For this, a sucrose
based wash buffer was used (50 mM Tris, pH 7.5; 100 mM EDTA, pH 8.0) with sucrose
adjusted to the salt concentration of the culture to create an isotonic solution (values
found in Weast (1976-77)): For 0.2 M NaCl samples, 0.335 M sucrose is added. For 0.3
M NaCl cultures, 0.464 M sucrose was added. For 1.4 M NaCl samples, 1.456 M sucrose

was added.

2.6.2 Cell lysis and extraction

2.6.2.1 Lysis buffer

Lysis buffers were tested to try out the chemical lysis methods on C. reinhardtii and C.
nivalis. However, the buffer the sample was re-suspended in must be compatible with
iTRAQ labeling techniques, and have no free amines. Urea and SDS detergent cause
problems with iTRAQ, even if they help with chemical disruption of cell walls, and
therefore 0.5 M tetraethylammonium bromide (TEAB) buffer is the most suitable, with
1% plant protease inhibitor cocktail (obtained from Sigma-Aldrich, product number

9599) added.

2.6.2.2 Grinding with liquid nitrogen

A pestle and mortar, wiped with 70% ethanol and then cleaned with 100% ethanol

which was burned off to leave the surface clear of ethanol, was pre-chilled using liquid
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nitrogen. More liquid nitrogen was added and the sample was pipetted into the
mortar. Once the nitrogen had evaporated, the sample was ground with a pestle for 15
minutes. Liquid nitrogen addition and grinding were repeated twice more, then the

sample was collected with a spatula and placed in a 1.5 mL Lo-Bind Eppendorf tube.

2.6.2.3 Sonication

After grinding and collecting in an Eppendorf tube, the samples were sonicated in an
ice cold water bath for five minutes. A probe sonicator was used to sonicate for two
cycles (a cycle being a single burst) using a Micro tip Branson sonifier (Enerson,
Danbury, CT). Between cycles the samples were placed on ice. After sonication the
samples were centrifuged at 18,000 g for 30 minutes at 4°C to separate the insoluble
pellet from the soluble protein fraction. The soluble fraction was pipetted off and used
for subsequent analysis, whilst the insoluble fraction in the pellet was stored at -80°C,

in case it was required for further extraction processing later.

2.6.3 Acetone Precipitation

Extracted protein was added to ice-cold acetone (pre-chilled to -20°C). Four parts
acetone were added to 1 part protein extract and kept at -20°C for 12 hours. Samples
were spun down at 21,000 g at 4°C for 30 minutes, the acetone was removed and
precipitated protein samples were left open in a fume hood to let the last of the
acetone evaporate, but not to let the samples go completely dry. The precipitated
protein was then reconstituted in 0.5 M TEAB. If samples failed to reconstitute, they

were sonicated in an ice cold water bath.

2.6.4 Protein quantification

2.6.4.1 Bradford

The Bradford Ultra Detergent Compatible Coomassie-based protein quantification
method was used. A standard curve of protein was created using Bovine Albumin
Serum (BSA) (obtained from Sigma, Cat no. A9056-50G), using concentrations 1, 0.5,
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0.25, 0.125, 0.0625, 0.03125 and 0 mg mL™. 20 pL of samples and standards were
pipetted into separate 1 mL cuvettes. The test was done in duplicate. 980 uL Bradford
reagent was added to each cuvette. The cuvettes were vortexed briefly and then
absorbance was read at 595 nm on a Ultraspec 2100 pro spectrophotometer (Serial no.

88446, Biochrom Ltd, Cambridge, UK), using the 0 mg mL™ sample as a blank.

A standard curve was plotted using a regression calculation in Excel and protein
concentrations in samples were calculated using the resulting equation. The duplicate

repeats were used to calculate an average for the protein quantification.
2.6.4.2 RCDC

Protein quantification assay using BioRad RC-DC Protein Assay Kit was also used. A
standard curve of protein was created using BSA at concentrations 2, 1.5, 1.2, 0.8, 0.4,

0.2and 0 mg mL™.

5 uL DC Reagent S was added to each 250 uL DC Reagent A that is needed for the run,
to make Reagent A'. 25 pL of standards and samples were pipetted into separate clean
1.5 mL Eppendorf tubes. 125 puL RC Reagent | was added to each tube, vortexed and
incubated for 1 minute at room temperature. 125 pL RC Reagent Il was added to each
tube and vortexed. Tubes were centrifuged at 15,000 g for 5 minutes. Tubes were
opened and inverted on clean absorbent tissue, to discard the supernatant and
remove all liquid from the tubes. 127 uL Reagent A’ was added to each tube, vortexed,
and incubated at room temperature for 5 minutes, ensuring the precipitate had
completely dissolved. Tubes were vortexed, then 1 mL of DC Reagent B was added to
each tube and vortexed again immediately. They were incubated at room temperature
for 15 minutes. Absorbance was read at 750 nm on a spectrophotometer, using the 0

mg mL™ standard as a blank.

A standard curve was constructed using a regression calculation in Excel, and from this

the sample protein concentrations were calculated.
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2.6.5 1D-SDS-PAGE

Gels were used for visualization of proteins. To make 1D-SDS-PAGE, a clean dry gel
casting stand was used, cleaned with 100% methanol. Stock solutions were made as

follows:

1.5 M Tris-HCI (pH 8.8): 27.23 g Tris Base with 80 mL deionised water, adjusted to pH

8.8 using HCl, and then the volume total was brought up to 150 mL.

0.5 M Tris-HCl (pH 6.8): 6 g Tris Base with 60 mL deionised water, adjusted to pH 6.8

using HCl, and then brought up to volume 100 mL.

10% w/v SDS: 10 g SDS with 90 mL water, dissolved and the total brought up to 100

mL.

10% APS solution: 100 mg ammonium persulphate (BioRad Cat. no. 161-0700),

dissolved in 1 mL deionised water.

Laemelli buffer (2x): 62.5 mM Tris-HCl pH 6.8, 2% SDS, 25% glycerol, 0.01%

Bromophenol Blue. 5% B-mercaptoethanol was added just before use.

12% resolving gels were used and made (10 mL) from 3.4 mL deionised water, 4 mL of
30% Acrylamide/Bis solution (BioRad Cat. no. 161-0158), 2.5 mL 1.5 M Tris-HCl pH 8.8

solution, 0.1 mL 10% w/v SDS solution.

10 mL of 4% stacking gel solution was made using 6.1 mL deionised water, 1.3 mL 30%
Acrylamide/Bis solution, 2.5 mL 0.5 M Tris-HCl pH 6.8 solution and 0.1 mL 10% w/v SDS

solution.

Immediately prior to gel casting, 50 uL 10% APS solution and 5 pL TEMED (BioRad cat.

no. 161-0800) was added to the resolving gel. Resolving gel was pipetted in to the
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assembled gel cassette up to 1 cm below where the comb teeth sat when inserted.
After the resolving gel was pipetted in, isopropanol was pipetted in to level out gel and
reduce evaporation. Gel was left to polymerize for 1 hour. Gel surface was rinsed with
deionised water and then dried. Stacking gel was pipetted on top up to the top of the
short plate, after 50 uL 10% APS solution and 10 uL TEMED was added to the stacking
gel solution. Comb was inserted between the two plates and gel was left to polymerise

for 45 minutes.

Gel cassette was loaded into electrode assembly and then into mini tank. 100 mL of
10x running buffer was mixed with 900 mL deionised water to make 1x running buffer.
Running buffer was added in the central chamber up to the top, and approximately
200 mL was added to the outer chamber. The comb was removed immediately prior to

sample loading.

50 uL B-mercaptoethanol was added to 950 pL sample buffer. Samples were mixed
with 2x Laemelli buffer in a 1:1 ratio. A protein standard ladder was used as a marker;
SigmaMarker™ (wide range, molecular weight 6,500 to 200,000 Da, obtained from
Sigma Aldrich, Cat. no. S8445). For this, 1 uL marker standard was added to 19 plL
sample buffer. Samples and marker were then heated to 95°C for 5 minutes, using a

heat block. Samples were vortexed briefly and pipetted into the wells.

Electrophoresis module and chamber (BioRad) was connected to electrodes and VWR
Power Source (Model: 300V, Serial No. 101004476) and run at 80 V for 15 minutes,
then 180 V for 45 minutes. After completing the run, the gel was removed from the
electrophoresis module and cassette and washed in deionised water. It was put in a
tray of Coomassie stain solution which covered the gel. The gel was placed on a rocker
and left overnight to stain. The stain was then removed and gel washed with deionised
water. The gel was left on a rocker in de-staining solution (5% methanol, 7% acetic

acid, 88% deionised water) to remove the stain.
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2.6.6 Cleanup

2.6.6.1 C18 column

Pierce C18 Spin Columns (Thermo Scientific Catalogue number 89870) were used for
clean up. Samples were suspended in 20 pL 0.5% trifluoracetic acid (TFA) in 5%

acetonitrile.

The following solutions were made: Activation solution (50% acetonitrile); Equilibrium
solution (0.5% TFA in 5% acetronitrile (ACN)); Sample buffer (2% TFA in 20% ACN);
Wash solution (0.5% TFA in 5% ACN); Elution buffer (70% ACN).

200 pL pure ACN was used to wash the walls of the column, and centrifuged at 1000 g
for 30 seconds at 25°C. Columns were placed in receiver tubes and 200 uL Activation
Solution was added to rinse walls of the spin column. Columns were centrifuged at
1000 g for 30 seconds and the flow through was discarded. The Activation Solution
step was repeated once more with the centrifugation step lasting 1 minute. 200 pL
Equilibrium solution was added to the column, then the column was centrifuged at
1000 g for 1 minute. The flow-through was discarded, and this Equilibrium solution

step was repeated once more.

Samples were loaded into the column and the receiver tube was placed on the column
for binding. Columns were centrifuged at 1000 g for 1 minute. The flow-through was
recovered from the receiver tube and re-loaded into the column to repeat
centrifugation step and ensure complete binding. Flow-through was retained in case it

was needed later.

The column was placed in a new clean Eppendorf Lo-Bind tube for washing. 200 uL
Wash solution was added to column and centrifuged for 1 minute at 1000 g. The flow-

through was discarded, and this step was repeated once more.

The column was placed on a new receiver tube for elution. 25 plL Elution buffer was

added to the column and centrifuged at 1500 g for 1 minute. The step was repeated
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using the same receiver tube. The samples were dried using a vacuum centrifuge

evaporator.

2.6.7 Digestion

2.6.7.1 In-solution

In solution digestion was carried out on labeled samples using iTRAQ compatible
reagents. Sample (of 20-100 pg) was suspended in 20 pL of 0.5 M TEAB. At each
solution addition, the sample was vortexed and spun in a microfuge for 30 seconds to
ensure contents were well mixed. Reduction was performed by adding 10% volume of
50 mM Tris-(2-carboxyethyl)-phosphine (TCEP) and incubated for 1 hour at 60°C.
Sample was alkylated by adding 5% volume of 200 mM methyl methane-thiosulfonate
(MMTS) and incubating for 10 minutes in the dark. A solution of 0.5 mg mL™ trypsin in
TEAB was prepared, and a ratio of 1:20 (ug ug'l) trypsin to protein was added to
sample. The sample was vortexed and spun down for 30 seconds in a microfuge to pull
the contents to the bottom and ensure thorough mixing. The samples were then

incubated for 16 hours at 37°C to digest the proteins into peptides.

2.6.8 iTRAQ labeling

Digested samples were dried down and reconstituted in 30 uL 1 M TEAB. iTRAQ 8 plex
kit was obtained from ABSciex (Warrington, UK). iTRAQ labeling reagents were
removed from the freezer immediately prior to labeling, allowed to come to room
temperature, and spun in a microfuge to bring vial contents to the bottom. 100 uL
isopropanol was added to each reagent vial, and vial was vortexed and spun. Each
iTRAQ reagent was added to a separate protein sample using a pipette set to 125 pL,
vortexed and spun. The pH was tested using 0.5 uL of the sample on pH paper to
ensure the pH was between 7.5 and 8.5. The tubes were incubated at room
temperature in the dark for 2 hours. The contents of each tube were added together in
one tube to combine the iTRAQ reagents, vortexed to mix and spun at 1000 g for 15

seconds in an AccuSpin Micro 17 microfuge (Fisher Scientific, Germany, Serial No.
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41263115). Once mixed, the contents were split equally into 2 Lo-bind Eppendorf

tubes and dried down in a vacuum centrifuge overnight.

2.6.9 Separation via Hypercarb Column HPLC

Buffer A was made up of 3% ACN and 0.1% TFA. Buffer B was made up of 97% ACN and
0.1% TFA. The Hypercarb™ separation was carried out on Dionex UltiMate 3000
Autosampler linked to Dionex UltiMate 3000 Flow Manager and Pump system (Thermo
Scientific, UK). Wash Buffer C was 20% ACN. Samples were re-suspended in 120 pL
Buffer A and loaded onto Hypercarb™ Porous Graphitic Carbon LC reversed phase
Analytical Column (Cat no. 35003-052130, ThermoFisher Scientific, UK), with 3 um
particle size, 50 mm length, 2.1 mm diameter and 250 A pore size. Buffer A was
exchanged with Buffer B with a flow rate of 0.2 mL min™ with the following gradient:
2% B at 0-15 minutes, 2-30% B at 15-80 minutes, 30-60% B at 80-130 minutes, 60-90%
B at 130-131 minutes, 90% B at 131-136 minutes, 2% B at 137-145 minutes. The
fractions were collected every two minutes from 20 minutes to 120 minutes. The
fractions were dried for 20 hours on a Scanvac vacuum centrifuge (Labogene,
Denmark, Serial no. GVS23511110026) connected to a Vacuubrand Vacuum Pump

(Vacuubrand, Germany) ready for recombining and mass spectrometry analysis.

This separation method has the advantage of not needing de-salting clean up after
fracitonation. Samples were collected every two minutes from the HPLC elution. The
fractions were then recombined into 6 samples to run on the MS. The fractions were
dried down, re-suspended in 20 pL Loading Buffer (3% ACN, 0.1% TFA, 96.9% ultrapure
water), and 5 uL from each fraction was combined in 6 samples combined in the

following order:
F1: minutes 40-46 and 100-106, F2: 48-56, F3: 58-66, F4: 68-74, F5: 76-86, F6: 88-98.

Samples before 40 minutes were not injected as these are mainly excess labelling
molecules, which are undesirable for MS sample running. From each of the six pooled

samples, 10 uL was injected into the Q Exactive HF MS.
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2.6.10 Mass Spectrometry

2.6.10.1 AmaZon MS

AmaZon ETD MS was used to test a small aliquot of digested proteins to check for
miscleavages and incomplete digestion. AmaZon ion-trap ETD MS was connected to
Dionex UltiMate 3000 Autosampler linked to Dionex UltiMate 3000 Flow Manager and
Pump system (Thermo Scientific, UK). HyStar and Chromeleon software was used to
control the loading and running of samples, and recording of data. Data was analysed

using DataAnalysis software and searched in Mascot.

2.6.10.2 Q Exactive HF MS
LC MS/MS was performed and analysed by nano-flow liquid chromatography (U3000

RSLCnano, Thermo Scientific) coupled to a hybrid quadrupole-orbitrap mass
spectrometer (Q Exactive HF, Thermo Scientific). iTRAQ-peptides were separated on an
Easy-Spray Cig column (75 um x 50 cm) using a 2-step gradient from 97% solvent A
(0.1% formic acid in water) to 10% solvent B (0.08% formic acid in 80% acetronitrile)
over 5 min then 10% to 50% B over 75 min at 300 nL/min. The mass spectrometer was
programmed for data dependent acquisition with 10 product ion scans (resolution
15000, automatic gain control 5e4, maximum injection time 20 ms, isolation window
1.2 Th, normalised collision energy 32, intensity threshold 2.5e5) per full MS scan

(resolution 60000, automatic gain control 3e6, maximum injection time 100 ms).

2.6.10.3 Data analysis

Data was run through in-house programs uTRAQ and Signifiquant. Comparisons were
made between treatment groups in the iTRAQ, and Signifiquant gave outputs for the
proteins which were significantly up and down regulated between groups. A false
discovery rate (FDR) of 1% was used, multiple test correction was off, and at least two

unique peptides required to accept a protein identification as genuine.

The accession numbers of up and down regulated proteins were checked against the

Uniprot database (www.uniprot.org) to identify the function of the proteins.

Functional group analysis of the proteins was carried out using DAIVD Functional

Annotation Tool (https://david.ncifcrf.gov/summary.jsp). This groups proteins, using
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accession numbers as protein identifiers, into their functional groups based on their
biological process (BP) annotation at levels 3 (BP3) and 4 (BP4) of the 5 possible

annotation levels.

Identified and up and down regulated proteins were mapped onto pathways in C.
reinhardtii using the KEGG (www.kegg.jp) "Search&Colour Pathway" tool, and using
ChlamyCyc metabolic pathway mapping tool (http://pmn.plantcyc.org/CHLAMY/class-

tree?object=Pathways).
2.7 18SrDNA sequencing

2.7.1 Genomic DNA extraction using ZR Soil Microbe DNA Microprep kit

20 mL of algal sample was centrifuged at 3000 g for 10 minutes, and supernatent was
disguarded. 750 plL Lysis solution was added to each pellet and transferred to
Benchmark Prefilled tube with zirconium beads. Tubes were shaken at 3000 rpm for
90, 180 and 270 seconds, accordingly, in Bead Bug beadbeater. Tubes were centrifuged
at 10,000 g for 1 minute. 400 pL of supernatent was transferred to Zymo-spin™ filter in
a collection tube and centrifuged at 7000 g for 1 minute. 1,200 pL Soil DNA binding
buffer was added to the filtrate in the collection tube from the last step. 800 pL of the
collected solution was transferred to a Zymo-spin™ IS Column in a collection tube and
centrifuged at 10,000 g for 1 minute. Flow through was discarded and the step was
repeated. 200 pL DNA Pre-wash Buffer was added to the Zymo-spin™ IC Column in a
new collection tube and centrifuged at 10,000 g for 1 minute. 500 pL Soil DNA Wash
Buffer was added to Zymo-spin™ IC Column and centrifuged at 10,000 g for 1 minute.
The Zymo-spin™ IC Column was transferred to a fresh 1.5 mL microcentrifuge tube and
50 puL DNA Elution Buffer was added to the column, and eluted at 10,000 g for 30

seconds.

2.7.2 Gel electrophoresis of DNA to visualise DNA samples

1% agarose gel was prepared with 0.6 g agarose powder, 60 mL distilled water, 1.2 mL
50x TAE buffer and 7 uL ethidium bromide. 1x TAE running buffer was prepared using
20 mL 50x TAE buffer and 980 mL distilled water.
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10 pL of each DNA sample was mixed with 2 puL 6x DNA loading dye before loading
onto agarose gel. 6 puL of 1 kb DNA ladder was used as a marker. Electrophoresis tank

was run at 80 V for 45 minutes. Bands were visualised with Uvidoc UV Lamp.

2.7.3 PCR amplication

PCR amplifications were carried out in a Bio-Rad MyCycler thermal cycler using 18S

primers (Lim et al., 2012) shown in Tables 2.2, 2.3 and 2.4 below.

Table 2.2 Primer names and sequences.

Primer Sequence
18S rDNA Forward Lim 5'- gcg gta att cca gct cca ata gc -3
18S rDNA Reverse Lim 5'- gac cat act ccc ccc geca acc -3'

18S rDNA Forward Sheehan 5'- aat tgg ttg atc ctg cca gc -3'
18S rDNA Reverse Sheehan  5'- tga ttc tgt gca ggt tca cc -3'

Table 2.3 Solution volumes for adding primers to samples.

18S Lim 18S 18S Sheehan
Solution 18S Lim control Sheehan Control
Master mix 20 20 20 20
Forward Primer 4 4 4 4
Reverse Primer 4 4 4 4
Distilled Water 12 22 12 22
Genomic DNA 10 0 10 0

Table 2.4 PCR protocol for 18S gene amplification.

Cycle step Temperature °C  Time (minutes)

Initial Denature 94 5
30 Cycles:

Denature 95 0.5
Anneal 58 0.5
Elongation 72 1
Final Elongation 72 10

Following PCR amplification, samples were visualised on 1% agarose gel and positive

results were purified.

Volumes of samples were determined and adjusted to 100 plL with sterile water. 500

uL Buffer PCR were added and mixed. Samples were cleaned by loading onto a column
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and collection tube and centrifuged at 10,000 g for 1 minute and flow through was
discarded. Columns were washed with 750 uL Wash Buffer and centifuged at 10,000 g
for one minute, and flow through was discarded. Columns were centrifuged at 10,000
g for 1 minute to remove residual ethanol. Columns were placed in clean Eppendorf
tubes and 80 pL Elution Buffer was added onto column membrane and allowed to
stand for 2 minutes. DNA was eluted into tube by centrifuging at 10,000 g for 1
minute. An aliquot was used for electrophoresis imaging, and an aliquot was sent to
Eurofins for sequencing. The rest was stored at 4°C. Obtained sequences were
compared to the Genbank nucleotide collection using BLAST (Basic Local Alignment

Search Tool).
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3 Chapter 3: Salt stress experiments in C. reinhardtii using

different lipid measurement techniques

3.1 Summary

The first investigations into salt stress in the model species were carried out using
different lipid analysis techniques, with a progression through techniques suitable to
the purposes of this study. This chapter aims to determine if salt stress can be used as
a lipid trigger in C. reinhardtii. Results obtained were inconclusive due to the
limitations of different measurement techniques, causing changes in experimental
design and to the choice of lipid measurement technique used in subsequent chapters'
experimentation. Firstly gravimetric techniques were used, followed by
microcolorimetric, Nile Red, and GC FAME analysis techniques. What follows is a
description of the data obtained from preliminary experiments undertaken on C.
reinhardtii to establish the best strains and salt conditions to use for investigating
potential lipid induction. Experimential design is detailed in Table 2.1 in Chapter 2. GC-
FID analysis was ultimately chosen for lipid measurement in the main experiments in
Chapters 4 and 5, as it was identified as the most suitable technique to conclusively

establish whether salt stress is a lipid trigger in C. reinhardtii.

3.2 Preliminary data for wild type C. reinhardtii grown in a range of
salt media (0, 0.05, 0.1, 0.15, 0.2 and 0.25 M Nac(l)

All data in the following growth, gravimetric and colorimetric sections was from

cultures seeded at a low density of 1 mL seeding culture in 100 mL of the appropriate

salt media from the start, as described in Section 2.3, (as opposed to growing in

normal TAP media and then resuspending in appropriate salt media), therefore

cultures were acclimated rather than exposed to sudden salt shock.

The first experiments were carried out on "wild type" strain CC-4323 137c mt- (Ball

background strain nitl nit2) of C. reinhardtii.

These experiments focused on microscopy, growth (measured by OD, cell counts and

biomass) and lipid content as shown through gravimetric techniques. The aim was to
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establish the best conditions for inducing lipid production in C. reinhardtii. The range
was 0, 0.05, 0.1, 0.15, 0.2 and 0.25 M NaCl. One replicate of each condition was used,

as this was preliminary data only to inform full future experiments.

3.2.1 Culture growth (cell counts and optical density)

OD was originally done at 600 nm, and only in later experiments was 750 nm also
recorded (as a wavescan showed this OD to be highly suitable for measuring algal
culture density, although either is a good proxy measure of culture growth without
much interferance from factors like chlorophyll pigmentation). Therefore all OD data

discussed in this section used wavelength 600 nm.

Figure 3.1 and Figure 3.2 show the effect of salt conditions on growth of this species.
Both OD and cell count show that the rate of growth was affected negatively by all salt
concentrations. 0.05 M NaCl did not affect the growth at first, but then the cell counts
plateaued around 120 hours when the control cultures continued to climb. Similarly,
the final OD for 0.05 M NaCl was not as high as the control, despite the initial growth
rate being the same up until about 100 hours. The difference between 0.05 M and 0.1
M NaCl was much bigger. The culture in 0.1 M NacCl took longer to move from lag
phase to log phase, and the culture growth, measured through both cell count and OD,
show that 0.1 M NaCl significantly reduced both the growth rate and final culture
density. The same was demonstrated in 0.15 M NaCl culture, with the lag phase being
even longer and the final OD even lower. Cell counts were similar between 0.15 and
0.1 M NaCl conditions, by the final timepoint, but the difference in lag phase was still
shown. 0.2 and 0.25 M NaCl showed that growth at these conditions was extremely
slow. The OD suggests that no culture growth took place at all, but cell counts
demonstrated a small amount of culture growth in 0.2 M NaCl conditions. 0.25 M NaCl
was too high a salt condition to allow culture growth, even in these acclimated

cultures.

Cell counts and OD were correlated to see how well OD represented the growth of a
culture (Figure 3.3). The correlation is high in 0, 0.05 and 0.1 M NaCl, with R? of above
0.9. The correlation is lower in 0.15 M NacCl, and lower still in 0.2 M NaCl. The nature of

the culture is different in these two conditions to those in lower salt concentrations,
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since microscopy (Figure 3.4) reveals that the shape of the cells at these higher salt
concentrations is very different, being larger than the cells grown in control conditions
and lower salt concentrations. The cells in 0.15 and 0.2 M NaCl are also irregular
shapes, unlike the control cells which are a regular oval shape. This appears to be
because the cells in 0.2 and 0.15 M NaCl conditions are contained in a membrane
known as a coenobium and therefore clustered together, causing distortion of their

shape.

In 0.25 M NaCl the correlation is very low (<0.2), but this culture became infected with
bacteria at any early stage of growth, which caused some cloudiness in the culture and
affected the OD. This correlation curve is therefore not well representative of algal

culture correlation between cell count and OD.
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Figure 3.1 Optical density of wild type C. reinhardtii cultures grown in varying TAP salt media concentrations
(n=3).
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Figure 3.2 Cell counts of wild type C. reinhardtii cultures grown in varying TAP salt media concentrations (n=3).
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Figure 3.3 Cell counts versus OD (600nm) in wild type C. reinhardtii under different concentrations of salt in the
media. The correlation decreases as the molarity increases. This is likely due to changes in cell morphology as
demonstrated in Figure 3.4.
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Figure 3.4 C. reinhardtii wild type cells under different NaCl salt concentrations. 0 M (A), 0.05 M (B) 0.1 M (C),
0.15 M (D), 0.2 M (E). Images show clear swelling of cells under higher salt concentrations (magnification x1000).
Cells grown to mid-log phase or equivalent time for slow growing cultures.

3.2.2 Gravimetric data, lipid content and chlorophyll content

Gravimetric analysis of these cultures was carried out. Since the gravimetric method
used 60 mL culture for one sample, only one time point per experiment could be
taken. In this case the experiment was run multiple times, to test the effect of
sampling and introducing salt at different time points. Four experiments like this were
set up. Two had culture seeded in TAP media made up to the appropriate molarity of
NaCl. Two experiments used normal TAP media for all the conditions, and then added
in pure NaCl (to the appropriate amount to achieve desired molarity) at a particular
time point (detailed in Table 3.1). The salt concentrations 0, 0.05, 0.1, 0.15 and 0.2 M
NaCl were tested for each condition (0.25 M NaCl was too high to allow any culture
growth). The time points of adding salt at 0 hours, 48 hours and 120 hours were
chosen since these time points demonstrated the effect of adding salt from the start of
the culture, from the start of culture exponential phase, and at the end of the growth

phase, when the culture was reaching stationary phase.

The biomass contents, lipid contents and chlorophyll contents of these cultures are
displayed in Table 3.1. The 0.2 M NaCl conditions did not allow enough growth of
biomass to test the lipid or chlorophyll content. From this set of conditions, the highest
lipid content as a percentage of biomass was 45.6% found in cultures seeded with 0.15
M NaCl TAP medium, and grown to 168 hours. It should be noted that due to the low
biomass level in the 0.15 M NaCl cultures, overall lipid production was not increased.

Nevertheless, 0.15 M NaCl was identified as a suitable lipid inducer for C. reinhardltii.
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This salt condition was subsequently used for follow up experiments testing C.

reinhardtii for lipid content.
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Table 3.1 Table of results displaying biomass, total lipid, and chlorophyll contents of wild type C. reinhardtii cultures grown in TAP medium with varying concentrations of NaCl. All biomass and
lipid contents were sampled using a method based on Bligh-Dyer (Bligh and Dyer, 1959) (n=1).

NaCl Time of NaCl Time of Biomass Lipid content Percentage Chlorophyll
concentration addition sampling content (ug (Mg mL™) lipid content content (ug
(M) (hours) (hours) mL™) of DCW (%) mL™)
0 0 168 715.0 221.7 31.1 31.7
0.05 0 168 890.0 266.7 30.0 38.2
0.1 0 168 491.7 166.7 33.9 16.3
0.15 0 168 205.0 90.0 45.6 4.4
0.2 0 168 NA NA NA NA
0 48 96 640.0 141.7 21.8 26.6
0.05 48 96 576.7 113.3 19.7 235
0.1 48 96 403.3 80.0 20.1 124
0.15 48 96 283.3 85.0 30.1 6.0
0.2 48 96 233.3 61.7 26.8 4.7
0 120 168 715.0 221.7 31.1 31.7
0.05 120 168 686.7 203.3 29.6 34.3
0.1 120 168 516.7 171.7 33.7 20.3
0.15 120 168 511.7 136.7 26.8 14.9
0.2 120 168 398.3 80.0 20.4 9.1
0 0 672 666.7 195.6 29.3 NA
0.05 0 672 1036.7 283.3 27.3 NA
0.1 0 672 875.0 246.7 28.2 NA
0.15 0 672 783.3 221.7 28.3 NA
0.2 0 672 NA NA NA NA
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A repeat experiment was performed (Figure 3.5), to replicate the data using 3
biological replicates. However, this experiment gave differing results to the previous
data, as in this experiment 0.05 M NaCl induced the highest percentage lipid in
biomass terms. The difference between these two sets of data was sample timings. In
this repeat experiment, measurements were taken at different times in each culture,
since the stage of growth cycle is important in determining lipid content (Fidalgo et al.,
1998). The OD was monitored for each culture and then samples were taken towards
the end of the log phase of each culture. The vast difference in these two results
demonstrated the need for a method that could carry out a lipid measurement test on

mulitple time points by using much smaller amounts of culture for testing.
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Figure 3.5 Gravimetric lipid content of C. reinhardtii wild type cultures grown in TAP media with varying
concentrations of additional NaCl, sampled at a single time point (n=3).
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Figure 3.6 C. reinhardtii (wild type) growth in TAP medium (left) and 0.15M NaCl TAP medium (right) to 7 days
(x1000 magnification).

3.2.3 Colorimetric data

A new method of microcolorimetric lipid analysis was trialled. This method is outlined
in Section 2.5.2, and was adapted from Cheng et al. (2011b). This method only requires
very small amounts of sample so it had potential for a better way to analysis lipid
content in algal samples. The sulfo-phospho-vanillin reagent shows good correlation
with pure oil and corn oil (Figure 3.7), however the two different types of oil do show a
different correlation slope, showing that estimates of lipid content may vary

depending on the standard used.

To test how well this method matched up to results found from gravimetric results,
some of the dried lipid samples from the gravimetric method were taken and tested,
varying some of the parameters of the assay to see if results were consistent. The
results are laid out in Table 3.2. The size of the lipid sample aliquot, the ratio of
solvents used, and the type of oil used as a standard were all varied and tested in a
microplate format. Cells where "overflow" is stated are those where the absorbance
reading was too high for the plate reader to record. The results in Table 3.2
demonstrate that the assay produces a wide variation in results depending on the
solvent used for extraction, the standard used, and the size of the aliquot used for
testing. There also did not appear to be any similarity to the previously obtained

results from the gravimetric method. Because of this, and due to the long-winded
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extraction procedure that preceeds testing, this method was not pursued further as a

lipid measurement assay.
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Figure 3.7 Net absorbance curves for standard quanities of vegetable oil (left) and corn oil (right), measured using
the microcolorimetric microplate format.
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Table 3.2 Lipid measurements obtained from microcolorimetric method, with comparison to values obtained from gravimetric method. Two sets of values were calculated, based on the
calibration curve obtained from the corn oil and vegetable oil. Overflow — absorbance reading too high for plate reader.

Corn oil equation Vegetable oil equation
Media Solvent Gravimetric Lipid Lipid Lipid Lipid Lipid Lipid
result lipid content content content  content content content
content (Mg mL™ (MgmL™  (ugmL* (ugmL?  (ugmL* (mg mL*
(Mg mL™Y (25 pL (50 pL (100 pL (25 pL (50 pL (100 pL
aliquot) aliquot) aliquot)  aliquot) aliquot) aliquot)
Standard Tap 1:2 Chloroform: Methanol 195.6 915.1 694.8 Overflow 375.7 282.7 Overflow
Standard Tap Chloroform 195.6 214.1 179.2 1435 95.3 76.5 Overflow
Tap 0.05 M NaCl 1:2 Chloroform: Methanol 283.3 1165.3 Overflow Overflow 475.7 Overflow Overflow
Tap 0.05 M NaCl Chloroform 283.3 475.4 250.5 178.6 199.8 105.0 73.8
Tap 0.1 M NaCl 1:2 Chloroform: Methanol 246.7 1049.0 791.8 Overflow 429.2 321.5 Overflow
Tap 0.1 M NaCl Chloroform 246.7 453.4 211.1 139.0 191.0 89.2 58.0
Tap 0.15 M NacCl 1:2 Chloroform: Methanol 221.7 721.6 668.1 Overflow 298.3 272.0 Overflow
Tap 0.15 M NaCl Chloroform 221.7 358.5 197.3 162.3 153.0 83.7 67.3
Tap 0.05 M NacCl 2:1 Chloroform: Methanol 266.7 1177.8 Overflow Overflow 352.1 155.3 146.7
Tap 0.2 M NaCl 2:1 Chloroform: Methanol 80.0 595.3 Overflow  Overflow 200.0 169.6 120.1
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3.2.4 NileRed
A method that required a small amount of sample for time course analysis of a culture

was still required, so Nile Red was used as a lipid assay.

From previous experiments (Table 3.1), it was seen that 0.15 M NaCl could produce a
high lipid content in C. reinhardtii cells, therefore this was pursued as a likely lipid
trigger. At this time a new way of seeding cultures was also adopted. As high molarities
slow down culture growth and reduce biomass accumulation significantly, a new
method was carried out, of seeding all cultures with normal TAP media to mid to late
log phase and then resuspending them at OD 0.44 (750 nm) in the appropriate salt
media. The first experiment of this nature was carried out on a strain known to
respond to nitrogen deprivation under these exact growth conditions, as it has been
demonstrated in the literature (Longworth et al., 2012). This strain was a cell wall
mutant of C. reinhardtii (CCAP 11/32CW15+). At the same time as testing the nitrogen
deprivation, a culture resuspended in 0.15 M NaCl TAP was tested, and results are
presented in Figure 3.8. Time points denote time after re-suspension and no standard
was used so results are in arbitrary fluorescence units. The results show that whilst
nitrogen deprivation very clearly causes a Nile Red fluorescence increase in this strain,
the salt condition did not, apart from a slight increase at the last salt stress time point.
This contradicted previous data from gravimetric tests that suggested that 0.15 M NaCl
would cause a lipid increase in C. reinhardtii. This demonstrates that Nile Red and
gravimetric data can show very contradictory results, and it was unclear whether salt
was causing a lipid response, so further experiments were performed to investigate

this.
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Figure 3.8 Cell-wall mutant of C. reinhardtii under nitrogen deprived (N-), non-stressed (TAP) and salt stressed
(0.15 M) conditions. Nile Red Fluorescence expressed in arbitraty units.

As 0.15 M NaCl did not cause an increase in Nile Red fluorescence in the cell wall
mutant, a starchless mutant strain of C. reinhardtii (CC-4325) was used to test the
effect of 0.15 M NaCl, and also an increased salt concentration of 0.2 M Nacl, on lipid
production, as measured by Nile Red response (Figure 3.9). This strain was used
because starchless mutants have been shown to have elevated lipid production under
stress conditions compared with wild types (James et al., 2011), and are therefore
more likely to reveal a result if salt stress is a suitable lipid trigger. The second salt
concentration was used to test if the reason for lack of lipid response in the previous
Nile Red experiment (Figure 3.8) was due to too low a salt concentration. The results
from this (Figure 3.9) show that 0.2 M NaCl had a slightly elevated Nile Red response
over the control conditions and 0.15 M NacCl, which did not vary much from each
other. After some literature research and consideration of the interaction of the Nile
Red with the experimental conditions that were being used, it was postulated that the

salt conditions were causing interference with the Nile Red assay.

Pick and Rachutin-Zalogin (2012) investigated the kinetic interactions of Nile Red in

algae. NaCl has been shown to retard the interactions of Nile Red with lipid globules in
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the algae cells. Studies with Dunaliella salina show that high NaCl medium
concentrations significantly affect the emission spectrum and the uprise kinetics of
Nile Red fluorescence (Pick and Rachutin-Zalogin, 2012). Therefore, care must be taken
to remove substances that could interfere, like salt, particulates, precipitates or cell
fragments (Cirulis et al., 2012), using isotonic wash buffers (Pick and Rachutin-Zalogin,

2012) or flow cytometry for "gating" off these substances (Cirulis et al., 2012).
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Figure 3.9 Nile Red fluorescence in starch-less mutant strain of C. reinhardtii (CC-4325) under control conditions
(TAP), 0.15 M NaCl salt stress and 0.2 M NaCl salt stress (no PBS buffer used).

Because of this, 1x PBS buffer was used to wash samples at the point of sampling, and
the assay was run again using the starchless mutant under control conditions, 0.2 and
0.3 M NaCl. The higher salt concentration was used to determine whether the salt

level needed to be further increased to have an effect on lipid production in this strain.

Figure 3.10 shows the results of this experiment. Compared with the previous data
that used 0.2 M NaCl on the starchless mutant strain and showed fluorescence units of
less than 100, this data shows a markedly elevated Nile Red response that goes to
above 700 in 0.2 M NaCl. This response is even higher in 0.3 M NaCl, which goes to
approximately 1300 fluorescence units. It was demonstrated that the use of PBS buffer
makes a large difference to the results obtained, and that the use of salt can mask the
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interaction between lipid and Nile Red that is the basis of the Nile Red quantification
method. Use of PBS was therefore employed for the remainder of the
experimentation, as it removed the detrimental effect of salt on the protocols

employed.
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Figure 3.10 Nile Red fluorescence in starch-less mutant strain of C. reinhardtii (CC-4325) under control conditions
(TAP), 0.2 M NaCl salt stress and 0.3 M NaCl salt stress (PBS buffer used).

These data from Nile Red analysis show an elevated Nile Red response under high salt
conditions. Using salt concentrations of 0.2 and 0.3 M NaCl with the starchless mutant

strain CC-4325 was therefore pursued for proteomic analysis.
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A new set of samples were grown under the same conditions of control, 0.2 and 0.3 M
NaCl, with samples for protein extraction taken at the later time points, since this is

where the Nile Red response was highest. The results are presented in Figure 3.11.
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Figure 3.11 Nile Red fluorescence in C. reinhardtii starchless mutant (CC-4325) grown in 0, 0.2 and 0.3 M NaCl TAP
media (n=3).

Fluorescence is displayed in arbitrary units and is used as a relative measure of neutral
lipid content. Whilst the control condition stayed flat, the salt stressed cultures
showed a large increase in fluorescence. Therefore, these results suggested that the
cultures undergoing salt stress accumulated lipid in high quantities towards 76 hours
culture time, especially at 0.3 M NaCl stress. The time point of 76 hours was chosen for
proteomic analysis and protein extractions were carried out. However, the protein
extractions of salt stressed samples had very little or no measureable protein in them

(Table 3.3).
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Table 3.3 Protein contents of samples taken at 76 hours in control, 0.2 M and 0.3 M NaCl conditions.

Estimated Total
amount of amount of
Acetone total volume | proteinin
precipitated of sample non
Salt Protein protein (non precipitated
concentration | Biological | concentration | concentration precipitated) | sample in
(M) replicate | (mg mL™") (mg mL™) (uL) theory (mg)
0 1 1.265 0.565 1200 1.518
0 2 1.463 0.570 1200 1.756
0 3 0.461 0.501 1100 0.507
0.2 1 0.010 0.010 1100 0.011
0.2 2 0 0 1100 0
0.3 1 0.144 0.129 1100 0.158
0.3 2 0.119 0 400 0.048
0.3 3 0 0 900 0

The samples were photographed using microscopy at x1000 magnification to observe
physiological changes in them. It appeared from visual observation of the salt stressed
cells that they were "ghosts" at that time point, making them unlikely to have a large

quantity of lipid droplets within them.

A : B C

Figure 3.12 C. reinhardtii starchless mutant cells under control 0 M NaCl (A), 0.2 M NacCl (B) and 0.3 M NacCl (C)
TAP conditions at 76 hours. Maghnification at x1000.

The much lower protein contents of these salt stressed samples, combined with visual
inspection of the cells at this time point, made it necessary to check the lipid content
of the samples with a second method. For this, transesterfication of extracted lipid
followed by gas chromatography for FAME analysis was used. The results for the total
FAME content are displayed in Figure 3.13. These results are performed on the exact

same samples as those in Figure 3.11 yet they directly contradict one another.
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Figure 3.13 Overall FAME content of biomass in C. reinhardtii under 0, 0.2 and 0.3 M conditions (n=3).

3.2.5 Comparison of Nile Red and GC techniques
The discrepancy between Figure 3.11 and Figure 3.13 is important in thinking about

the role of a lipid assay in obtaining accurate and reliable results. As discussed in the
full review of lipid analysis techniques in microalgae in Appendix B, also found in the
publication by Hounslow et al. (2016b), all lipid analysis techniques have limitations
and using two measurement techniques is a good way to check the reliability of
obtained data. The GC data is more reliable in this case because the measurement
method is much more specific and it is harder to create false positives than with a
method like Nile Red. Nile Red can have interfering substances that alter the
fluorescence reading obtained (Cirulis et al., 2012). In this experiment, a PBS buffer
was used, so salt should not have been an interfering substance. The breakage of cells,
however, is likely to be the cause of the high reading obtained in these experiments.
The method cannot be used on broken cells because these are thought to have higher
fluorescence readings due to the high contact with membrane lipids and other lipids,
which are more accessible than those in an intact cell. The much higher contact of
internal lipids with Nile Red dye is in contrast to an intact cell where the dye must
permeate through cell walls and membranes into the lipid droplets. This is a finely

balanced method, requiring optimal solvents and dye concentrations for penetration;
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any aspect that affects this process will skew the data obtained (Chen et al., 2009b).
GC relies on standards and can also have its limitations (see full discussion of this
technique in Appendix B), but its quantitative and highly selective properties (all
detected substances must correspond directly to a known standard) make it more

suitable for the purposes of this thesis.

3.3 Discussion of lipid analysis techniques tested

The data presented in this chapter shows the logical progression through the choices
of strains, lipid analysis techniques and growth media salt conditions that were tested
and then selected for the main part of experimentation for this thesis; the main part of
experimentation being the detailed lipid analysis under salt conditions, combined with

proteomic investigation of the algal strains under salt-induced high lipid conditions.

The gravimetric results revealed problems in a couple of ways. The first was that the
protocol required so much biomass that more than one time point could not be tested
in these small scale laboratory tests. The second was the potential interference of
pigments, which can cause overestimation of the lipid content. In this case the lipid
samples were extremely green from chlorophyll, and a review of the literature

revealed that this is a common problem in gravimetric analysis (Appendix B).

The colorimetric analysis, as discussed, was found to be unreliable for the samples
tested here, and also had more steps in the protocol than the gravimetric technique.
This was therefore not used in primary analysis of any of the samples in this thesis,

although it was originally considered for this purpose.

Nile Red analysis is a very common method in algal screening for biofuels research, as
shown by analysis of the popularity of lipid quantification techniques in algae
(Hounslow et al., 2016b). Whilst this method can be useful for screening lipid content
in microalgae, literature research reveals a number of factors that can influence the
result of a Nile Red lipid measurement (see Appendix B). The results obtained in this
chapter demonstrate that Nile Red can be interfered with by the presence of salt, and

therefore wash buffer must be used to ensure salt is removed before the test.
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Nile Red also revealed conflicting results here with GC data. What this revealed was a
false positive result that directly conflicted with GC measurements. Because cells were
broken open in the high salt concentrations, the Nile Red reading was artificially high
due to a higher surface area interaction between the cell lipids in cell fragments, and
the dye. For the purposes of this thesis, it was found that Nile Red tests were not

suitable for measuring lipids under high salt conditions.

After a full investigation into the available methods for lipid analysis (now published in
the review by Hounslow et al. (2016b)) and the data that was obtained in the current
chapter, transesterification combined with GC analysis was chosen to carry out the
remaining lipid investigations in this work. Gravimetric, colorimetric and Nile Red had
all been found to be unsuitable. There is a large variety of other methods available, but
GC was chosen because of a few advantages. Firstly, the lipids detected have to
directly match up to a standard peak detected, and therefore it is not likely to give
false positives. Secondly, the method is highly quantitative, since known standards are
used. Thirdly, the information obtained is very detailed, as the information is given in
individual FAME types which are each quantified in the sample. This can then be used
to measure total FAME. Since the current research is pursuing ways to increase lipid
production in microalgae for biofuels production, knowing this information about lipid
sample composition is advantagous, since some fatty acid chain types are more

suitable for biofuel than others.

3.4 Discussion of salt conditions and strains used

Following the use of a range of salt conditions and strains in this chapter, the strain
that was selected for the remainder of the experimentation was the starchless mutant.
Although the data in this chapter had not conclusively shown salt to be a lipid trigger in
any of the strains tested, due to the issues encountered with the various lipid
guantification techniques, this strain has the potential for higher lipid production than
the wild type and therefore any changes in lipid production would be more stark in the

starchless mutant than in the wild type in continuing C. reinhardtii experiments.

A variety of salt ranges had been used and two different ways of exposing the algal

cultures to salt stress had also been used.
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In this chapter, both sudden salt stress introduced at log phase and acclimated salt
stress introduced at the seeding point were investigated. For the purposes of this
thesis work, it was necessary to be able to test a wide range of salt conditions,
including those at the limit of C. reinhardetii's salt tolerance, and to be able to obtain a
large amount of biomass to test. The method of accumulating biomass under control
conditions and then introducing salt stress at log phase was therefore chosen for the
remainder of the research work described in this thesis, because this method would
ensure high biomass samples could be obtained for those at high salt conditions as
well as the conditions that allow C. reinhardtii to grow at a high rate. This also follows
the idea that by accumulating biomass and then introducing stress to the culture, more
lipid can be accumulated in the culture overall (Takagi et al., 2006). Thus the effect of
turning on this lipid trigger stress response part way through the growth cycle is of
great interest. It is also important to be able to test the effect of salt on the lipid
content and proteome of the biomass at different stages, post salt application, and so
having a large amount of testable biomass is important at the early as well as the later
stages of salt stress application. This response may vary over time, post salt
application. As this thesis looks to explore the proteome of C. reinhardtii under lipid
inducing salt stress, the onset and continuation of lipid production is the state that the

samples must be studied, using the correct time points.

There are advantages to studying acclimated cultures growing under salt stress from
the beginning, such as knowing that all the acclimated biomass has the ability to grow
in salt stress and is therefore adapted to it, perhaps with mechanisms linked to lipid
metabolism. However, the lack of testable biomass was a large part of the reason that
the cultures seeded with salt media from the start were not used for the remainder of

the work described in this thesis.

The salt conditions chosen for investigation in C. reinhardtii were chosen to be around
the limit of the tolerance, according to the results obtained in this chapter. The salt
conditions of 0.1, 0.15, 0.2 and 0.3 M NaCl were used for the following chapter's
investigation of salt effect on FAME profile of C. reinhardtii starchless mutant. 0.1 M

NaCl introduced a lower salt stress to the culture, which is likely to be tolerated by the
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culture and allow it to grow well. 0.2 and 0.3 M NaCl are at and beyond the tolerance
of C. reinhardtii, according to this chapter's testing. Using this range will provide
information on how the strain responds to both moderate and high introduction of salt

stress.

3.5 Conclusions

The lipid quantification techniques used in this chapter demonstrated many pitfalls
that can lead the researcher astray, including the occurence of false positives in Nile
Red. The importance of a quantative and reliable method in lipid measurement is
highlighted, since these results can give conflicted data or misleading data that does
not tell the full story. Consequently, a full list of techniques available for algal lipid
measurement was drawn up and put into decision trees to show how a researcher can
tackle the issue of choosing a suitable technique (Appendix B). In this case, GC data
was found to be the most reliable method, and also highly suitable to the purpose of

measuring the FAME profile for biofuels production.

Through experimentation, methods for growing and applying salt stress to a lipid
producing strain of C. reinhardtii were selected to provide the best data for measuring
the effect of salt stress on the lipid content and proteome of this species. Sudden salt
shock was chosen to be more useful in this case, and the range of salt concentrations
to be tested was narrowed down to three which would be within, at, and beyond the
salt tolerance of C. reinhardtii (0.1, 0.2 and 0.3 M NaCl respectively). The chapter that
follows will show the detailed results of applying these techniques to the investigation
of salt stress on the lipid content of C. reinhardtii, and will go further in exploring what

can be learned from these experiments.
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4 Chapter 4: The Effect of Salt Stress on Lipid Metabolism of
Chlamydomonas reinhardtii (CC-4325) A Starchless Mutant

4.1 Summary

This chapter describes a full invesigation of salt stress on a C. reinhardtii starchless
mutant strain. FAME analysis was carried out firstly on a range of 0.1 to 0.3 M NaCl
cultures, with results demonstrating some small changes in lipid abundance and
profile. A second experiment using a range of 0.1 to 0.2 M NaCl was then used to find a
set of conditions where salt halted growth but did not kill the cells, since the arrest of
cell division can often coincide with lipid triggering conditions in algae. 0.2 M NaCl
cultures caused significant growth rate decreases and were used to investigate the
effect of salt stress on the proteome of C. reinhardtii using iTRAQ peptide
quantification. Supporting metabolomic data from this experiment showed no
significant effect of salt stress on lipid abundance, leading to the conclusion that lipids
are not accumulated under 0.2 M NaCl salt stress conditions in this strain. The
proteomic data revealed that salt stressed cultures down-regulate acetyl CoA
carboxylase, the rate limiting committing step to fatty acid synthesis, suggesting that
this non halotolerant species diverts resources away from fatty acid synthesis and uses
resources for cell maintenance instead. Up-regulation of citrate synthase also plays a
key role in favouring the TCA cycle over fatty acid biosynthesis in salt stress conditions.
Overall salt stress limits the availability of acetyl CoA for fatty acid synthesis in this

species.

4.2 Introduction

This chapter explores the effects of salt stress on growth, lipid profile, carbohydrate
content, cell morphology, chlorophyll content and photosynthesis activity of
Chlamydomonas reinhardtii CC-4325 (a starchless mutant). In particular this chapter
aims to establish whether salt stress can increase lipid production in C. reinhardtii CC-
4325 cultures, and how the lipid profile changes under these conditions. Knowing how
the growth, carbohydrates and pigments of the cells also respond help to give context

to the lipid response of C. reinhardtii CC-4325 under high salt conditions, and how this
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affects the suitability of this mutant strain as a candidate species for biofuel

production.

Experimential design is detailed in Table 2.1 in Chapter 2. Two sets of experiments
were carried out. In the first, 0.1, 0.2 and 0.3 M NaCl TAP media are used to show the
effect of salt stress on growth and lipid accumulation. This provides information on
how this strain responds to increasing levels of salt stress. As this strain is very
sensitive to salt stress, small changes in salt concentration can provide vastly different
results. Following this first set of experiments, a second set of experiments was
undertaken using a smaller range of salinities (0.1, 0.15 and 0.2 M NaCl) in order to

find the best salinity to induce lipid production by C. reinhardtii CC-4325.
4.3 Results and Discussion

4.3.1 Effectof0.1,0.2 and 0.3 M NaCl on growth of C. reinhardtii CC-4325

The initial growth experiments were carried out in three parts: the first was a
comparison of growth in 0.1 M NaCl TAP against a control in normal TAP medium with
no added NaCl. The second was to use TAP medium containing 0.2 and 0.3 M NaCl
with a control (no added NaCl), to explore the effect of higher salt conditions. The third
type of experiment used 0.2 and 0.3 M NaCl and a control again, but with only 2 time
points (to cut down sampling), and in particular to investigate a potential lipid trigger

in this strain under 0.3 M NaCl conditions.

In these growth experiments, cultures were grown to mid log phase and then re-
suspended in control or higher salinity TAP media to a final OD5o of 0.44. This is based
on the idea of introducing stress part way through the growth phase in order to
maximise the lipid yield of a culture (Takagi et al., 2006). The advantage is that the
culture will be at a high level of biomass when the stress is applied, and therefore
testing of the culture can take place at early as well as later stages of stress application
along a time course; the problems of low biomass yield in lipid analysis were discussed

in Chapter 3.

Figure 4.1 shows the optical density, taken as a measure of culture density and

productivity, of this strain under salt conditions. The difference between the effects of
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0.1 M NaCl and of 0.2 and 0.3 M NaCl are very distinct, with 0.1 M NaCl causing only a
slight decline in growth rate of the culture, and ultimately achieving similar density,
whilst the 0.2 and 0.3 M NaCl cause complete arrest of culture proliferation, indicated
by the slight and steady decline of culture OD under these conditions. Between 0.1 M
and 0.2 M NacCl, there must be a critical level of salt tolerance beyond which the cells
cease to be able to carry out their normal biological functions. Growth was measured

using ODggo and OD75g and the growth trends were the same at both optical densities.

The lowest salt tested (0.1 M NaCl) has an impact on the algal physiology and
biological responses, but does not severely hamper the culture's ability to grow and
survive. This demonstrates that a low level of salt can be tolerated by this strain, but
that no added salt in the medium is a more suitable growth condition for reaching high

cell density quickly.

In each case the first (3 hour) time point optical density was at a higher value in the
higher salinities than in the 0 M NaCl control conditions. Salinity increases therefore
must have an immediate effect on the culture density. This seems unlikely to be due to
a spike in cell division at this point, therefore it may be due to an effect on cell
morphology that makes the culture appear denser. These cultures were not washed
with PBS buffer when taking the OD, therefore we must consider that there may be a
slight diffference due to medium composition, however, the dissolved salts should give
a negligible effect on optical density. When comparing the OD;so of 0 M NaCl TAP and
0.2 M NaCl TAP sterile medium, both gave an OD of 0.000.
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Figure 4.1 Optical density of cultures grown in 0 and 0.1 M NaCl (A and B) and 0, 0.2 and 0.3 M NacCl conditions (C,
D, E, F). Optical densities taken at 750 nm (A, C, E) and 600 nm (B, D, F) (n=3).

Figure 4.2 shows that under all salt conditions, the biomass of the culture starts at the
same level as the control conditions. This is a contrast to the OD data, therefore there

is something affecting the OD at this time point that is not affecting the biomass or dry

cell weight of the culture.

The biomass concentration demonstrates a slightly shallower growth curve in dry cell
weight in 0.1 M NaCl, compared to normal TAP medium, perhaps due to slightly slower
cell division. The biomass productivity of the 0.1 M culture beyond 45 hours then
overtakes the TAP culture slightly, with both cultures showing a large increase within
the first 24 hours. This shows that ultimately, 0.1 M NaCl does not impact the biomass
productivity of the C. reinhardtii CC-4325, it just initially causes some decline in growth

122



rate. In contrast, 0.2 and 0.3 M NaCl completely arrest the proliferation of biomass in
the culture. This supports the evidence from the optical density data that between 0.1
and 0.2 M NadCl, there is a critical tolerance level beyond which the culture is not able

to carry out normal functions and be productive.
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Figure 4.2 Biomass contents of cultures under 0.1 M NaCl and control (A), 0.2 and 0.3 M NaCl and control (B, C)
(n=3).

4.3.2 Effect of 0.1 M, 0.2 M and 0.3 M NaCl on Cell Morphology of C. reinhardtii CC-
4325

Figure 4.3 shows the morphology of the cells grown in normal TAP medium and in TAP
medium with 0.1 M NaCl over time. The cells grown in 0.1 M NaCl medium (B, D, F, H,
J, L) show signs of being in abnormal cell division stages, clustered together in groups
of four, rather than individual cells as seen in the control TAP medium (A, C, E, G, I, K).
This occurs less in the latter stages (beyond time 98 hours) of the culture growth, and
it was not evident either at the initial time point of three hours. The colour of the cells
does not appear to be adversely affected by the presence of salt with all cells showing
healthy pigmentation. The main difference is that cells grown in the 0.1 M NaCl TAP

medium are clustered together in a membrane known as a coenobium, possibly as a
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result of abnormal cell division. Cell division is often affected by the growth
conditions, with the rate of growth altering the number of G1 phases (where the cell
grows in size before dividing) the mother cell goes through (BiSova and Zachleder,

2014).

Having sufficient energy to divide is important in the commitment stages of cell
division and producing high numbers of daughter cells. Therefore the ability of the
cultures to supply energy will affect the cell division process (Zachleder and
Vandenende, 1992). It is suggested that starch reserves are is a critical supply of
energy for cell division (Vitova et al., 2010), therefore having a starchless mutant may

affect the ability of this strain to divide under stress conditions.
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Figure 4.3 Optical microscopy of C. reinhardtii under TAP conditions (A, C, E, G, |, K) and 0.1 M salt conditions (B,
D, F, H, J, L) At 3 (A, B), 24 (C, D), 47 (E, F), 73 (G, H), 98 (I, J), 119 (K, L) hours. All pictures taken at x1000
magnification. Arrows in F indicate cell clusters.

Figure 4.4 shows the effect of adding 0.2 and 0.3 M NaCl on cell morphology in

comparison to normal TAP medium with no added salt. In 0.2 M NaCl cells retain a
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significant amount of green pigmentation, although chlorophyll content is reduced
compared to the control culture. Towards the end of the growth period some cells
start to lyse and become "ghosts" and those which are still green become much bigger
and change drastically in morphology (Figure 4.4 K and N). In comparison, adding 0.3
M NaCl appears to cause the cells to shrink after the initial time point (Figure 4.4 F),
and after this the cells start to degrade and become "ghosts" (Figure 4.4 L and O). A
salt concentration of 0.3 M NaCl is clearly a condition under which this strain cannot

survive.
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Figure 4.4 Microscopy of C. reinhardtii grown in TAP (A, D, G, J, M), 0.2 (B, E, H, K, N) and 0.3 (C, F, I, L, O) M salt
TAP medium at time points 3 (A, B, C), 10 (D, E, F), 23 (G, H, 1), 54 (J, K, L), 76 (M, N, O) hours at x1000
magnification.

A loss of pigmentation is an expected response in green algae under high salt stress,
although they may also respond with an increase in cell size rather than a decrease
(Batterto and Vanbaale, 1971), as seen in Figure 4.4 N. The cells in the 0.2 and 0.3 M
NaCl conditions do not display the same multiple fission that 0.1 M NacCl cultures do,

since cell division is completely halted. This may be autophagic cell death, which has

been shown to occur in other algae species (Affenzeller et al., 2009).

4.3.3 Effect of 0.1, 0.2 and 0.3 M NaCl on Neutral Lipid (FAME) Accumulation by C.
reinhardtii CC-4325

Figure 4.5 shows the overall FAME content measured by GC tests on C. reinhardtii cells
grown in the different salinities. These figures are obtained by adding together all the
detected FAME weights in a run and calculating it as a percentage weight of the total
biomass. There are no large increases in lipid content caused by salt stress, with all

cultures showing between 2% and 9% total FAME content of biomass (Figure 4.5).

The total FAME content of C. reinhardtii CC-4325 cells increased in the presence of 0.1
M NaCl after 50 hours incubation, whereas the FAME content decreased slightly in the
control conditions after this time point (Figure 4.5 A). For the 0.1 M NaCl cultures, this
is also the point at which stationary phase was reached, showing that the increase in
FAMEs coincided with the culture ceasing to proliferate (Figure 4.1). The increase in
FAME may therefore be due to diverting of carbon that is no longer being used for

growth.

Cultures of C. reinhardtii CC-4325 grown in 0.2 and 0.3 M NaCl TAP medium show a
different FAME response to that of 0.1 M NaCl grown cells. Although cell division is

arrested - a condition under which TAG is accumulated over time when caused by
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nitrogen deprivation, due to an imbalance between energy supply and demand (Klok
et al., 2013) - there is not an increase of lipid over time (Figure 4.5 B). However, at the
initial time point of 3 hours, salt stress does increase the overall FAME content
compared with the control conditions, and this increase is especially marked in the 0.3
M NaCl. A second independent experiment taking measurements of FAME only after 3
and 50 hours confirmed this observation, but the salt induced FAME increase was
smaller in this experiment and not statistically significant (Figure 4.5 C). Nevertheless,
this time point (t=3) is therefore of particular interest as it demonstrates a distinct
(although small) increase in lipid content under salt stress conditions In the time
course experiment (Figure 4.5 B), the FAME content then decreases dramatically over
time in the higher salinities especially in the 0.3 M NaCl cultures. This can be explained
by the fatty acids in the cells degrading as the cells start to lyse and break down. There
is some fluctuation in the FAME content of cells grown in 0.2 M NaCl rather than a
continuous decline, suggesting that some of the cells are still functioning and altering
their fatty acid content even though the culture is not dividing. This culture then shows
a sharp decrease at the last time point, when the cells are starting to lose their shape,
as demonstrated in Figure 4.4 N, suggesting the cells are breaking down in both

structure and fatty acid content at this stage.
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Figure 4.5 Total FAME content of cultures grown in control and 0.1 M NaCl conditions (A), and in control, 0.2 and
0.3 M NaCl conditions (B, C) (n=3).

In addition, the individual FAME components were analysed by comparing their
change over time in terms of their percentage of total biomass. These data are shown
in Appendix C, Section 11.1.1. The FAMEs that are present (from the 37 FAME mix used
as a standard) in lower quantities are C6:0, C8:0, C10:0, C11:0, C12:0, C13:0, C14:0,
C14:1, C15:0, C16:1 and C17:1. The FAMEs present in higher quantities are C16:0,
C17:0, C18:0, C18:1cis, C18:2cis, and C18:3n3. Occasionally C20:5, C21:0 and C20:3n6
are seen, but not consistently throughout samples. C16:0, C18:3n3 and C18:2cis
dominate the lipid profile, with C18:1cis and C17:0 appearing in smaller quantities, and
the rest being minor elements of the profile. Overall, C16, C17 and C18 FAMES
dominated — see Appendix C for more details and Figure 4.6 for lipid biosynthesis

pathways.
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[Image removed for copyright reasons]

Figure 4.6 Lipid biosynthesis processes, image taken from Harwood and Guschina (2009).

4.3.4 Discussion of 0.1, 0.2 and 0.3 M NaCl Salinity Stress Experiments
These experiments showed that C. reinhardtii CC-4325 was tolerant of 0.1 M NacCl, but

0.2 and 0.3 M NaCl had a detrimental effect on culture health and 0.3 M NaCl causes
cell death. Even 0.2 M NaCl showed some damage to cell structure towards the end of
the time course experiment. The FAME profile did not show any large increase in lipid

accumulation under the salt stress conditions tested (Figure 4.5).

It was desirable to find out more about what mechanisms C. reinhardtii uses to cope
with salt stress. For this, the best salt condition to use is one that is high enough to
slow the growth of the culture significantly (showing that it is outside the comfortable
salinity range for this species), but not so high that it causes cell death. This was
desirable because in growth arresting but not toxic environments, such as nitrogen
deprivation, C. reinhardtii shows increases in lipid production and physiological
changes that are useful to algal biofuel research. By studying growth arresting but non-
toxic salt conditions, we may see differences from lipid producing conditions that show
which parts of the cell mechanisms are simply arresting growth and which parts are

linked to the lipid metabolism and accumulation.

Because of this, a second set of experiments looked at a more restricted range of salt

conditions, 0.1, 0.15 and 0.2 M NaCl, and is discussed in the following sections.

4.3.5 Effectof0.1,0.15 and 0.2 M NaCl on Growth of C. reinhardtii CC-4325

As noted above, these further experiments were carried out on C. reinhardtii, to
establish suitable conditions where the salt concentration significantly decreased the
growth of the culture, but did not kill the cells. It was desirable to look for the
conditions which normally cause lipid accumulation in microalgae (i.e. the redirection
of energy into storage molecules due to retardation of growth of the culture, normally
induced by nitrogen deprivation), so that the effects of salt on the cellular mechanisms
of C. reinhardtii (including effects on lipid metabolism), could be further explored at

the proteome level.
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The work described in sections 4.2.1 and 4.2.2 showed that the upper limit for salt
tolerance of C. reinhardtii CC-4325 lies between 0.1 and 0.2 M NaCl. Cultures were
therefore grown in a range of concentrations of 0.1, 0.15 and 0.2 M NaCl, as wellasa 0
M NaCl control. An issue with the previous experiments was differences in the starting
OD, due to the nature of the dilution method employed for those cultures. In the new
experiments, the OD was set to be the same for each set of cultures so that growth
could be more directly compared. This was set to approximately 0.35 ODys5o. The
culture growth, biomass accumulation, lipid content and FAME profile, starch content,
chlorophyll content and photosynthesis and respiration rates were then studied at a
series of time points over the growth cycle to determine the response of C. reinhardtii
CC-4325 to these salt conditions. The time points chosen also included multiple
sampling points within the first 24 hours, since it is over this period that the control

cultures undergo log phase, which was important to study in more detail at different

salinities.
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Figure 4.7 Optical density of C. reinhardtii grown at 0, 0.1, 0.15 and 0.2 M NaCl TAP media. OD measured at 750
nm (A) and 600 nm (B) (n=3).

Figure 4.7 shows the growth at each salt condition as determined by OD. Both ODsg
and ODgpy are shown but each follows the same pattern. Control conditions (TAP
medium with no added salt) demonstrate a standard exponential S-shaped growth
curve that begins with a slight lag in growth up until 11 hours, a log phase between 11
hours and 24 hours, and a slowing of growth, approaching stationary phase after 24

hours. As the concentration of NaCl in the media increases, the reduction of the
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growth rate is greater. At all three salt concentrations the cultures are able to grow to
some extent, with even the 0.2 M NaCl culture showing a slight increase in OD towards

the end of the incubation period.

The ability of this culture to grow in 0.2 M NaCl when previous experimentation had
indicated that culture growth did not occur at 0.2 M NaCl (Figure 4.1) shows that there
is natural biological variation between seeding cultures. The CC-4325 strain was re-
obtained from the culture collection a year after the initial experiments were carried
out. C. reinhardtii has significant genomic and phenotypic variation between strains,
and much of this variation has arisen over laboratory culture (Flowers et al., 2015).
Amplifications of mutations are common in strains that are isolated from one another
and adapting to the laboratory environments they are being cultured in (Flowers et al.,
2015). It is therefore possible to have the same strain of C. reinhardtii being sub-
cultured and kept in a culture collection to show differences over time. In this case, the
shift shows a greater resistance to salt stress, allowing cell division at 0.2 M NaCl, when
previously this was too high a salinity for culture proliferation. Perrineau et al. (2014)
reported growth of C. reinhardtii to occur at 0.2 M NacCl, showing that growth at this
salinity is consistent with other findings. However, during the time period when the
control culture is in log phase, the 0.2 M NaCl culture remains in lag phase, thereby

showing the effect of growth retardation that it was desirable to explore.
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Figure 4.8 Biomass accumulation in C. reinhardtii grown in 0, 0.1, 0.15 and 0.2 M NaCl TAP media (n=3).

Figure 4.8 shows the biomass accumulation in the cultures under the different salt
conditions. Biomass accumulation does not necessarily follow the same pattern as OD,
with the cultures of 0.1 and 0.15 M NaCl showing comparable biomass accumulation
to the control cultures towards the end of the time series, and even the 0.2 M NaCl
cultures showing increasing biomass accumulation over the time course. The
difference in OD and biomass may be due to differences in cell morphology, which are
investigated via microscopy of the cells in the following section. It may also be due to
differences in chlorophyll content, which is measured and discussed later in this
chapter, as salt is known to have detrimental effects on chlorophyll in some algal

species (MclLachlan, 1961).

Lower final biomass concentrations are also found at stationary phase even in salt
adapted strains that are exposed to high salinity (Takouridis et al., 2015). However the
improvements in salt tolerance were found to result only in higher growth rates not in

improved biomass accumulation.
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4.3.6 Effectof0.1,0.15 and 0,2 M NaCl on Cell Morphology of C. reinhardtii CC-4325

Figures 4.9 and 4.10 show the cell morphology of each of the cultures at each time
point. Control culture cells remained a similar size and shape throughout the duration
of the experiment, with a low number of the observed cells in the process of division
even in log phase (Figure 4.9 C and E), whereas those exposed to salt conditions
undergo changes to their size and shape, and also appear to be in the dividing part of
the growth cycle, and enveloped by a sac. These cells are larger and more irregularly
shaped than those in the control cultures, which show the regular oval shape with
flagella attached. Those in the salt conditions do not appear to have flagella. Flagella
are important in sexual reproduction in Chlamydomonas, as they are needed for
motility and cell recognition (Hessen et al., 1995), suggesting a reduction in sexual
reproduction under the salt conditions. However, normally Chlamydomonas enters the
sexual cycle under nitrogen stress, and it is thought that this could be an adaptation of
allowing trait variation within a population for a higher chance of survival (Goho and
Bell, 2000). The non-observing of flagella in this case then may just be due to the
clustering of the cells in palmelloids. C. reinhardtii shows cell clustering or
"multicellularity" under certain conditions (Harris et al., 2009; Ratcliff et al., 2013). For
instance palmelloid colonies of four to sixteen cells occur under predation conditions
or under calcium ion deficiency when the cells do not break out of their mother sac.
The multicellularity is thought to be adaptive by maximising reproduction within the
colony under detrimental conditions (Ratcliff et al., 2013). In Section 4.3.2, coenobia
were observed as a physiological change under salt stress, and the same structures
were found here, reinforcing the conclusion that multicellularity is a response to salt

stress.

Takouridis et al. (2015) selectively bred C. reinhardtii wild type strain to be able to
grow in salt conditions, and were able to reach high levels of 0.7 M NaCl. Their wild
type progenitor could also grow at 0.3 M NaCl, a salinity which was found to be toxic
to the CC-4325 strain grown here. One of the changes found in salt adapted strains
was the formation of palmelloids, which are also observed in salt grown cultures in this
experiment. These palmelloids were found to increase in size as salt concentrations
increased (Takouridis et al., 2015). They were also dispersed in an overnight period
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upon re-introduction to 0 M NaCl conditions. The formation of these groups then

appears to be an adaptation to the stress conditions.

It has been shown that cell lines of C. reinhardtii undergoing sexual reproduction reach
higher levels of salinity tolerance than those undergoing asexual reproduction, as
sexual reproduction allows for greater evolutionary adaptation to the selection

environment of high salinity stress (Lachapelle and Bell, 2012; Takouridis et al., 2015).
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Figure 4.9 Microscopy of 0 M (A, C, E, G, |, K) and 0.1 M NaCl (B, D, F, H, J, L) cultures at 3 hours (A and B), 11
hours (C and D), 18 hours (E and F), 24 hours (G and H), 48 hours (I and J) and 72 hours (K and L). Magnification
X1000.
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Figure 4.10 Microscopy of 0.15 M (A, C, E, G, |, K) and 0.2 M NacCl (B, D, F, H, J, L) cultures at 3 hours (A and B), 11
hours (C and D), 18 hours (E and F), 24 hours (G and H), 48 hours (I and J) and 72 hours (K and L). Magnification
x1000.

4.3.7 Effect of 0.1, 0.15 and 0.2 M NaCl on Neutral Lipid (FAME) Accumulation by C.
reinhardtii CC-4325

Figure 4.11 shows the total FAME content of cultures grown in 0.1, 0.15 and 0.2 M

NaCl TAP medium. Previous data (section 4.2.3) had shown that the salt-induced

differences in lipid production were very slight, and the current data confirms this
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finding. In this case there is some variation in all cultures FAME content, but the 0.2 M
NaCl culture showed consistently lower FAME content than the control. The 0.1 M
NaCl condition remains very stable, with no variation in overall FAME content
throughout the time course. The FAME content of the 0.15 M NaCl condition peaks at
24 hours, which is later than the control condition and the 0.2 M NaCl, which both

show a peak at 11 hours.

The overall FAME content shown here is higher than in the previous experiments
(Figures 4.5 and 4.11), again demonstrating the natural variation that can occur
between seeding cultures. Overall, there is no clear pattern in either reduction or
increase in FAME content under these salt conditions, but it is possible that FAME
profile may vary. The individual FAMEs were then investigated to see changes if FAME

profile is being used as part of a salt tolerance mechanism.
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Figure 4.11 Total FAME quantities detected in algal biomass, expressed as a percentage of dry biomass, in 0, 0.1,
0.15 and 0.2 M NaCl (n=3).

The main FAMEs of interest are the C16 and C18 fatty acid chains. The majority of algal
FAMEs comprise these and they are the most suitable for biodiesel production. If
grouping the FAMEs, they can broadly be divided into monounsaturated fatty acids
(MUFAs), polyunsaturated fatty acids (PUFAs), and saturated fatty acids (SFAs). Since
the degree of saturation of FAMEs affects the quality of biodiesel (Knothe, 2005),
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looking at the shift between these main groups is useful to see if salt shifts the
composition in a way that impacts biofuel quality. The chain types detected have been
grouped into these categories to compare and are displayed in Figure 4.12 as the
percentage contribution of these chain types to algal biomass. As with the overall lipid

data, there are no great changes in these lipid quantities.
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Figure 4.12 MUFA (A), PUFA (B) and SFA (C) content of algal biomass in each culture condition (n=3).

Another way of analysing the degree of unsaturation is to calculate the relative
contributions of the chain types to the overall FAME profile (Figure 4.13). The profile of
FAMEs does not show a large amount of variation over time in terms of degree of
unsaturation, in any of the culture conditions. In all the salt conditions, the MUFA
content appears to slightly decline over time, but in the control conditions there is a
slight peak in MUFA at the 24 point. In all conditions, the SFAs and PUFAs are the
biggest contributors to the FAME profile, comprising approximately 40% each of the
FAMEs present, whilst the MUFAs are less than 20%.

141



A 100% - B 100% -
90% | 90% -
80% | 80% |
70% 70% |

60% - 60% |

Percentage of FAME profile
Percentage of FAME profile

50% SFAs 50% - SFAs
40% - PUFAs 40% PUFAs
30% - MUFAs 30% - MUFAs
20% 20%
10% 10%
0% : . : : : , 0% ; ; : : ‘
3 11 18 24 48 72 3 11 18 24 48 72
Time (hours) Time (hours)
C 100% D 100% -
90% - 90% |
% 80% - % 80% -
u‘r} 70% E 70% |
<§: 60% - <Et 60%
% 50% - SFAs 5 50% - SFAs
ga 40% - PUFAs gn 40% - PUFAs
g 30% - MUFAs § 30% - MUFAs
g 20% - 8 20% |
10% - 10% -
0% : . : . : | 0%
3 11 18 24 48 72 3 11 18 24 48 72
Time (hours) Time (hours)

Figure 4.13 Relative percentages of FAME chain types (in terms of degree of unsaturation) in each time course
experiment for 0 M NaCl (A), 0.1 M NacCl (B), 0.15 M NacCl (C), 0.2 M NacCl (D) (n=3).

As well as degree of unsaturation, chain length is an important factor when
considering algal lipids for biofuel. In Figure 4.14, the FAMEs detected have been
grouped into chain length. As Cl6s, C17s and C18s are those most suitable for
biodiesel, these have been displayed as their own groups. Those less than 16 carbon
chains long or more than 18 carbons long have been grouped together for simplicity of
analysis. There are no discernible shifts in chain lengths, showing that this remains

stable in the lipid profile.
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Figure 4.14 Relative contributions of different chain lengths to the total FAME profile of cultures grown under
control 0 M NaCl conditions (A), 0.1 M NaCl conditions (B), 0.15 M NaCl conditions (C) and 0.2 M NaCl conditions
(D) (n=3).

The largest contributors to the FAME profile were individually analysed and compared

between salt conditions. These are represented as percentage content of the algal

biomass in Figure 4.15.
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Figure 4.15 Percentage content of main individual FAME types in algal biomass under 0 M (control), 0.1 M, 0.15M
and 0.2 M Nacl. FAMEs shown are C16:0 (A), C16:1 (B), C17:0 (C), C18:0 (D), C18:1cis (E), C18:2cis (F), C18:3n3 (G)
and C20:0 (H) (n=3).

C16:0 is of great interest as it is one of the biggest contributors to the total FAME
profile and a main component in biodiesel (Knothe, 2009). Interestingly, although
FAME content overall was not increased in salt conditions in this experiment, C16:0

does appear to slightly increase under salt conditions, further increasing in higher
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salinities. This increase is particularly seen between 3 hours and 11 hours in the 0.2 M
NaCl grown cells. The fact that this increase is observed and that the C16:0 content
under salt conditions remains consistently high indicates that C16:0 is an important
FAME in C. reinhardtii tolerating high salt conditions. In all other FAMEs shown here,
0.2 M NaCl has either a neutral or a detrimental effect on the FAME content, with the
exception of C20:0 that shows small increases at 72 hours. The rise in C16:0 in higher
salinity does not result in an overall rise in SFA or total FAME because other

compounds C18:0, C18:3n3, C18:2cis and C17:0 all show concurrent reductions.

Cells grown in 0.1 and 0.15 M NaCl TAP medium have similar FAME patterns. Small
increases in C16:0, C17:0 and C18:2cis are seen compared to the control, but

otherwise have either neutral or slightly detrimental effects on the FAME levels.

The main pattern seen here is that none of these FAMEs deviates very much from the
level found in the controls. Unlike the initial experiments (section 4.2.3), where 0.2 M
NaCl caused degradation of some FAMEs due to unhealthy cultures, the levels stay
relatively stable in these cultures. This shows, along with the growth data discussed

earlier, that there is natural variation between seeding cultures.

4.3.8 Effect of 0.1, 0.15 and 0.2 M NaCl on Carbohydrate Content of C. reinhardtii
CC-4325

Figure 4.16 shows the carbohydrate content of the biomass under the different salt
conditions. In all cases, salt increases the overall percentage of carbohydrate in the
biomass. The highest levels were observed in 0.15 and 0.2 M NaCl cultures, indicating a
salinity induced increase in carbohydrate for C. reinhardtii CC-4325. Possible reasons
for the increase are: an increase in starch storage molecules in the cell due to changes
in starch metabolism and regulation (possibly unlikely in a starchless mutant, although
Ball et al. (1990) stipulate that under certain conditions, even mutants with impaired
ADP-glucose pyrophosphorylase activity and starch synthesis can produce low
"residual" levels of polysaccharide); changes in polysaccharide content in the cell walls,
perhaps thickening to defend against osmotic pressure; or changes to extracellular

polysaccharides of the coenobium. It may be changes to the cell wall chemistry that
145



happens during the onset of sexual reproduction; nitrogen deprivation causes this, and

salt may have a similar effect.

A likely reason for the salt induced increase in carbohydrate in C. reinhardtii CC-4325 is
the formation of palmelloids which are contained within mucilaginous polysaccharide
capsules, as described in the Desmid species Spondylosium panduriforme (Paulsen and

Vieira, 1994).

The comparisons drawn with the literature here are with other species, and formation
of extracellular polysaccharide in the form of capsules is species specific (Myklestad,
1995). Phosphate limitation appears to increase the extracellular polysaccharide
production, and it also appears to increase in the stationary phase of a culture where N
and P are used up, and immediately after nitrate is limited in Chaetoceros affinis
(Myklestad, 1995). Lombardi et al. (2002) found that mucilaginous capsules had a
function of allowing a freshwater alga to cope with toxic environments, in this case

excess copper ions, by providing ion retention and metal buffering properties.

The metabolism of carbon in the formation of extracellular polysaccharides in S.
panduriforme has been studied and it is shown that externally added carbon is
incorporated into these extracellular structures very rapidly, just half an hour after
addition of *C (Vieira et al., 1994). The cultures of C. reinhardtii in the current
experiment were grown in TAP, which includes acetate as a carbon source, and
therefore there is an ample source of carbon to allow the formation of these

polysaccharide capsules.

In Chlamydomonas parvula, polysaccharides are produced during cell multiplication,
but other species such as Navicula pelliculosa produce polysaccharides as part of
extracellular capsules under conditions where cell division is inhibited by nutrient
deficiency, but photosynthesis continues (Lewin, 1956). A similar result of
polysaccharides being produced during cell division was found in another

Chlamydomonas species (species name not specified (Allen, 1956).

Extracellular polysaccharides may also play a chelating role in binding free metal ions

in the growth environment as a defence against toxic conditions (Kaplan et al., 1987).
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Not all polysaccharide capsules have this ability, however, and more information can
be gleaned from studying the chemical structure of the capsules. However, since NaCl
dissociates into free metal ions in solution, the presence of Na® ions may be triggering

the formation of these capsules in C. reinhardltii.
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Figure 4.16 Starch content of C. reinhardtii cultures grown in 0, 0.1, 0.15 and 0.2 M NaCl, expressed as a
percentage of dry biomass (n=3).

4.3.9 Effect 0of 0.1, 0.15 and 0.2 M NaCl on Chlorophyll and Carotenoid Content of C.
reinhardtii CC-4325
Figure 4.17 shows the chlorophyll a, chlorophyll b and carotenoid content of the
cultures grown under the different salt conditions. In all cases, the pigments are
negatively affected by the presence of salt, showing decreases in overall pigment. The
decrease is most markedly seen in the 0.2 M NaCl conditions, with pigments being at
lower relative levels. This demonstrates that photosynthetic pigments are
detrimentally affected by the presence of salt, even at the relatively low level of 0.1 M
NaCl, which in turn will affect the light harvesting complexes in those cultures (Perrine
et al., 2012). This decrease in pigment levels may be a possible explanation as to why
growth rate slows down with increasing salt concentrations. The effect of salt on

photosynthetic capacity has been documented and discussed in the literature
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(Allakhverdiev et al., 2000; Neelam and Subramanyam, 2013). To investigate how well
the photosynthetic capacity of the strain functions under stress, the photosynthesis
and respiration rates of the cultures were measured via an oxygen electrode. Data is

presented in the section below.
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Figure 4.17 Chlorophyll a (A), chlorophyll b (B) and carotenoid (C) content of C. reinhardtii cultures grown under
0, 0.1, 0.15 and 0.2 M NaCl (n=3).

In C. reinhardtii salt stress causes protein degradation in photosystem Il and pigment
reduction (Neelam and Subramanyam, 2013). Both photosynthetic activity and
chlorophyll contents of cultures are found to decrease in salt stressed cultures of C.
reinhardtii (Yoshida et al., 2004). Zuo et al. (2014) subjected C. reinhardtii to 0.3 M
NaCl and found degradation of the photosynthetic pigments within 12 hours of being
subjected to salt stress. They did not find a significant decrease in pigments when
subjecting them to 0.1 M NaCl, however. Many aspects of photosynthesis activity had
been reduced under these conditions, due to an increase in non photochemical
dissipation and a corresponding decrease in photochemical quenching, electron

transport rate and maximum quantum yield (Zuo et al., 2014).
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4.3.10 Effect of 0.1, 0.15 and 0.2 M NaCl on Photosynthesis and Respiration Rates of
C. reinhardtii CC-4325

Figure 4.18 shows the rates of oxygen evolution and oxygen uptake, as a measure of
the photosynthesis and respiration rates (per cell) of the cultures grown under
different salt concentrations. The control conditions show the highest rates of
photosynthesis during the first 24 hours of growth. At 48 and 72 hours, the
photosynthesis rate declines. This may be due to the culture being denser and
therefore beginning to self shade (Sutherland et al., 2015). Photosynthesis rates
typically decrease in stationary phase (Lépez-Sandoval et al., 2014), this is thought to
occur because of nutrient limitation. Similarly, the respiration rates increase in the

control culture steadily until 24 hours, and then decrease again.

By contrast, salt has a detrimental effect on the ability of the culture to
photosynthesise and respire. The reduction in photosynthesis is more pronounced in
cultures with the higher salt concentrations, with this being most aptly demonstrated
in the 3 hour and 11 hour time points, where each subsequent increase in salt
concentration results in a further reduction in oxygen evolution or uptake. This is
consistent with research finding that salt stress can inhibit the activity of photosystems
in microalgae (Allakhverdiev et al., 2002; Gilmour et al., 1985; Sudhir and Murthy,
2004). All three cultures exposed to salt conditions are able to photosynthesise to a
degree, however, showing that these cultures are tolerant of the 0.1, 0.15 and 0.2 M
NaCl conditions even if some functions are impaired (shown by the reduction in

photosynthetic pigments, photosynthetic activity, and growth rates).

The presence of NaCl can affect the photosynthesis apparatus. In Scenedesmus
obliquus salt stress caused significant reduction in the density of photosystem I
reaction centres and changes to the size of the antenna (Demetriou et al., 2007). NaCl
can have both ionic and osmotic effects on photosynthetic machinery that result in
irreversible loss of oxygen evolving activity in photosystem Il, and affected electron
transport activity in photosystem | (Allakhverdiev et al., 2000). The fact that the
inactivation of PSIl and PSI is irreversible in some species is a large factor in

determining salt tolerance (Yokthongwattana et al., 2001).
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Unsaturated fatty acids play a key role in protecting photosynthetic machinery from
damage induced by high salinity (Allakhverdiev et al., 2001), and a genetically
engineered increase in the unsaturation of fatty acids found in membrane lipids can

improve the salinity tolerance of photosystems.
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Figure 4.18 Photosynthesis and respiration rates (per cell) of C. reinhardetii cultures grown in 0, 0.1, 0.15 and 0.2
M NaCl, measured via oxygen evolution (n=3).

4.3.11 Discussion of metabolomic data

The work described in this chapter shows that the starchless mutant strain (CC-4325)
of C. reinhardtii has some tolerance to salt stress, and the detrimental effects of salt
stress on cellular functions increases as the salt concentration increases. Exposure to
higher salinities cause growth reduction, the formation of multi-cell structures,
pigment reduction, photosynthesis and respiration reduction, increases in C16:0 and

carbohydrate, although there are no large changes in lipid yield.

To gain more insight into how C. reinhardtii tolerates salt stress, a proteomic

investigation was carried out comparing the 0.2 M NacCl condition at time points 3, 11
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and 18 hours, and comparing to time point 18 hours in the control condition. These
time points were chosen because there is chance to compare a control condition that
is growing in mid log phase with a salt condition where growth has been severely
reduced. In the salt condition these time points provide a few interesting changes that
the 0.2 M NaCl culture undergoes. Between 3 and 11 hours there are increases in both

the starch content of the cultures, and in the C16:0 content of the cultures.

4.4 iTRAQ investigation of the effect of 0.2 M NaCl on the proteome of
C. reinhardtii
An iTRAQ experiment was carried out on C. reinhardtii samples under 0.2 M NacCl
conditions, and control conditions of normal TAP medium with no additional NaCl salt,
using the second experiment (detailed above in Section 4.3.5) for sampling. iTRAQ
allows the comparison of 8 samples in the 8 different channels. In this case, 4
phenotypes were compared in duplicate, using a time course along the salt stressed
culture, and a single control time point. The sample conditions and the iTRAQ labelling
of samples are described in Table 4.1, with two biological replicates for each sampling
point. The time points are chosen according to the equivalent growth phases shown in
control conditions i.e. immediately after inoculation (3 hours), an early log phase (11
hours) and a mid to late log phase (18 hours). The aim of this is to show how salt
affects the culture during a time course that would normally undergo log phase

growth.

Table 4.1 Samples used for iTRAQ experiment for C. reinhardltii.

Sample name Condition Biological Phenotype conditions iITRAQ labels
number replicate
CQD 1 1 3 hour 0.2 M NaCl 113
CQE 2 114
CQK 2 1 11 hour 0.2 M NaCl 115
CGL 2 116
CNL2 3 1 18 hour control (TAP with 117
no additional salt)

CNM2 2 118
CQR 4 1 18 hour 0.2 M NacCl 119
CQQ

2 121
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Protein samples were obtained as described in the materials and methods chapter
(Section 2.6.2). After extraction, acetone precipitation and reconstitution in buffer, the
protein samples were quantified using a Bradford Assay and a 15 pL sample was run on

an SDS-PAGE gel to check sample quality.

4.4.1 Protein quantification and gel visualisation

The protein concentrations for each condition and biological replicate are shown in

Table 4.2.

Table 4.2 Concentrations of protein from sample extractions.

Sample name Condition Biolqgical Protein conce_r;tration
replicate (mgmL™)
CQD 1 1 3.4+0.043
CQE 2 2.7 +0.050
CQK 2 1 2.7 £0.057
CQL 2 2.8+£0.050
CNL2 3 1 3.7+0.043
CNM2 2 3.5+0.079
CQR 4 1 2.0+0.129
CcQQ 2 2.2+0.043

Figure 4.19 shows the SDS-PAGE of the protein samples (15 ug per lane) and indicate
good sample quality, as the distinct and intensely stained separated bands indicate the
presence of intact separated proteins in sufficient quantities, with visual consistency
between biological replicates, and with well separated marker bands. Since control
sample 1 appeared visually different to the other samples, a second gel was run to
compare the three available control samples and ensure that the chosen control
samples matched each other well (Figure 4.20). Extraction 2 refers to a new aliquot of
biomass of the same samples being used. Controls 2 and 3 (extraction 2) were then

chosen as the control samples.
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Figure 4.19 SDS PAGE separation of 8 samples for iTRAQ analysis.

(z uonoesIxa
€ |043u0

(z uonoesxa
Z |013u0

(z uonoesIxa
T [043u0

(T uonoesxa
€ ]0J3U0

(T uoEIIXD
Z 050

(T uonoesxa

Figure 4.20 SDS PAGE separation of control samples for optimal sample selection.
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100 pg of each sample was taken for tryptic digestion, as described in the materials
and methods chapter (Section 2.6.7.1). Prior to incubation but after trypsin had been
added, 10 pug was removed from each sample and stored at -20 °C. After incubation,
another 10 pug was removed from each sample. The 2 aliquots from each sample were
run on an SDS-PAGE gel to check if digestion had taken place. The gels should show a
clear difference between the pre and post incubation samples, with the former
showing banding and the latter having no bands. The gels obtained did not give
conclusive results (data not shown), and therefore a small aliquot of one sample was
taken to run on AmaZon mass spectrometer, as detailed in the methods chapter. 155
proteins were identified, and 766 of 1020 peptide matches showed zero mis-cleavages.
This sample showed the presence of tryptic peptides, indicating complete digestion,

and digestion was assumed to be equivalent for all samples.

Samples were labelled with iTRAQ labels and fractionated using Hypercarb™ column
(porous graphitic carbon stationary phase) on HPLC (using methods described in
Section 2.6.9), causing the peptides to be eluted and separated out over a gradient,
based on their polarity. The UV Vis chromatogram (wavelength 214 nm) of the eluted
sample is shown in Figure 4.21.
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Figure 4.21 UV vis (wavelenth 214 nm) chromatogram of digested and labelled peptides in C. reinhardtii iTRAQ
sample.
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4.4.2 Summary of detected peptides and proteins from MS analysis

The six fraction files were processed in data analysis software MaxQuant 1.5.3.8 and
PEAKS7®. MaxQuant is standard software for processing Q Exactive HF MS data
(Michalski et al., 2011). PEAKS was also investigated, since in the following chapter,
later investigations of C. nivalis data rely on the de novo sequencing and homology
searching capabilities of PEAKS. The data were searched against the Chlamydomonas
reinhardtii Uniprot proteome database (taxa id: 3055, downloaded 6 May 2016, 15,172
entries). Using the 139,093 MS scans, and 168,249 MS/MS scans, searches were

carried out in using both programs with the following settings:

Digestion type: trypsin; Variable modifications: Oxidation (M); fixed modifications:
MMTS; MS scan type: MSZ; PSM FDR 0.01; Protein FDR 0.01; Site FDR 0.01; labelling:
iTRAQ 8-plex; MS tolerance 0.2 Da; MS/MS tolerance 0.2 Da; label mass tolerance 0.01
Da; database: Uniprot proteome database for Chlamydomonas reinhardtii (taxa id:
3055, downloaded 6 May 2016, 15,172 entries); min peptide length 6; max peptide
length 4600; max mis-cleavages 2; maximum charge state 7; min number of unique

peptides 1.

Furthermore, FDR 1% was applied to all PSMs and lists of peptides were used to
generate relative quantifications of proteins using in-house software uTRAQ. The

qguantified proteins list was generated using 2 or more unique peptides.

A summary of the results obtained are shown in Table 4.3. This also explores the

difference that DB matching only and Spider homology search has on the results.

Table 4.3 Summary of PSMs and proteins identified and quantified from PEAKS and MaxQuant.

Software Type of PSMs Proteins
search

MaxQuant Database 11595 1926

PEAKS Database 27275 3276

PEAKS Homology 27471 2979
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PEAKS has the ability to detect peptide mutations, allowing proteins with variations in
their peptide sequences to be matched to a database. This is known as spider
homology searching, a function in PEAKS that searches for possible variations in the
amino acid sequence from a known peptide. Unfortunately, spider homology
searching in PEAKS did not improve the dataset compared to just searching the
available DB. This is to be expected since C. reinhardtii is being matched to its own
database. Homology searches were therefore not used in the remainder of this
analysis. PEAKS results yield more data than the MaxQuant software. This shows the
advantages of using de novo sequencing, even on a well sequenced organism. The
greater number of PSMs results in higher protein matches of 2 or more unique
peptides. The quantified proteins were put though GeneVenn (Figure 4.22) to show
how much overlap there was in identifications

(http://genevenn.sourceforge.net/index.htm).

The manner of reporting proteins is different between PEAKS and MaxQuant, since
PEAKS reports quantifications assigned to more than one accession number as
separate quantifications, whereas MaxQuant reports proteins grouped together that
are essentially the same protein with different accession numbers in one

guantification.

Each software also has its own way of matching spectra to peptide identifications, and
therefore care must be taken in combining results so that spectra results are not over-
reported (Searle et al., 2008). De novo sequencing uses MS/MS spectra to derive a
peptide's amino acid sequence without using a sequence database, through mass
difference of fragment ions in order to determine the mass of each amino acid. The
peptides can then be matched to sequenced databases later, or searched for likely
amino acid variations and modifications via homology searching. By contrast,
MaxQuant uses MS/MS spectra and matches them directly to peptides from a protein
database, using the database to find the closest peptide match to a spectrum (Zhang et
al., 2012). De novo can identify novel peptides as well as known peptides from

databases.
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MaxQuant PEAKS

Figure 4.22 Identified and quantified proteins matched by accession number from MaxQuant and PEAKS searches
(figure obtained from GeneVenn).

Whilst there is a large number of shared proteins, using both datasets could improve
data analysis of changes between phenotypes even further. 3688 protein
identifications and quantifications have been identified through combining these lists.
However, due to the nature of the software's calculations for quantifications and
normalisation, merging of data is not advisable at this stage. Since the use of data from
both datasets could result in multiple reporting of spectra, only one dataset was used
for analysis of changes between phenotypes. PEAKS reveals a greater number of PSMs
and is needed in later study of the genetically un-sequenced organism C. nivalis (with a

very limited protein database), so it was selected for data acquisition.

Perseus 1.5.2.6 software (data analysis partner software to MaxQuant) was used for
data visualisation. Figure 4.23 shows the PCA clustering of data obtained from the
protein groups. The points have clustered with biological replicates similar to each
other: 3 hour salt conditions (red), 11 hour salt conditions (orange), 18 hour salt
conditions (blue) and 18 hour control conditions (green). A dendogram of the
hierarchical clustering is also shown (Figure 4.24). Again it shows good grouping in the
biological replicates, showing that the biological replicates are similar enough to gain
insights from phenotypic comparisons between groups. It shows that the 3 hour salt
and 18 hour control are more proteomically similar that the later 11 and 18 hour salt

conditions, which are very similar to each other.
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Figure 4.23 PCA plot of the 8 samples, clustered by biological replicates. Clusters show 3 hour salt conditions
(red), 11 hour salt conditions (orange), 18 hour salt conditions (blue) and 18 hour control conditions (green).
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Figure 4.24 Hierarchical clustering of the 8 samples (indicated by iTRAQ label nhumber), showing grouping of
replicates.

Table 4.4 Key for dedorgram grouping of labels and phenotypes.

Biological Phenotype conditions iTRAQ labels
replicate

1 3 hour 0.2 M NaCl 113

2 114

1 11 hour 0.2 M NaCl 115

2 116

1 18 hour control 117

2 118

1 18 hour 0.2 M NaCl 119

2 121
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SignifiQuant software was used to calculate significant differences between phenotype
groups, using significance threshold 0.05. Peptide lists were converted to uTRAQ
format and run through SignifiQuant to obtain differences between phenotype groups.
uTRAQ software normalises all data so that each sample has the same amount of
peptide reported in it, and then outputs all peptide samples as relative intensities to
each other. SignifiQuant calculates the ratios of each of the samples in a comparison
(e.g. 113 and 114 against 115 and 116, resulting in 4 difference comparisons) and then
uses a t-test to calculate the probability of the difference between sample groups. If a
given threshold is 0.05 significance, a protein will only be reported as significantly
different if all four comparisons in that group fall below that significance threshold
(Pham et al., 2010). In this case, multiple test correction (Bonferroni, 1936) was not
applied, to avoid the limitations on data acquisition this can cause, since it leads to
such a high level of stringency that the number of changes is drastically reduced (in
this case by an order of magnitude), and many important changes could be missed

(Datta and DePadilla, 2006).

The comparisons aimed to look at the effect of salt over time on the species, and to
compare a salt exposed culture to a non-salt exposed culture at log-stage growth. Full
lists of significant changes are detailed in Appendix C in Section 11.3. Summaries of the
changes between sample groups are detailed in the following sections, and a broad
functional group analysis and metabolic mapping has been carried out to compare
each group. Metabolic mapping was carried out using ChlamyCyc, an annotated
pathway mapping tool for C. reinhardtii onto which changes in enzyme expression can
be mapped (http://pmn.plantcyc.org/CHLAMY/class-tree?object=Pathways), and
assigned enzyme commission (EC) numbers (cataloguing enzyme activity) from the
available dataset. Figure 4.25 shows the coverage of the detected proteome on the
Chlamydomonas metabolic map from 201 EC codes from the full protein list. EC codes
were used as these were the most comprehensively covered type of identifier for this
metabolic map. There is a large amount of coverage, although it is not comprehensive,
showing the limitations of detection and database matching in this type of shotgun
proteomic investigation. For example, the lipid and fatty acid metabolism pathways

are not well represented in this dataset since not many of the identifiers were
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detected, whilst photosynthesis, glycolysis and carbohydrate biosynthesis are all well

represented with a large amount of coverage on the metabolic map.

For functional annotation, accession numbers were submitted to DAVID Functional
Annotation tool, and annotation categories of biological function were used to group
the differentially expressed proteins in terms of the number of up and down regulated
proteins. DAVID functional analysis shows the biological process annotation that has
been applied to a listed protein in the database, describing its function. These occur at
5 different "levels", with level 1 being the least detailed and level 5 being the most
detailed, and the level of specificity increasing along the levels. The most complete
annotation with the most useful level of detail is found at levels 3 and 4, since these
gave sufficiently detailed information about the protein groups and their biological
function, whilst maximising the number of proteins with annotations at that level.
Annotation is not complete in the Uniprot database, but this is the most
comprehensive database available for study of this organism. The number of proteins
that do not have annotation at these levels is stated in the analysis. Proteins can often

have more than one annotation grouping, so will appear in more than one category.
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Figure 4.25 Proteins detected in whole quantification data set (201 EC numbers) mapped onto ChlamyCyc metabolic map. Enzymes that were detected are highlighted in red.
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Differences were tested along the time course experiment of salt stress of phenotypes
1 (3 hour), 2 (11 hour) and 4 (18 hour). Phenotypes 3 and 4 were also compared to
show differences between control and salt conditions at 18 hours. Since there are a
large number of changes between groups, the best way to analyse these was via
biological function annotation analysis, to give an insight into specific phenotypic
changes. Tables of protein changes are listed in Appendix C, and relevant protein
changes have been examined in more detail as well as pathway and functional group

analysis.

4.4.3 Proteomic changes between early and mid-point stages of exposure to
salt (3 against 11 hours salt stress)

171 proteins were differentially expressed between 3 and 11 hours of exposure to salt

stress. 80 of these were down-regulated from 3 to 11 hours, and 91 were up-

regulated. Details of these protein changes are listed in Appendix C.

The phenotypic changes between these two time points (which were measured by
various techniques as detailed in the methods section) can be summarised as: no
increase in OD, an increase in cell size with some clustering, an increase in
carbohydrate content, a slight increase in FAMEs, a decrease in chlorophyll, and no
significant change in photosynthesis or respiration (however these processes take
place at low levels compared to the control). This indicates that the cells are in an
unhealthy state and unable to proliferate, with a reduced capacity for photosynthesis,

with some minor changes in carbohydrate and lipid content.

The majority changes on the ChlamyCyc metabolic map are down-regulations. Only a
few changes are seen in lipid and fatty acid biosynthesis, and these are down-
regulated proteins. One area of lipid and fatty acid degradation was up-regulated.
Carbohydrates biosynthesis shows some up-regulation, which supports the phenotypic
change of the rise in carbohydrate content discussed previously, perhaps due to
palmelloid formation of clustering of daughter cells into mucilaginous sacs as

previously discussed in Section 4.3.6 as a response to salt stress.

162



Furthermore, photosynthesis was down-regulated, which matches the decrease in
photosynthesis found in oxygen electrode data. The other area of up-regulation shown
is hormone biosynthesis. The enzymes are involved in jasmonic acid biosynthesis.
Jasmonic acid, or jasmonates, are shown to be increased in salt tolerant plants
(Pedranzani et al., 2003), suggesting that this pathway was up-regulated as a salt
tolerance mechanism. Additionally, the carbohydrate metabolism shows up-regulation
of starch biosynthesis, glucose biosynthesis, and UDP-a-D-glucuronate biosynthesis

from UDP-glucose, showing that starch metabolism was induced by salt stress.
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Figure 4.26 Metabolic mapping of changes between 3 and 11 hours of salt stress, using EC numbers and ChlamyCyc mapping tool. Red highlights indicate up-regulation, blue highlights indicate
down-regulation. 46 had EC numbers that were up and down regulated, 44 of which were found.
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4.4.3.1 Functional annotation analysis
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Figure 4.27 Functional annotation grouping for biological process at annotation level 3 (A) and 4 (B) for significant
changes between 3 and 11 hours salt exposure. Of the 80 down regulated proteins, 31 weren't found in biological
process annotation level 3 (BP3) and 43 were not found in biological processes level 4 (BP4). Of the 91 up-
regulated proteins, 50 were not found at BP3 and 48 were not found at BP4.

Functional grouping of biological process labels shows some notable patterns (Figure
4.27). All annotations with metabolic processes were down-regulated. Pigment

biosynthesis, namely carotenoid biosynthesis, was also down-regulated. This contrasts
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with findings in halotolerant algae, since carotenoid production has been linked to high
salt conditions in Dunaliella (Borowitzka et al., 1990), and there was no decrease in
carotenoids found between the two time points. It seems, however, that carotenoids

are not being employed as a salt tolerance mechanism in this species.

The up-regulated proteins were mainly associated with DNA assembly and
organisation (chromatin assembly, chromosome organisation and nucleosome
organization) or with the biosynthesis and assembly of macromolecules. This suggests
that the cells are undergoing cell division processes. Since the cells begin to form
palmelloids (groups of daughter cells clustered together in sacs), this shows that this
process has been prioritized over the metabolic functions of the cell. It appears that
although the culture does not increase in OD (culture density) at this stage, the culture

is putting a large amount of resources into replacing and rebuilding damaged cells.

Alditol metabolic processes were also up-regulated. An example of an alditol is
glycerol. The protein changes list (Table 11.1 in Appendix C) reveals that glycerol-3-
phosphate dehydrogenase is up-regulated. This is a part of the glycerol synthesis
pathway and is also involved in maintaining redox potential for glycolysis and one of its
products glycerol-3-phosphate can lead to production of TAGs and phospholipids (He
et al., 2007; Mracek et al., 2013). Glycerol is a well established compatible solute for
algae that helps to regulate the osmotic potential and stress on the cells that is
induced by high salt stress conditions (Goyal, 2007). This suggests a rapid adaptation of

the cell to the environment, through the production of compatible solute glycerol.

4.4.3.2 Proteomic changes to lipid metabolism

Lipid metabolism was not shown to be affected in these categories, supporting the
evidence from the phenotypes that lipid metabolism in C. reinhardtii is not greatly
affected by 0.2 M NaCl salt stress, although there are a few individual proteins that can
be linked to lipid metabolism, when investigating individual changes. One of these was
the up-regulated glycerol-3-phosphate dehydogenase, responsible for the glycerol
metabolism changes discussed above, and shown to be increased in high salinities

(Chen et al., 2011a). It is also a major linking protein between the carbohydrate and
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lipid metabolism (Yao et al., 2014). Increasing this enzyme in plants can result in a

significant increase in oil content (Yu et al., 2011).

Another was the up-regulation of acetyl-CoA acyltransferase, which may be involved in
catabolic beta-oxidation of fatty acids (Meurant, 1984), suggesting there may be an
increase in the breakdown of lipids for energy release for use in the cell. Overall, there
is a slight change in lipid metabolism, but there are no large scale changes in lipid
regulation observed at the proteomic level. This correlates with the FAME data

(Section 4.3.7) which shows a slight increase over time but no large scale changes.

4.4.3.3 Proteomic changes indicating low growth rates

Analysis of the individual proteins reflects the salt stress response, low growth rates

and decreased photosynthetic ability.

Low-CO,-inducible proteins were altered (although one was up-regulated and one was
down-regulated), suggesting that the ability to uptake inorganic carbon was affected
by salt stress (Ohnishi et al., 2010). Since ribulose bisphophsate carboxylase (RuBisCo),
carbonic anhydrase (both involved in carbon fixation (Sultemeyer, 1998)), light
harvesting protein and chlorophyll a/b binding protein (involved in light harvesting)
were also down-regulated, the evidence is that photosynthesis and carbon fixation is
negatively affected by salt stress.

Heat shock were proteins up-regulated, indicating stress responses, in addition to a
autophagy protein being up-regulated, suggesting that unhealthy cells are undergoing
degradation. Autophagy also promotes cell survival by recycling intracellular
components, therefore temporarily adapting the culture during stress (Pérez-Pérez et
al., 2012). This indicates that the cells are poorly suited to a high salinity environment.
With that in mind, certain proteins provide evidence of the cells employing salt stress
resistance mechanisms such as the up-regulation of aldehyde-alcohol dehydrogenase.
This enzyme has been linked to mitigation of oxidative stress as it acts as an aldehyde
scavenger during lipid peroxidation (Singh et al.,, 2013). Glutamic-gamma-

semialdehyde dehydrogenase was also up-regulated, and is an enzyme involved with
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the production of proline which has been shown to accumulate under salt stress (Silva-
Ortega et al., 2008).

Furthermore, aconitate hydratase was down-regulated, an enzyme involved in the TCA
cycle, photorespiration and glycolysis (Ghosh and Xu, 2014). This correlates with
respiration being negatively impacted by salt stressed conditions, as shown by oxygen

electrode data (although they are at similar levels between the two time points).

Another down-regulated enzyme was ubiquitin-activating enzyme, consistent with
findings of oxidative stress in the green alga H. pluvialis (Wang et al., 2004). Ubiquitin-
proteasome pathway is down-regulated in C. reinhardtii under oxidative stress and the

accumulation of ROS (Vallentine et al., 2014).

4.4.3.4 Proteomic changes to carbohydrate metabolism

Individual analysis of expressional changes reveals greater insight into the changes in
carbohydrate metabolism. Alpha-1,4 glucan phosphorylase, an enzyme involved in
degradation of starch, was up-regulated. UDP-glucose 6-dehydrogenase was also up-
regulated, which catalyses degradation of starch into glucose which can then be
utilised in the glycolysis pathway, and has been shown to be part of the proteomic
response in nitrogen-depletion induced lipid accumulation in Chlorella (Li et al.,

2014a).

Additionally, starch synthase was down-regulated and although the metabolic map
suggests that carbohydrate biosynthesis was up-regulated, analysis of the individual
proteins indicates greater starch catabolism and lower starch synthesis. This
contradicts the anthrone assay analysis (Section 4.3.8), suggesting there is an increase
in carbohydrates between 3 and 11 hours in this species. However, the proteomic
analysis suggests it is not due to the formation of intracellular starch. Furthermore, the
up-regulation of starch degradation suggests that the salt condition causes utilisation
of stored starch for energy, perhaps as a survival mechanism whilst under this
osmotic/ionic stress, utilising stored energy to regulate cellular functions. Considering
the cellular increase of carbohydrate indicated by the assay, it is possible the cell is
storing energy for long term survival in a high salinity. As previously mentioned

(Section 4.3.6) it could also be due to increased palmelloids during the cell cycle to
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allow for division in a saline stress environment. Unfortunately, the proteomic data is

not sufficiently detailed in order to find an explanation for this increase.

4.4.3.5 Individual proteomic changes

Chloroplast phytoene desaturase and chloroplast phytoene synthase are down-
regulated and both are linked to carotenoid accumulation (Toledo-Ortiz et al., 2010), a
compound important in helping to protect chlorophyll from excess light. This suggests
that carotenoid accumulation is not being employed as a protective mechanism. This

may be part of the reason that this strain of C. reinhardtii is not more halotolerant.

4.4.3.6 Overall proteomic changes

Overall the protein changes are indicative of a phenotypic change to a lack of growth
or lipid production, which correlates with the measured lipid content, photosynthetic
rates and culture density measurements obtained. Several salt stress responses and
possible tolerance mechanisms has been highlighted. Some specific changes in
carbohydrate and lipid metabolism have been highlighted in the proteome, although
this does not always align with the phenotypic data. Metabolic mapping (Figure 4.26)
and functional annotation analysis (Figure 4.27) demonstrate proteomic overall
changes in down-regulation of photosynthesis, carbon fixation, and many cellular
metabolic processes, which is supported by the phenotypic data showing reduced

photosynthesis and growth.

4.4.4 Proteomic changes between mid-point and later stages of exposure to salt (11
against 18 hours salt stress)
Between 11 and 18 hours of salt exposure, 217 proteins were found to be differentially

expressed. 123 proteins were down-regulated and 94 proteins were up-regulated.

The previously discussed phenotypic differences between the two sample points can
be summarised as: no significant change in photosynthesis or respiration (although this

continues to be at a much lower rate than in the control), a further decline in
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chlorophyll pigments, a slight increase in carbohydrates (at a lower rate than between
time points 3 and 11), a slight decline in FAMEs, no notable change in morphology

(cells remain bigger than time point 3 hours), and no significant change in OD.

The metabolic map (Figure 4.28) was searched. In comparison to the previous figure
showing metabolic map differences between 3 and 11 hours, the changes highlighted
in the metabolic map from 11 to 18 hours shows up-regulation in many areas,
including photosynthesis, carbohydrates biosynthesis, amino acids biosynthesis,
glycolysis, and a few in lipid biosynthesis. Some areas of degradation are also up-
regulated, namely in carboxylates, fatty acids and lipids, and amino acids, showing that
biosynthesized components are not necessarily accumulating. The majority of
processes with changes show up-regulation, indicating that there is an important
change in the way that C. reinhardtii is responding to salt stress within the time course.
After the 18 hour point, the culture later begins to multiply further and appears to gain
tolerance to 0.2 M NaCl by being able to multiply in salt conditions which were
detrimental at the beginning of the time course experiment. It may be that the
metabolic processes taking place in control conditions are simply taking place later in
salt stress conditions, but this must be tested by looking at the difference between
control and salt conditions at the same time point, which is discussed later. Although
growth and photosynthesis data suggests that the culture continues to have impaired
photosynthetic ability and ability to proliferate, the change in the proteome suggests
that salt tolerance mechanisms are being employed that allow the culture to switch
back to its normal metabolic processes between the 11 and 18 hour time points. The
proteins discussed that were up-regulated between 3 and 11 hours that have been
linked to salt tolerance, such as glycerol production and proline production, may have
allowed the cell to adjust to the new environment over time and then revert to putting
resources into normal cellular functions for photosynthesis and growth. The fact that
the culture remains at a low level of growth and with impaired photosynthetic ability
(as reflected by oxygen electrode data) shows that this shift in proteomic mechanisms
is still not enough to counter the detrimental effects of salt. However, it does show
that the cells are able to adapt to the new condition instead of dying, and to even

attempt to carry out their normal cellular functions.
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Figure 4.28 Metabolic map from ChlamyCyc, with significant changes in pathway enzymes highlighted (using EC numbers). 58 EC numbers were searched, 57 of which were found.
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4.4.4.1 Functional annotation analysis
Functional annotation supports the evidence that metabolism was up-regulated

(Figure 4.29).

By contrast to the differences in functional group processes found between 3 and 11
hours, the differences between 11 and 18 hours show decreases in cellular
macromolecular complexes and in DNA related processes, both in the BP3 and BP4
levels of annotation. Photosynthesis is down-regulated, and this remains consistent
with the findings from oxygen electrode data, that throughout the time course
experiment, photosynthesis is reduced by the presence of salt stress. However, it
conflicts with information from the metabolic map data that shows both up and down-
regulation in photosynthesis. There are limitations to both sets of analysis, in that not
all accession numbers have associated EC numbers or DAVID functional annotation, so
some of these analyses may produce slightly different results depending on the

limitations of Uniprot, ChlamyCyc and DAVID's data annotation.

Many of the metabolic processes previously down-regulated are then up-regulated
between 11 and 18 hours of salt stress. Carbohydrate processes are largely up-
regulated. Nitrogen compound metabolic processes were up-regulated, as were

processes to do with energy generation.
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Figure 4.29 Functional annotation of significant differences between 11 and 18 hour salt conditions and BP level 3
(A) and BP level 4 (B). 54 proteins were not found for BP3 down-regulation, and 63 were not found for BP4. For
up-regulation, 43 were not found in BP3, and 52 not found in BP4.
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4.4.4.2 Proteomic shift between previous time points

There is clearly a large change in the way salt stress is affecting the proteome over
time. The changes shift away from DNA replication, translation and macromolecular
processes and towards the metabolic processes that had previously been down-
regulated between 3 and 11 hours. This suggests that after the initial diverting of
resources towards cell division and palmelloid formation, the culture then remains in
this state without further division, but possibly starts to divert resources towards
energy generation and storage, and process metabolites within the cell for future
growth. This perhaps suggests that the cells are experiencing less salt stress than in the
first time points, or are better adapted. Initial reactions to salt stress may have allowed
adaptation and rebuilding of damaged cells, and whilst the culture is still clearly not
able to grow or photosynthesise as well as in control conditions, the cells are able to
re-prioritise metabolic processes. The shift in changes from 3 to 11 and 11 to 18
highlights the nature of this type of investigation - that a sampling point is a snapshot
of the proteome from which the temporal changes must be inferred. It is important to

interpret such quantitative proteomic investigations with this limitation in mind.

Transcriptomic study of Arabidopsis has shown that salinity response involves several
factors including osmoprotectants, energy metabolism, detoxification, transport and
protein turnover (Jiang and Deyholos, 2006). It is likely that the different processes
employed in response to salt take place at different time scales as the culture adapts.

These temporal shifts are demonstrated by the changes in the proteome over time.

4.4.4.3 Analysis of individual proteins

When looking at individual proteins of note, NaCl-inducible protein is down-regulated
between 11 and 18 hours. Literature searches and annotation did not reveal
information about the function of this protein. It might be expected that prolonged
salinity stress would result in up-regulation. However, the down-regulation suggests
that the role it plays in salinity response is not employed in the latter stages of salt

stress.

A low CO, inducible protein is up-regulated. This protein has been shown to increase

inorganic carbon uptake (Ohnishi et al., 2010), suggesting that the cell is working to
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increase the availability of carbon, probably because the ability to fix carbon via

photosynthesis and the carbon fixation pathways has been impaired by salt stress.

Many changes remain consistent with the previous comparison of 3 to 11 hours:
photosynthesis, photosystem | and RuBisCo proteins (involved in the Calvin cycle) were
down-regulated, since salt continued to have a negative impact on photosynthesis and
carbon fixation. UDP-glucose related proteins, including UDP-glucose
pryophosphorylase, continued to be up-regulated, suggesting the continued use of

starch degradation to produce glucose for the glycolysis pathway.

In contrast to the previous comparison, translational proteins are down-regulated,
suggesting that DNA repair and cell division was decreased between 11 and 18 hours.
This is a contrast to the 3 to 11 hours time period comparison, which showed an
increase in translation proteins. On top of this, histones were down-regulated, also
indicating less cell division. The functional analysis grouping suggests down-regulation
of DNA replication and major cellular complex synthesis, so the down regulation of cell
division seems consistent. There may be less need for cell division or cell replacement
as the culture adapts over time to salt stress and requires liess cell replacement.
Furthermore, the culture was not undergoing significant cell division and proliferation

at the time.

One of the most notable proteins that impacts lipid synthesis is the up-regulation of
citrate synthase. The increase in the activity of this enzyme indicates that acetyl CoA is
being directed into the TCA cycle and therefore away from fatty acid biosynthesis
(Goncalves et al., 2015). Overexpression of this enzyme has been shown to drastically
reduce TAG content of algae through this redirection of acetyl CoA, and conversely
knocking the gene out results in huge TAG increases (Martin et al., 2014). This enzyme
is therefore a key piece of evidence showing that resources are directed away from
fatty acid metabolism during salt stress in C. reinhardtii, resulting in no TAG

accumulation.

Another enzyme of note was that chloroplastic ATP synthase was down-regulated,

whilst mitochondrial ATP synthase proteins were up-regulated. It has been shown that
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mitochondria in plants may be involved in proline metabolism and in sensing cellular
stress and regulating programmed cell death (Pastore et al., 2007), therefore
mitochondrial activity may be part of the adaptive process allowing the cells to adjust

to the salt stress environment.

An enzyme involved with glycolysis and the production of energy for cellular
metabolism, glyceraldehyde-3-phosphate dehydrogenase, was up-regulated. It has
also been suggested that this enzyme plays a role in Arabidopsis plants in the
mediation of ROS signalling during stresses such as drought or salinity stress, and can

aid the plants in adaption to salinity or other types of stress (Guo et al., 2012).

Interestingly, betaine lipid synthase was down-regulated, a change that was not found
between the other comparisons in this iTRAQ experiment. This enzyme is important in
the synthesis of DGTS for lipid membranes of C. reinhardtii (Riekhof et al., 2005). DGTS
is not affected in N-deprivation stress conditions of C. reinhardtii (Fan et al., 2011)
unlike other lipid types, and is mainly composed of C18:3 FAs. It has been shown in
previous research that DGTS decreases in response to salt stress in C. nivalis, as this
decreases the degree of saturation of fatty acids and permeability of the membrane
(Lu et al., 2012c). There is no discussion in the literature, to date, of DGTS reducing in
C. reinhardtii under salt stress. Whilst no major changes in lipid content were found in
this species under salt stress, this proteomic change suggests that between 11 and 18
hours, the cell may be regulating lipid membrane composition to protect against salt
stress. However, there is no major change in lipid content of the biomass, and C18:3n3
levels remain unaffected by the salt conditions. Lipid metabolism is shown to have a
higher number of significant enzyme changes in ChlamyCyc mapping than in the
previous comparison. Glyercol-3-phosphate dehydrogenase was up-regulated,
consistent with the previous findings of 3 to 11 hours, due to continued up-regulation

of glycerol, suggesting continued production of compatible solutes.

4.4.4.4 Overall proteomic changes

Overall, the changes indicate increased metabolism in the cell, and lower cell division,
especially when comparing the results to the previous 3 to 11 hour comparison.

Photosynthesis and some energy producing mechanisms are still impaired by the
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presence of salt, showing that the cells are not well adapted, but the evidence
suggests that some salt tolerance mechanisms were being induced along the time
course experiment. Lipid metabolism mechanisms were affected at the proteome
level, but no great shifts in lipid accumulation or degradation are shown to occur from

the GC data (Section 4.3.7).

4.4.5 Proteomic changes between early and late stages of exposure to salt (3
against 18 hours salt stress)
Looking at the overall difference in proteome between 3 and 18 hours may reveal
different changes that are only highlighted over a greater time period. 212 proteins
were differentially expressed between the early and late salt stress conditions (see
Appendix C). 136 proteins were down-regulated and 76 proteins were up-regulated.
The majority of changes were down-regulation. Metabolic mapping (Figure 4.30)
shows up-regulation in most of the carbohydrate biosynthesis processes, and in
glycolysis. Some processes show both up and down-regulation. Fatty acid biosynthesis
and photosynthesis were down-regulated. This suggests that overall, salt stress has
negative effects of the majority of the processes, with the exception of carbohydrate

metabolism.
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Figure 4.30 Metabolic map from ChlamyCyc showing significant changes between 3 and 18 hours of salt exposure, using EC numbers. 59 EC numbers were searched on the metabolic map (57
were found).
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Between time points 3 and 18 hours, the phenotypic changes can be summarised as:
no significant change in OD, a slight increase in cell size and clustering, a slight increase
in FAMEs overall and in C16:0 particularly, an increase in starch, a decrease in
chlorophyll and no significant change in photosynthesis and respiration activity

(although these processes remain impaired compared to the control).

4.4.5.1 Functional annotation analysis

Functional annotation reveals further analysis (Figure 4.31). Cellular biosynthetic
processes were greatly down-regulated. Proteins involved in photosynthesis were
down-regulated, including pigment biosynthesis, electron transport chain processes
and chlorophyll metabolic processes. This is consistent with the data that shows that

salt conditions have a detrimental effect on photosynthesis.

Some metabolic processes were down-regulated, as with the 3 to 11 hour comparison,
but other metabolic processes were up-regulated, which may be linked to the salt
tolerance mechanisms, since these up-regulations include carbohydrates, proline and
alditol (glycerol) metabolism. As previously discussed in sections 4.3.8 and 4.4.3,
glycerol and carbohydrates (through palmelloid formation) may protect against
osmotic damage. Proline is also shown to be a defensive mechanism against the toxic
effects of salt stress, especially in preventing lipid peroxidation and membrane

integrity (Demiral and Tarkan, 2005; Jain et al., 2001).

Lipid metabolic and biosynthetic processes were down-regulated, confirming that lipid
induction is not a salt tolerance mechanism in this strain, and that lipid accumulation is
also not a side effect of the growth arrest under salt stress. This supports the
metabolite data (Section 4.3.7), which does not show any great change in lipid content

of biomass, nor profile.
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Figure 4.31 Functional analysis grouping for differences between 3 and 18 hours salt exposure for BP level 3 (A)
and BP level 4 (B). Of the down-regulated proteins, 54 were not found at BP3 and 62 were not found at BP4. Of
the up-regulated proteins, 42 were not found at BP3 and 45 were not found at BP4.

180



4.4.5.2 Individual protein expressional changes

Individual proteins reveal more detail. Starch branching enzyme was up-regulated, as
in previous comparisons, indicating the formation of starch molecules, despite the
strain being a low starch mutant. Pyruvate carboxylase, an enzyme that links
carbohydrate and lipid metabolism, was down-regulated. This may be part of a
bottleneck that prevents lipid accumulation taking place in these conditions, and may

explain the lack of effect of salt on lipid content.

In addition, oxygen evolver proteins of PSIl were down-regulated and PSI chlorophyll
and reaction centre proteins were down-regulated, indicating a continued impairment
of photosynthetic apparatus. As found in previous comparisons, ATP synthase related
proteins were down-regulated, indicating limitations on the availability of energy in
the cell to carry out processes. This results in reduced culture growth, as supported by
a down-regulation of elongation factors and translation proteins. These indicate
reduced cell division, mainly due to the later period of salt stress where 11 to 18 hour

comparison shows down-regulation of these proteins.

Many of the individual changes have already been discussed in the changes between 3
and 11 and between 11 and 18 time points, and comparing the overall effects of salt
stress between 3 and 18 hours shows how these groups are affected over a greater
time period. These repeated changes include glycerol-3-phosphate dehydrogenase,

citrate synthase and acetyl-CoA acyltransferase up-regulation.

Furthermore, glyeraldehyde-3-phosphate dehydrogenase and glucose-6-phosphate
isomerase were up-regulated, indicating an increase in glycolysis and gluconeogenesis.
This suggests that the cell is increasing the amount of energy available for culture
growth. Since after the 18 hour time point the culture gradually begins to divide and

increase, this fits the phenotypic observations.

The changes shown by functional annotation show a mixture of up and down-
regulation of metabolic processes, unlike the previous comparisons of 3 to 11 hours
and 11 to 18 hours, which show mainly down-regulation followed by mainly up-
regulation of the metabolic process groups. This highlights the issues with choosing

time points in such an experiment, as choice of time point can suggest a completely
181



different biological story. Overall, photosynthesis is impaired by 0.2 M NaCl, but
carbohydrate metabolism, glycolysis and amino acid biosynthesis were all up-
regulated, suggesting an overall increased turnover of proteins and use of

carbohydrate metabolism and glycolysis as a salt stress response.

4.4.5.3 Overall proteomic changes

Overall, lipid metabolism was down-regulated under the salt stress conditions, whilst
carbohydrate metabolism was up-regulated. Photosynthesis was down-regulated,
matching the phenotypic data that photosynthesis was consistently low in salt stress
conditions. The proteins to do with translation and cellular macromolecular
biosynthesis showed a mixture of up and down regulation, suggesting that there is a
dynamic response in the regulation of formation of major cell components to salt
stress. Since the time course experiment goes on to show cell division and increases in
culture density later, it appears that the culture was adapting to the conditions by
employing certain salt tolerance mechanisms which allowed culture proliferation. The
decrease in photosynthetic ability, however, shows that this adaptation is not the most
effective, and it appears that the culture has to expend large amount of energy
(obtained through glycolysis) in maintaining the basic processes of the cell. This may
be why despite the lack of growth, resources were not stored in the cells in the form of

lipids, as they were expended on cell maintenance too quickly.

4.4.6 Proteomic changes between late stage exposure to salt and control
(18 hour control conditions against 18 salt stress)

To compare the differences between a mid-log non salt stressed culture and a salt

stressed culture at the same time point, control and salt stressed 18 hour sampling

points were compared. 337 proteins were differentially expressed: 224 proteins were

down-regulated and 113 proteins were up-regulated (Appendix C).

The previously discussed (section 4.3.11), phenotypic differences between the two
sample groups are: photosynthesis and respiration are significantly lower in the salt
stressed cultures than in control cultures. Pigments are at significantly lower levels,

both chlorophylls and carotenoids, in salt stressed cultures than in controls.
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Carbohydrates are at slightly higher levels in 0.2 M NaCl compared to control
conditions, as both show increases in carbohydrates between 3 and 18 hours but at a
greater level in salt conditions. There was no significant difference in FAMEs between
18 hour salt and 18 hour control conditions, although control levels are slightly higher
than in the salt conditions. The culture density (indicated by OD and biomass
accumulation) was much higher in control conditions, and at 18 hours control
conditions are mid log phase, undergoing rapid cell division. By contrast, 18 hour salt
conditions are a similar OD as they were at time point 3 hours, indicating little cell

division.

In metabolic mapping (Figure 4.32), most of the changes were down-regulated,
including those in photosynthesis, lipid synthesis and nucleotide biosynthesis,
suggesting a general decrease in cell division and photosynthetic ability, consistent
with the growth and oxygen electrode data. There is increased turnover of amino
acids, with both synthesis and degradation processes being up-regulated. A fatty acid

degradation protein is up-regulated.
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Figure 4.32 ChlamyCyc metabolic map showing differentially expressed proteins between control cultures at 18 hours and salt stressed cultures at 18 hours (EC numbers used). 67 EC numbers

were searched, and 66 were found.
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4.4.6.1 Functional annotation analysis

Functional annotation analysis shows similar patterns (Figure 4.33). The majority of the
biological processes categorised here were down-regulated, or showed a mixture of up
and down regulated proteins within the same functional group, but there is some up-
regulation in carbohydrate metabolic processes, and in alditol metabolic processes
(possible salt stress tolerance mechanisms, as previously discussed). Light harvesting
and light reaction processes of photosynthesis were up-regulated, which is a different
pattern to the phenotypes, which show a decrease in photosynthesis from control to

salt conditions.

Fatty acid and lipid biosynthesis and metabolism processes were down regulated
between control and salt conditions. Since there was no increase in the phenotypes in
lipid accumulation, it would not be expected to see proteomic changes linked to fatty
acid accumulation. However, it is clear that salt has detrimental changes on lipid
metabolism in C. reinhardtii as resources are diverted away from it, based on both
FAME and proteomics evidence. The contrast in the proteome of a culture of C
reinhardtii growing well and that of a salt stressed culture with halted growth and
reduced photosynthetic ability is a strong one. The fact that the salt stressed species
continue to grow and up-regulate certain proteins shows maintenance of their systems
under a fairly high salt stress. However, this comes at a cost of reduced growth and

reduced photosynthetic ability.

Carbohydrate metabolic processes were up-regulated in salt conditions compared to
control conditions. Analysis of the individual proteins shows that this includes starch
synthase, suggesting that salt stress cells have a greater need for starch synthesis than
control grown cells do. However, starch levels are actually higher in control conditions,
and starch increases over time are similar in both conditions. The regulation of starch
therefore doesn't necessarily reflect the phenotype, but this may be due to the fact
that the strain has a reduced ability to synthesise and store starch. When analysing the
carbohydrate synthesis pathways in the mapping, the overall picture suggests down-

regulation. These different ways of analysing the data therefore suggest that there
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may not be a clear response of carbohydrate metabolism to salt stress, and the

response is complex.
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Figure 4.33 Functional annotation grouping analysis for differences between 18 hour control samples and 18 hour
salt samples at BP level 3 (A) and BP level 4 (B). Of the down-regulations, 102 were not found in BP3 and 114
were not found in BP4. Of the up-regulations, 61 were not found in BP3 and 72 were not found in BP4.
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4.4.6.2 Individual protein expressional changes

Individual proteins reveal more detail about the effects of salt on the proteome.
RuBisCO proteins were down-regulated, as were carbonic anhydrases, showing that
salt has a strong effect on carbon fixation from carbon dioxide. Two low CO,-inducible
proteins were also up-regulated, and a Calvin cycle protein was down-regulated.
However, as this species was grown in TAP, there was an alternative carbon source
available. As previously discussed, the cells show both down-regulation of carbon

fixation but also proteins that can counter the effects of low inorganic carbon.

Stress related proteins were up-regulated, including DNA repair protein, stress-related
chlorophyll a/b binding proteins. However the NaCl-inducible protein was down-
regulated, which was unexpected. Previous discussion about this protein suggested
that down-regulation may be due to temporal changes in salt response. However, a
down-regulation from a control condition seems counter to the sample conditions, but
without knowing the function of this protein there are limitations to what can be

inferred from this.

ATP related proteins were down-regulated such as ATP synthase, indicating that salt

conditions limit the availability of ATP that the cells have to carry out their functions.

Several glycerol-3-phosphate dehydrogenase proteins were up-regulated by
approximately 2-fold. As previously discussed in the other comparisons, there is no
evidence from the GC data that fatty acids were increased, and therefore it unlikely
that glycerolipids were being made, however, glycerol may have been induced for
compatible solutes as a salt tolerance mechanism, that would not have been needed

as much in the control conditions.

Importantly, a subunit of acetyl-CoA carboxylase was down-regulated. This enzyme is
the first committing step in the fatty acid biosynthesis pathway, and therefore this
proteomic change indicates that salt stressed cells actively reduce the activity of fatty

acid sythesis. This is a rate limiting step without which the process cannot take place.
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Additionally, acetyl-CoA acyltransferase was up-regulated. This is a protein that may be
involved with beta-oxidation of very long chain fatty acids, indicating that fatty acid
catabolism was taking place. There is not a great reduction in lipids in the salt stressed
cultures, but proteomic analysis suggests that compared to control conditions, salt has

a detrimental effect on lipids in the culture.

Of the light-harvesting proteins, many of the changes associated with chlorophyll-
binding proteins of LHCII and PSIl complexes were up-regulated, whilst those
associated with PSI were down-regulated. However, oxygen evolving proteins,
especially those of PSIl were down-regulated. Photosystem | can be favoured over
photosystem Il in the case of cyclic photophosphorylation under salt stress in an
Antarctic Chlamydomonas species (Szyszka-Mroz et al., 2015). However, it is not clear

if this is what it taking place here.

4.5 Chapter Discussion and Conclusions

4.5.1 Summary of phenotypic changes due to salt stress

This data is the first published evidence of the effect of salt stress on the lipid profile of
C. reinhardtii. Whilst many studies have investigated the effect of salinity stress on this
species (Leon and Galvan, 1994; Ledn and Galvan, 1999; Neelam and Subramanyam,
2013; Yokthongwattana et al., 2012; Zuo et al., 2012; Zuo et al., 2014), only a single
study (Siaut et al., 2011) did so with any information of the effect on lipid content, but
this study did not show any information on the lipid profile. Furthermore, their study is
limited to 100 mM NacCl stress, and the wild-type strain only. The current study used a
starchless mutant and tested a range of salinities to show the effect of increasing

salinity on the lipid profile and quantity in C. reinhardtii.

It has been shown that many different stresses affect lipid content (Solovchenko,
2012) and other species (such as Dunaliella salina) accumulate TAG in response to
high salinity. In many species, an increase in unsaturated C18 chains occurs in
microalgae in response to salt increases (Azachi et al., 2002; Zhila et al., 2011). In
Botryococcus braunii, increased salinity caused changes in the FAME profile, with

increases in the relative proportion of palmitic acid and oleic acid (Rao et al., 2007).
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There is some evidence from the data described in this chapter that lipids are affected
by salinity conditions in C. reinhardtii, with the level of salinity being key to this
response, as shown by the first set of preliminary experiments ("Experiment 1" in
Section 4.3.3). In this investigation, the cultures were able to grow and function well at
0.1 M NaCl but reached a tolerance limit between 0.1 and 0.2 M NaCl, and some small

increases in FAME levels were observed due to salt conditions.

A second experiment to link metabolomic data with proteomic data was undertaken to
explore the effect of salt stress on lipid metabolism and cellular mechanisms in this
species. In this second experiment, natural biological variation from the previous
experiment was noted, as the salt tolerance of the culture was higher, and the FAME
profile was largely unaffected by salt. Each salt concentration tested had a detrimental
effect on culture growth and on photosynthetic ability, with increasing salt
concentration showing greater impacts on these functions. However, 0.2 M NaCl
conditions still allowed small amounts of culture growth, and each culture under salt
conditions entered palmelloid formation. The lipid content of these cultures did not
show significant overall variations, but C16:0 and starch contents did increase slightly

in salt stressed conditions.

Clearly salt stress could not be used as a mechanism for large increases in lipid
production in C. reinhardtii, as it does not increase lipid concentration like nitrogen

stress does.

4.5.2 The effects of salt stress on the cell and salt tolerance mechanisms

It has been theorized that C. reinhardtii copes with salt stress by expressing antioxidant
enzymes and suppressing growth (Yoshida et al., 2004; Zuo et al., 2012). Whilst the
presence of reactive oxygen species (ROS) or antioxidants was not investigated in this
study, the arresting of growth is observed in 0.2 and 0.3 M NaCl cultures of Experiment
1, but not in 0.1 M NaCl cultures. The decreasing of growth is also observed in all salt
conditions in Experiment 2, due to the decreasing of photosynthetic ability through the
ionic effects of Na* ions on the photosystems (Allakhverdiev et al., 2002; Gilmour et al.,
1985) and subsequent reduction in energy and resources available for cell division.

ROS inhibit RuBisCo activity (Murata et al., 2007) and therefore decrease carbon
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fixation. Most strains of C. reinhardtii have a poor ability to cope with high ROS levels.
However, transgenic lines of C. reinhardtii that over-express ferredoxin genes showed
enhanced tolerance to both heat and salt stress, reduced ROS levels in the cells, and
higher lipid and starch contents under nitrogen stress (Huang et al., 2015). Ferredoxins
are electron carrier proteins in the final stage of the photosynthetic pathway. It is
suggested that excess electrons are transported more efficiently from the
photosystems in these transgenic lines, which prevents photoinhibition. The ferredoxin
proteins are also shown to donate electrons to processes that activate ADP glucose
pyrophosphorylase and to fatty acid desaturases (Huang et al., 2015). High salt also
inactivates ATP-synthase which in turn prevents protein synthesis (Allakhverdiev et al.,
2005). ATP and NAD(P)H are also required for fatty acid biosynthesis, so it would
inhibit this activity too (Mihlroth et al., 2013).

Salt causes two types of stress: ionic stress and osmotic stress (Allakhverdiev et al.,
2000). Green microalgae tolerate osmotic stress using osmoregulation and the
formation of a compatible solute, which is often glycerol. The source of carbon for the
glyercol can come from starch breakdown, since the high salinity inhibits
photosynthesis (Goyal, 2007). In Experiment 1, starch in 0.2 and 0.3 M NaCl cultures is
broken down steadily after an initial increase, although this may solely be due to
culture death and cell lysis. The reason for the increase in 0.2 M NaCl cultures at 76
hours is not clear. In the 0.1 M NaCl cultures, starch breakdown does not appear to be
taking place, which conflicts with the idea of Goyal (2007) on starch breakdown for the

production of compatible solutes.

The severe decrease in photosynthetic ability in this study, however shows that salt
tolerance mechanisms do not protect sufficiently against the toxic effects of salt stress
in this species. Unlike many species that respond to salt stress by changing their lipid
profile and accumulating unsaturated fatty acids, especially oleic acid, this strain does
not. Although C. reinhardtii has the ability to accumulate fatty acids under nitrogen

stress, it does not employ this ability as a mechanism against salt stress.
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4.5.3 Insights of protoemics on metabolic changes due to salt stress
To gain insights into the salt stress responses and how lipid metabolism is affected by
salt in C. reinhardtii, the metabolic data from Experiment 2 was used as a basis for

proteomic investigation using iTRAQ.

There are some common patterns that emerged in the four comparisons made in the
iTRAQ experiment, comparing both salt stress in a time course, and salt stress against a
non-stressed control in mid log phase. In every case, photosynthesis and carbon
fixation were negatively impacted by the exposure to salt stress. In all four cases,
aldehyde-alcohol dehydrogenase was up-regulated. This enzyme acts specifically to
mitigate oxidative stress to try to prevent lipid peroxidation (Singh et al., 2013). Starch
synthase was also up-regulated in every case, and carbohydrate was significantly
affected by the presence of salt, suggesting that carbohydrates regulation is important
in salt response. The phenotypic changes in starch levels may not be as dramatic as
those seen in a wild-type strain, and it is important to remember that this is a low-

starch mutant strain.

The regulation and metabolism of acetyl CoA provided the best insights into why lipids
were not accumulating in this species. Acetyl-CoA synthetase was down-regulated
between 3 and 11 hours salt stress but was unchanged in other comparisons. This is
involved in the metabolism of acetate to produce acetyl-CoA, an important compound
in fatty acid synthesis and in cellular metabolism, showing that the initial salt response
may have detrimental effects on the uptake of carbon from acetate. Additionally,
acetyl CoA acyltransferase was up-regulated in every comparison except the 11 to 18
hour comparison, an enzyme involved in fatty acid catabolism and the oxidation of

very long chain fatty acids.

The up-regulation of citrate synthase between 11 and 18 hours and between 3 and 18
hours is important, as this indicates the diversion of acetyl CoA into the TCA cycle,
resulting in a reduced availability of substrate for fatty acid synthesis (Deng et al.,

2013; Martin et al., 2014).

Finally, a acetyl CoA carboxylase subunit was down-regulated between control and salt

stressed conditions at 18 hours. This shows down-regulation of a rate limiting step of
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fatty acid biosynthesis. Combined with the reduced availability of acetyl CoA suggested
from down-regulation of acetyl CoA synthetase and the up-regulation of citrate
synthase, this evidence suggests that under salt stress the channeling of acetyl CoA

into fatty acid synthesis is severely reduced.

Interestingly, glycerol-3-phosphate dehydrogenase was up-regulated in every
comparison, indicating that metabolism of glycerol is a consistent cellular response to
salt stress, and that it is likely to be a result of using glycerol formation as a compatible

solute that helps mitigate the osmotic effects of salt stress.

Glyceraldehyde-3-phosphate dehydrogenase was up-regulated from 11 to 18 hours
and 3 to 18 hours, but not in the other comparisons. Betaine lipid synthase was down-

regulated in the 11 to 18 hour comparison, but not in any other comparison.

Other than the effects of salt in reducing growth, the main effects appear to be
differences in carbohydrates and their metabolism. Lipids were not greatly affected in
the FAME data but a few findings in the proteomic data suggests that lipid metabolism
is de-prioritised. The analysis of the proteomic effects of salt have revealed a number
of tolerance mechanisms that may aid the culture in survival in such a detrimental

growth environment, including glycerol and proline synthesis.

4.5.4 Further investigations

This is the first study to focus on the links between salt stress and lipid metabolism in
this species using proteomic data, and there is evidence that lipid metabolism was

down-regulated under salt conditions.

To further investigate why changes in lipid abundance were not observed in
Experiment 2 (either as a salt tolerance mechanism or for energy storage), proteomic
data will be compared to a second iTRAQ study of a salt tolerant, lipid producing
Chlamydomonas species. This will be used to investigate possible targets for genetic
engineering of improved salt tolerance and corresponding lipid accumulation
improvements in Chlamydomonas. Therefore, the effect of salt stress on lipid
metabolism in snow alga C. nivalis will be investigated in the following chapter using

the same metabolomic and proteomic techniques as in C. reinhardltii.
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5 Chapter 5: The Effect of Salt Stress on Lipid Metabolism of

Chlamydomonas nivalis

5.1 Summary

This chapter explores the effect of salt stress on lipid metabolism in C. nivalis, using
GC-FID FAME analysis and a proteomic investigation via iTRAQ. 0.2 M NaCl was found
to be both inhibitory to cell division and a lipid trigger in C. nivalis, which accumulated
a high amount of C18:1cis compared to a control condition with no additional salt in
the medium. Carbohydrates were found to increase under salt stress in the first half of
the growth cycle, and then decrease as lipids began to accumulate. Photosynthesis was
reduced under salt stress. iTRAQ experimentation revealed down-regulation of many
important proteins under salt stress (both in a time course experiment and using a
control as a reference), including those involved with carbon fixation, photosynthesis,
glycolysis. Important effects on carbohydrate metabolism proteins and lipid
metabolism proteins were discussed; the increase in lipid accumulation was not linked
to up-regulation of any major lipid pathways, although increased production of acetyl
CoA may play an important role. This study is the first to investigate the un-sequenced
snow alga C. nivalis using protoemic analysis, and its relatedness to C. reinhardtii
(tested here with genetic analysis) allowed detailed proteomic investigation using a
combination of powerful MS/MS machinery, de novo sequencing software and protein

homology searching.

5.2 Introduction

The suitability of the snow algal species Chlamydomonas nivalis, as a biofuel producer,
especially when cultured under different environmental conditions, has received little
attention in the literature. This chapter aims to address this by assessing its suitability
by measuring its lipid yield and profile, and biomass accumulation. As C. nivalis has a
high salt tolerance of 1.2 M NaCl (Lu et al., 2012b), an environmental condition of
particular interest is the impact of salt stress upon energy storage molecules within the
cells, in particular the lipid profile. Consequently, the impact of a high salt stress

condition upon the processes by which C. nivalis regulates carbon storage molecules,

193



pigments, photosynthetic and respiration rates were investigated, in comparison to a
control salt-free culture condition. After preliminary investigation using a range of salt
conditions, a high salt concentration of 1.4 M NaCl was chosen to investigate this, as
the effects of using a salt concentration beyond the tolerance limit of 1.2 M NaCl could
show whether C. nivalis produces the same sudden effect of FAME accumulation that
C. reinhardtii does under high salt concentrations beyond its tolerance (0.3 M NacCl, as
found in the previous chapter). Preliminary testing of a range of low and high salt
concentrations was carried out with one biological replicate; thus all data where n=1
are subsequently referred to as "preliminary data", and those were only used as a
guideline to inform subsequent experiments. Subsequent experiments used 0.2 M
NaCl, as a follow up to an interesting trend observed in preliminary data. At this low
level of salt stress the halotolerant C. nivalis species maintains culture growth, but with
some interesting effects on its physiology and demonstrates the use of salt as a lipid
trigger in this species. These effects were explored using an iTRAQ investigation of

conditions associated with lipid triggering in C. nivalis.

The experiments were carried out using the growth set up described in section 2.3 in
Chapter 2. This growth set up was very different to the conditions used for C.
reinhardtii due to the requirements for a low specific temperature, and for bubbling
with air using CO, as the sole carbon source. However, since these species have
different growth requirements, growth conditions were set up that allowed control
cultures to grow well. Growth medium 3N-BBM-V was used to grow C. nivalis as this
was the growth medium recommended by the CCAP. It has also been shown that BBM
medium allows better growth rates than TAP medium and is the optimal growth
medium for C. nivalis (Yu-huan et al., 2009). BBM medium was also the medium used
by previous studies that examined biomarkers in C. nivalis due to salt stress (Lu et al.,

2012a; Lu et al., 2013; Lu et al., 2012c).

The limitation in lighting the growth set up for C. nivalis meant that the light intensity
was lower than that used for C. reinhardtii. C. nivalis could be grown at a much higher
light intensity, since it is highly UV tolerant (Remias et al., 2005), however in this case

the light intensity was lower due to restrictions of equipment. Nevertheless, previous
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experiments on C. nivalis by Lu et al. (2012c) used illumination of 2000 lux, which is
approximately 60 microeinsteins/m?/second. This shows that relatively low irradiance
is suitable for growth of this species. Additionally, growth of C. nivalis at a low
irradiance helps in assessing the suitability of this species for low light and

temperature requirements. Experimential design is detailed in Table 2.1 in Chapter 2.

5.3 Preliminary data
5.3.1 Growth

5.3.1.1 Optical Density

Figure 5.1 shows the optical densities (OD) of five different cultures of C. nivalis grown
in varying salt concentrations. All the tested salt concentrations were observed to have
a negative impact upon the optical density of C. nivalis cultures, indicative of reduced
growth. The 0.2 and 0.5 M NaCl cultures still show signs of optical density increase
over time, suggesting that the growth is not completely arrested as it appears to be in
1.0 and 1.5 M NaCl concentration cultures. The high salinity cultures (1.0 and 1.5 M
NaCl) have a slightly higher OD after 3 hours, indicating an immediate effect of salt on
culture density. These cultures were grown to a high culture density before introducing
the salt stress, as it was desirable to have a high quantity of biomass to perform assays
on during sampling time points.
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Figure 5.1 Optical density at 750 nm (A) and 600 nm (B) of C. nivalis grown under 0, 0.2, 0.5, 1 and 1.5 M NacCl
(n=1). Cells were grown in normal 3N-BBM-V medium and then resuspended in the new salinity medium at time

zero.
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5.3.1.2 Dry Cell Weight

Figure 5.2 shows the biomass content of the preliminary C. nivalis salt experiments. At
a low salt concentration of 0.2 M NaCl, the cultures can still reach a high level of
biomass comparable to the control conditions. The cultures at 0.5, 1.0, 1.5 M NacCl
remain relatively low in biomass content particularly in the latter stages of the culture,

although the first time point for the 0.5 M NaCl culture is very high.
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Figure 5.2 Biomass content of C. nivalis cultures under 0, 0.2, 0.5, 1 and 1.5 M NaCl (n=1). Cells were grown in
normal 3N-BBM-V medium and then resuspended in the new salinity medium at time zero.

5.1.2 FAME analysis

Lipid analysis was carried out on the preliminary test C. nivalis cultures at various
concentrations of salt stress. Figure 5.3 shows the total FAME content over time in
each of these conditions. There are no repeats or error bars so these can only be used
as a rough guideline for exploring the effect of these salinities on FAME content. The
highest lipid concentration was seen in the 0.2 M NaCl culture. The control culture
showed an accumulation of lipids in the last sample (t=288 hours) of the time point
series. The 0.2, 1.0 and 1.5 M concentrations show an initial increase in the first time
point (t=3) above the other conditions. The 0.5 M NaCl culture showed an increase at

the second time point, but then decreases in total FAME content. The higher NaCl
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concentrations of 1.0 and 1.5 M NaCl cause an overall steady decrease in overall FAME

content.

To look at how the FAMEs are responding to the different salt concentrations, the
main FAMEs were analysed in isolation (chain lengths between C16 and C18) over time
(Figure 5.4). C16:0 rises over time in the control culture conditions and in 0.2 and 0.5
M NaCl, but stays at a low steady level in the high salt 1.0 M and 1.5 M NaCl conditions
(Figure 5.4 A). Similarly C17:0 (Figure 5.4 B) rises over time in the control culture and in
the 0.2 M NaCl conditions. The 0.5 M NaCl conditions shows an initial increase in C17:0
at t=75 hours and then a decrease after this point. In contrast, the 1.0 M and 1.5 M
NaCl cultures show a steady decrease over the time course, almost to zero (t=288

hours).

Figure 5.4 C shows an initial increase in C18:0 in 0.2 M NaCl at the first time point
(t=2.5 hours) but then plateaus followed by a decrease. The control conditions and 0.5
M NaCl conditions show an increase at the second time point only (t=75 hours),
followed by a return to the levels similar to those of the first time point (t=2.5 hours).
The 1.0 M and 1.5 M NaCl show a decrease in C18:0 overall, to the point that it

disappears from the culture towards the end of the time course (t=288).

The 0.2 M NaCl culture shows a very large increase in C18:1cis over time (Figure 5.4 D).
The control culture shows that C18:1cis accumulates a lot in the last time point (t=288
hours) after remaining at a low level. In the higher salt stressed cultures of 0.5 M, 1.0

M and 1.5 M NaCl the levels of C18:1cis remain low.

The patterns of C18:2cis are quite varied (Figure 5.4 E) and appear to dip to zero in the
middle (t=148 hours) of the 0 M and 0.2 M time course experiments. Again as with
C16:0, C17:0 and C18:1cis, the control conditions and 0.2 M NaCl conditions end in
high accumulation of the FAME at the last time point (t=288 hours). The higher salt
concentrations (1.0 M and 1.5 M NacCl) show a steady decrease in the abundance of

the FAME.

The 1.0 M and 1.5 M NaCl conditions show a steady and marked decrease in the
abundance of C18:3n3. 0.5 M NaCl shows a spike at the second time point (t=75
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hours), followed by a decrease (although more gradual than that seen in higher salt
concentrations). The content of C18:3n3 stayed fairly steady in the presence of 0.2 M
NaCl with only a slight decrease. The control conditions show a similar pattern to the
0.5 M NaCl conditions, with a spike at the second time point (t=75 hours) (Figure 5.4
F).
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Figure 5.3 Total FAME content in C. nivalis cultures under 0, 0.2, 0.5, 1 and 1.5 M NaCl (n=1). Cells were grown in
normal 3N-BBM-V medium and then resuspended in the new salinity medium at time zero.
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Figure 5.4 Total amounts of individual FAMEs present in 0, 0.2, 0.5, 1 and 1.5 M NaCl: C16:0 (A), C17:0 (B), C18:0
(C), C18:1cis (D), C18:2cis (E), C18:3n3 (F) (n=1). Cells were grown in normal 3N-BBM-V medium and then
resuspended in the new salinity medium at time zero.

5.1.3 Carbohydrate content

Figure 5.5 shows the carbohydrate content of C. nivalis under varying salt conditions.
The control conditions and the 0.2 M NaCl conditions reached the highest levels of
carbohydrate content seen in any of these samples. The control conditions have a slow
increase in carbohydrate content up until the third time point (t=148 hours), then this
plateaus. The 0.2 M NaCl stressed culture starts with a higher carbohydrate content
than the control, peaks at the second time point (t=75 hours), and then gradually
decreases. The highest salt concentration, 1.5 M NaCl also starts significantly higher
than the control conditions, but then dips slightly (t=75 hours) and stays relatively low
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where the control conditions have an increase. A similar pattern of carbohydrate
content staying below 3% of total DCW is observed in the 0.5 M and 1.0 M NaCl

cultures.
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Figure 5.5 Carbohydrate content of C.nivalis cultures grown in 0, 0.2, 0.5, 1 and 1.5 M NaCl (n=1). Cells were
grown in normal 3N-BBM-V medium and then resuspended in the new salinity medium at time zero.

5.1.4 Chlorophyll content

Figure 5.6 shows the chlorophyll a, chlorophyll b and carotenoid content of cultures
under the different salt concentrations. Carotenoids show a much lower value in the
high salt concentrations of 0.5, 1 and 1.5 M NaCl than in the 0 and 0.2 M NacCl.
However, chlorophyll a and chlorophyll b do not show clear patterns of being
detrimentally affected by high salt. The data shows some variation between conditions
but most conditions follow a similar pattern of peaking at time point 75 hours, and
then gradually decreasing, both in the chlorophyll a and chlorophyll b. The exception
to this is the 0.2 M NaCl condition, which shows both these pigments at a very high

level after 3 hours, and then gradually decreasing over time. Chlorophyll b is highest at
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time point 75 hours in the 1 M NaCl, with the next highest being 0.5 and 1.5 M NacCl.
Whilst this data has only one biological repeat so strong conclusions cannot be drawn
from it, there is some indication that chlorophyll b shows increases under high salt

conditions in the earlier stages of the culture cycle.
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Figure 5.6 Chlorophyll a (A), chlorophyll b (B) and carotenoid (C) content of C. nivalis cultures grown in 0, 0.2, 0.5,
1 and 1.5 M NacCl (n=1). Cells were grown in normal 3N-BBM-V medium and then resuspended in the new salinity
medium at time zero.

5.3.2 Conclusions from preliminary data

This data is preliminary in nature, having only 1 biological repeat. It therefore cannot
be used to draw scientific conclusions or discussion, but has been reported to show
how the subsequent choice of salt conditions was selected for investigation into lipid

accumulation and salt tolerance in C. nivalis.

From this data, 0.2 M NaCl showed promising results in increasing the total FAME
content of the algal cultures. This salt concentration was pursued using full biological
repeats as a lipid trigger in C. nivalis. The effect of high salt (1.4 M NaCl) beyond the
tolerance of C. nivalis, was also pursued as a comparison of how toxic levels of salt can

affect this species.
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5.4 Response of C. nivalis to high salt (1.4 M NaCl)

5.3.1 Effect of high salinity (1.4 M NaCl) stress on optical density

Figure 5.7 shows the optical density of control cultures and 1.4 M NaCl stressed
cultures. The growth differs a lot from that seen in C. reinhardtii cultures, as the
growth curve is shallow and steadily increasing. The photoautotrophic growth of C.
nivalis, even in the absence of salt, is slower than that seen for C. reinhardtii grown in
TAP medium which contains acetate. This is because the additional carbon source in
TAP medium allows faster growth, and the irradiance is lower in the C. nivalis set up.
The reasons for this difference in set up were to establish growth conditions suitable
for the individual species, as previously discussed. The high salinity of 1.4 M NaCl
causes an arresting of the culture growth and a slight decrease over time in optical
density. These conditions are therefore clearly detrimental to the functioning of the

algal culture.
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Figure 5.7 Optical density at 750 nm (A) and 600 nm (B) of C. nivalis cultures grown in control (0 M NaCl) and 1.4
M NaCl conditions (n=3). Cells were grown in normal 3N-BBM-V medium and then resuspended in the new
salinity medium at time zero.

5.3.2 Effect of high salinity (1.4 M NaCl) stress on biomass content

Figure 5.8 shows the biomass content of the 1.4 M NaCl and control conditions growth
of C. nivalis. The 1.4 M NaCl conditions completely arrested the accumulation of

biomass, showing that these conditions stop the normal proliferation of the culture
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seen in the control conditions. The growth of the culture, even in the absence of salt, is

gradual and slow in comparison to the C. reinhardtii growth rates.
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Figure 5.8 Biomass content of C. nivalis cultures in 1.4 M NaCl and control (0 M NaCl) conditions (n=3). Cells were

grown in normal 3N-BBM-V medium and then resuspended in the new salinity medium at time zero.

For the experiments that follow concerning FAME content (section 5.3.4) and
carbohydrate content (section 5.3.5), biomass was used to standardize results.
Experiments were conducted with C. nivalis to correlate OD and biomass with cell

counts. The data are shown in Appendix D.

5.3.3 Effect of High Salt (1.4 M NacCl) on Cell Morphology

Figure 5.9 shows the morphology of C. nivalis cells under control conditions and salt
stress. The first three time points show that the salt stressed cells retain green
pigmentation from chlorophyll up until 96 hours (Figure 5.9 B, D and F) in even this
very high salt concentration. The last two time-points (Figure 5.9 H and J) show that
later in the culture, the cells lose their pigmentation. The ability of the cells to stay
green for many hours after the introduction of high salt stress suggests that this
species has good tolerance to salt, and can keep their shape and colour for a relatively
long time before succumbing to loss of pigmentation or function. This contrasts with

data discussed below which shows that these cells are not photosynthesising under
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high salt stress, and therefore it may be expected that toxic salt levels would kill the
cells quickly. However, cell degradation appears to be a slower process even if normal
biological processes are not taking place. A study by Affenzeller et al. (2009)
demonstrated the gradual decline in cell viability in an algal culture subjected to salt
stress. The decline was due to programmed cell death, but showed that after 12 hours
subjected to detrimental salt stress levels, 80% of cells remain viable. This remains
similar until 24 hours and drops to 40% after 48 hours. The cells showed an immediate
increase in ROS production at 3 minutes after the introduction of salt stress, but these

ROS levels decline dramatically over the course of 3 hours.

Cell viability was not tested here, but it seems likely that due to the presence of intact
pigmented cells up until 96 hours, the culture is not completely undergoing cell death

(either apoptosis or necrosis) until after this point.
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Figure 5.9 Microscopy of C. nivalis cells under control conditions (A, C, E, G, I) and 1.4 M salt stress (B, D, F, H, J) at
time points 3 (A, B), 48 (C, D), 96 (E, F), 147 (G, H), 192 (I, J) hours (at x1000 magnification).

5.3.4 Effect of Adding 1.4M NaCl on FAME Content of C. nivalis

Figure 5.10 shows the total FAME content of C. nivalis grown in control conditions (no
salt) and high salt stressed conditions of 1.4 M NaCl. The control culture conditions
show an increase in total FAME content after 48 hours, which stays at a steady rate. In
contrast, the salt stressed cultures show a steady decrease in FAME content from the
start of the culture. As the cultures appear to be turning into "ghosts" (from the

microscopy seen in Section 5.2.3 towards the end of the time course series, the
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degradation of FAMEs fits with this. The composition of FAMEs was analysed to see

how individual FAMEs responded to these high salt stress conditions.

Looking at the main FAMEs that appear (the C16 to C18 chain lengths) helps to identify
how the salt stressed cultures are responding. These individual FAMEs are shown in
Figure 5.11. In the control (no salt) conditions the C18:3n3 FAME is a large part of the
FAME profile throughout the time course, but in the salt stressed conditions, this
polyunsaturated FAME disappears towards the end of the time course experiment
(t=147 and t=192 hours). C16:0 remains fairly constant in the FAME profile, both in the

control and the salt stressed conditions.

In the control conditions, the C18:3n3 decreases at the second time point (t=48 hours)
but then rises again. This seems to be a large part of what is contributing to the total
FAME increase observed in Figure 5.10. This same pattern is seen in C17:0, C16:0, and
C18:0. In contrast the majority of major FAMEs decrease drastically under high salt
conditions. There is a pattern towards the end of the time course series in the control
conditions of some FAMEs starting to decrease again, namely C18:3n3, C17:0, C16:0
and C18:0; whilst this is happening certain FAMEs increase in abundance towards the

end of the time course, namely C18:1cis and C18:2cis.

The pattern of FAMEs in the control conditions is decreasing at the second time point
(t=48 hours), and then tending to increase again at the third time point (t=96 hours).
This does not appear to match any change in growth rate, so the reason for this is not
clear. With the exception of C16:0, the high salinity caused the FAMEs to decrease

almost to zero in all of the main FAMEs analysed here (C16 to C18 chain lengths).

The profiles were analysed by grouping detected FAMEs into SFAs, MUFAs and PUFAs
(Figure 5.12). Whilst the FAME profile remains fairly consistent in the control
conditions, with a slight increase in the proportion of SFAs and MUFAs found at 96
hours onward, salt conditions showed a large shift in the profile of detected FAMEs
towards SFAs. This is due to the decline in MUFAs and PUFAs observed in Figure 5.11.
SFAs appear to be the most resilient FAs during degradation of the FAMEs in the dying

cultures.
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Free radicals, such as ROS induced by salt stress, cause degradation of polyunsaturated
fatty acids in membranes (Nagalakshmi and Prasad, 1998). The reduction in PUFAs can
therefore be explained by the presence of toxic salt stress. Saturated fatty acids were
not reported to undergo the same peroxidation reaction, and the ratio of UFAs to SFAs
can decrease due to lipid peroxidation (Blokhina et al., 2003). PUFAs are far more

susceptible to peroxidation than SFAs (Kang et al., 2005).

The degradation of PUFAs first has been noted previously in microalgae (Hamm and
Rousseau, 2003), causing the relative shift towards higher ratios of saturated fatty

acids to unsaturated fatty acids.
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Figure 5.10 Total FAME content of dry algal biomass under control and 1.4 M NaCl conditions (n=3). Cells were
grown in normal 3N-BBM-V medium and then resuspended in the new salinity medium at time zero.
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Figure 5.11 Individual FAME contents founds in control conditions and 1.4 M NaCl conditions (n=3). Cells were
grown in normal 3N-BBM-V medium and then resuspended in the new salinity medium at time zero.
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Figure 5.12 Relative percentage of SFAs, MUFAs and PUFAs found in control (0 M NaCl) and 1.4 M NaCl conditions
(n=3). Cells were grown in normal 3N-BBM-V medium and then resuspended in the new salinity medium at time

zero.
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5.3.5 Effect of Adding 1.4 M NaCl on Carbohydrate Content

Figure 5.13 shows the carbohydrate content of the control cultures and 1.4 M NaCl
stressed cultures. There is a lot of variation at some of these time points, however
some clear patterns are shown. The salt stressed cultures start with a significantly
higher carbohydrate content than the control (no salt) cultures. This carbohydrate
level stays relatively steady in abundance in the biomass. In the control conditions,
however, the carbohydrate content starts much lower and rises at the third time point
(t=98 hours) to the same level as the salt stress culture. This suggests that
carbohydrate synthesis is increased in response to salt stress in a way that is only seen

in the latter growth cycle of cells incubated in no salt medium.

Accumulation of carbohydrate is linked to photosynthetic production in excess of
protein synthesis requirement (Foy and Smith, 1980). This culture is not showing signs
of photosynthetic activity (discussed below), so this would not cause carbohydrate

accumulation in this species.

High salt stress in marine algal species caused initial increases in starch content,
followed by decreases to a level below that of the lower salinities, which increased
towards the end of the time course (Yao et al., 2013). The initial rise in starch content
of salt stressed cultures which is only seen in the latter stages of control cultures is

similar to that observed here.
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Figure 5.13 Carbohydrate content of C. nivalis under control and 1.4 M NaCl conditions (n=3). Cells were grown in
normal 3N-BBM-V medium and then resuspended in the new salinity medium at time zero.

Figure 5.14 shows the chlorophyll a, chlorophyll b and carotenoid content of C. nivalis
under control conditions and 1.4 M NaCl conditions. Chlorophyll a stays relatively level
in the control conditions but starts to gradually decrease after 96 hours. In the 1.4 M
NaCl conditions, the chlorophyll a starts slightly higher at the first time point of 3 hours
but then decreases over time. This decrease is gradual at first but then steeply declines
after 48 hours to virtually zero. Chlorophyll b shows a very similar pattern both in the
control and the 1.4 M NacCl conditions to the chlorophyll a response. The carotenoids
rise slightly in the 1.4 M NaCl condition, before again falling steeply to virtually zero,
whilst in the control conditions show a sharp decline at the second time point of 48
hours before rising again at 96 hours and then a slight decrease towards the final time

point (t=192 hours).

The level of salinity of 1.4 M clearly has a degrading effect on photosynthetic
pigments. During cell death in algae, loss of pigments takes place after the cell

membranes have been compromised (Veldhuis et al., 2001). This appears to be what is
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taking place here. Since this species has a high salinity tolerance, the membranes may
have a greater ability to stay intact than non halotolerant species, allowing this

degradation to take place slowly, over time, despite the toxic salinity level.
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Figure 5.14 Chlorophyll a (A), chlorophyll b (B) and carotenoid (C) content of C. nivalis under control and 1.4 M
NaCl conditions (n=3).

5.3.6 Photosynthesis and respiration activity in C. nivalis under 1.4 M NaCl
conditions

Figure 5.15 shows the net photosynthesis and respiration for C. nivalis under both
control (0 M NaCl) conditions and 1.4 M NaCl stress conditions. This is based on the
per cell amount calculated from OD taken at the point of sampling and then calculated
using the cell count to OD correlation (see Appendix D, section 12.1.1). The salt
stressed samples show that even at the first time point of 5.5 hours, the cells cease to
photosynthesize under salt stress conditions. In the control conditions, both
photosynthesis and respiration are highest at the first time point (t=5.5 hours), and

this decreases until t=103.5 hours, after which it plateaus.
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Figure 5.15 Net photosynthesis and respiration data for control (0 M NaCl) and salt stressed (1.4 M NaCl) C.
nivalis cultures (n=3). Cells were grown in normal 3N-BBM-V medium and then resuspended in the new salinity
medium at time zero.

5.4.1 Experiment conclusions

1.4 M NaCl was beyond the tolerance of C. nivalis, despite its reported ability to
survive in high salinities above 1 M NaCl (Lu et al.,, 2012a). This is shown by
degradation of lipids, loss of photosynthetic pigments, and cessation of
photosynthesis. C16:0 and carbohydrates were found to be the most resilient

components against salt stress, maintaining constant levels even in dying cultures.

The cells appeared to retain pigment for some time after the introduction of salt
stress, showing that the effects are not immediate. This suggests that C. nivalis is
employing salt tolerance mechanisms, but these mechanisms are halted over time and
exposure to these toxic conditions. During salinity induced cell death, Na* ions cause
membrane depolarisation (Shabala, 2009), which will eventually lead to the

breakdown of the cells.
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This thesis is investigating the effects of salt stress on the lipid potential of algal
cultures for biofuel production. Since salt stress may be a potential way to induce high
lipids in an industrial context, it is useful to know how the culture will respond when
the salinity is increased too much. This data reveals information particularly about the
way the cultures lipid profile and photosynthetic capacity respond to very high salt
stress, which is important in understanding the potential downside of using salt as a
lipid trigger. However, 1.4 M NaCl is very high and it would require a vast input of
saltwater or solid salt to utilize this salinity stress on an industrial scale. It would be
useful to fully investigate the range up until 1.4 M NaCl with incremental
concentration increases to find out how the algal culture would be affected as salt
concentrations gradually increase. In this case, using acclimatized cultures with
stepwise salt concentration increases will also be useful, since some increases in salt

concentrations may be due to evaporation or salt build up in a culture over time.

Whilst it is useful to note how a species will respond when the toxicity of the salt is
beyond its limit, the research then moved on to look at how salt could be useful

instead of detrimental to the growth and biofuel production in a culture.

The salinity of 0.2 M NaCl was used, as this was indicated to be a possible lipid trigger

by the preliminary data in this chapter (section 5.1.2).

5.5 Effect of 0.2 M NaCl on C. nivalis
C. nivalis was found in the preliminary data to have in interesting response in FAME
accumulation to 0.2 M NaCl growth conditions. This condition was therefore chosen as

a likely trigger for lipid accumulation in this species and explored.

This experimentation was carried out three times. The first experiment was a full time
course experiment with triplicate data to establish trends in FAMEs and other
biological parameters of the strains in this condition. The second and third were to
identify and take potential time points for proteomic investigation under high lipid
production. The second run was carried out at a high starting ODsso of approximately
0.7 whilst the third run used a lower starting ODsso of approximately 0.35. This third
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run was chosen as the most suitable for proteomic investigation, since it matched the
seeding conditions of the first full investigation of growth under 0.2 M NaCl conditions.
However, the second run was useful for seeing whether seeding density had a strong
effect on the results found. The data for the three experiments are discussed together

as all show similar patterns, and show that the trends are repeatable.

5.4.1 Effect of low salinity (0.2 M NaCl) on Optical Density

Figure 5.16 shows the optical density of cultures grown under control and 0.2 M NaCl
conditions. At 0.2 M NaCl the salt concentration is high enough to retard growth in the
cultures, despite the higher salt tolerance of this species reported in the literature (Lu
et al., 2012a). This growth retardation takes place after 24 hours after an initial
amount of growth. However, the control cultures steadily increase over the course of
288 hours. The decrease in OD from salt stressed cultures shows that these are not
healthy or optimal conditions for growth in C. nivalis. It should be noted, therefore,
that although this species has a high tolerance for salt stress, even 0.2 M NaCl will
arrest cell division. Tolerance is defined as the ability to survive in an environmental
conditions, but not necessarily to thrive, hence the distinction between halotolerant
and halophilic species (Ginzburg and Ginzburg, 1981). The second set of data (Figure
5.16 C and D) starts at a higher OD and the subsequent OD of both cultures doesn't
show the rise in OD at 24 hours observed in A and B. The third experimental run (E and
F) matches the patterns results found in A and B, but with a higher OD being reached
at the final time point in the control culture. This shows that there can be variability in
the productivity of a culture. A number of factors can affect the final productivity of a
culture (Jiménez et al., 2003). The key conditions (light, temperature and gas-bubbling)
were controlled so that the cultures should have been the same, however small
fluctuations in the culture conditions could have caused the effects on the final
biomass productivity. The volumes of the culture may have varied between cultures,
since the sampling regimes were different between each of the three cultures. Culture
concentration can interact with different abiotic factors to affect final culture

productivity (Qiang and Richmond, 1996). Having control over the final biomass
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content is desirable for predictable productivity of an industrial biotechology process

like biofuels production.

Overall, 0.2 M NaCl stopped growth of C. nivalis in these experiments, whilst control
cultures were able to gradually increase in cell density. This is seen consistently,
showing that 0.2 M NaCl is too high a salt concentration to allow culture density to
increase. Comparing this to C. reinhardtii cultures, the lack of culture growth is likely
due to limitation of the carbon source. C. reinhardtii showed vastly reduced
photosynthetic capacity under 0.2 M NaCl but due to the availability of carbon in the
media and a light regime optimised for high growth rate, the culture was still able to
proliferate. In C. nivalis, the control growth rates were slower, and the impact of 0.2 M
NaCl caused an arrest of culture growth. This may be because limits in the availability
of carbon (slightly reduced photosynthesis, no external carbon source) mean that cells
cannot divide under this condition. However, lipids are still produced (discussed
below), so carbon would appear to be being fixed, and in excess, and diverted into
storage molecules. This suggests it is more a difference in the salinity responses of the
two species in their respective experimental set ups. In this case, C. nivalis responds by
halting cell division and culture growth. The differences in responses mechanisms of

these two species is of great interest to this research.
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Figure 5.16 Optical density at 750 nm (A, C, E) and 600 nm (B, D, F) of the three experimental runs of C. nivalis
grown in 0 and 0.2 M NacCl (n=3). Cells were grown in normal 3N-BBM-V medium and then resuspended in the

new salinity medium at time zero.

5.4.2 Effect of low salinity (0.2 M NaCl) on Biomass

The patterns found in the optical density data are supported by the results of biomass

accumulation in each experiment; biomass increases significantly in the control

conditions over time, but the biomass concentration in salt stressed conditions

remains low (Figure 5.17). It is clear that cell division and culture growth are greatly

reduced under 0.2 M NaCl growth conditions. Biomass accumulation has been shown

to be decreased in high salinity conditions, especially those which cause lipid

accumulation (Kim et al., 2016b).
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Figure 5.17 Biomass accumulation found in C. nivalis grown in 0 and 0.2 M NaCl conditions in the first (A), second
(B) and third (C) experimental run (n=3). Cells were grown in normal 3N-BBM-V medium and then resuspended in
the new salinity medium at time zero.

5.4.3 Effect of Low Salt (0.2 M NaCl) on Cell Morphology

Photographs of C. nivalis were taken during the first and third runs of growth under
control and 0.2 M NaCl salt stressed conditions, so that any significant changes in cell
morphology could be observed. The main difference in cell morphology that can be
noted is in the final two time-points of each experiment, the salt stressed cells are
more rounded and swollen that those in the control conditions. Cell division is
observed in control conditions, and in D F and H in the first run in 0.2 M NaCl
conditions (Figure 5.18). Microscopy could not be obtained during the second run.
However in the third run, cell division was not observed at the time of microscopy
images being taken in the salt stressed conditions (Figure 5.19). This could be due to
timing of cell division not coinciding with microscopy, but it seems likely that cell
division was not occurring as much since it was not observed. The control cells
appeared to be undergoing cell division in the latter stages of the growth curve, but
this was not true of salt stressed cells. High salt stress levels have been shown to

reduce cell division in algal cultures (Bartley et al., 2013; Pal et al., 2011; Takagi et al.,
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2006). Increases in lag phase has been found with algal species in salinity stress, due to

inhibition of DNA synthesis resulting in delayed cell division (Jiang and Chen, 1999).
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Figure 5.18 First experimental run: microscopy of C. nivalis cells under control conditions (A, C, E, G, I, K, M) and
0.2 M salt stress (B, D, F, H, J, L, N) at time points 3 (A, B), 24 (C, D), 81 (E, F), 123 (G, H), 169 (1, J), 250 (K, L), 288
(M, N) hours (at x1000 magnification).
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Figure 5.19 Third experimental run: microscopy of C. nivalis cells under control conditions (A, C, E, G, 1) and 0.2 M
salt stress (B, D, F, H, J) at time points 3 (A, B), 25 (C, D), 82 (E, F), 170 (G, H), 294 (I, J) hours (at x1000

maghnification).

5.4.4 Effect of low salinity (0.2 M NaCl) on lipid accumulation

The lipid content of each culture was measured using GC-FID analysis and the detected
FAMEs were expressed as a percentage weight of the biomass, displayed in Figure
5.20. In each experiment, 0.2 M NaCl conditions have a significant effect on the
accumulation of FAMEs in the culture, with the final time point reaching approximately
three times as much total FAME as the control conditions. In B. braunii, salt stress
(0.085 M) could induce more than twice the control amount of palmitic acid and oleic
acid, however this only went from 20% oil in the control to 28% oil content (Rao et al.,
2007). Similarly in Tetraselmis sp. increasing salinity could increase fatty acid content
of biomass, but it still remained at approximately 26% after 8 days of exposure to
salinity (Kim et al., 2016b). Marine species Monoraphidium dybowskii accumulated
lipid at higher rates under salt stress conditions of 0.085, 0.171 and 0.34 M NaCl, but
these levels went from approximately 27% in control to 38% in high salt (Yang et al.,

2015). The differences seen in the present study seem to show an unusually large
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increase in total lipid content. It is hard to make direct comparisons, since all species
have different tolerances and different growth regimes, but searching for the maximal
amount of lipid per dry weight content found in salinity stressed cultures will be the
best way to compare this. One study using an arctic Chlamydomonas species used a
wide range of salinities (0.12, 0.48 and 0.96 M NaCl), and found the highest lipid
content at 0.12 M NaCl (approximately 23% under N replete conditions) (Ahn et al.,
2015). However, high lipid levels of over 40% DCW have been induced by salinity stress
in freshwater species such as Monoraphidium dybowskii (Yang et al., 2014). Also, a
marine species of Chlamydomonas was reported to produce up to 64.9% of DCW as
lipid under high salt stress, however this was combined with nitrogen depletion (Ho et

al., 2014).

In the current study, the increase of FAMEs above the levels found in control
conditions appears to begin at around 80 hours after seeding in the new cultures
(Figure 5.20). This happens regardless of whether the seeding density is at ODs5o 0.35
or 0.7, suggesting that the rate of induction of lipids is not necessarily linked to the
growth cycle stage of the culture. The reason for this may be nitrogen removal from
the culture. Without evidence of the nitrate levels in the culture it is only theorized
here, but the reason for the time taken to accumulate lipids could be due to
combination salt stress and eventual nitrogen depletion in the medium. This agrees
with a report on C. reinhardtii grown in phototrophic conditions that showed that
nitrogen stress caused fatty acid increase from control conditions after 72 hours, and
this then doubles as 6 days or 144 hours is reached, within the first 2 days similar FA
levels were seen between stressed and control cultures (Msanne et al.,, 2012). This

pattern is similar to what is seen in the current research.

A study by Kim et al. (2016a) reported growing their strains of freshwater Chlorella in
BG11 medium until late exponential phase and then transferring them to different salt
concentrations. They found high increases in FAMEs, especially C16:0, and the
increases were identified to come from lipid droplets and TAG accumulation, not
membrane lipids. As Kim et al discuss, the response of algae to salt is very variable.

They found that the C18:1 and C18:2 decreased under these stress conditions,
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however they would expect C18:2, a major constituent of TAGs along with C16:0, to

increase.

To better analyse the FAME increase seen in the current study, the data were grouped
into monounsaturated FAs, polyunsaturated FAs or saturated FAs. These were shown
as both total amounts in the biomass (displayed in Figure 5.21) and as a percentage of
the total FAMEs detected, by weight (displayed in Figure 5.22). In salt stress
conditions, the FAME profile shifts towards a large proportion of monounsaturated
fatty acids. This is caused by a large increase in the amount of MUFAs detected in the
biomass. The MUFA content of the biomass is very low in the cultures until the 80 hour
time point. There is some increase in MUFA content of the control conditions at the
latter stages of the growth curve, but this increase is not nearly as high as those of the
salt stressed conditions. By contrast, the PUFA and SFA content of the biomass in the
salt conditions is lower than those of the control conditions until the latter stages of
the growth cycle. PUFAs and SFAs do not undergo the same dramatic increase that
MUFAs do, although some increases in PUFAs and SFAs are seen in the final time

points of the salt stressed conditions.

Knothe (2008) suggest that to optimise biodiesel and avoid technical issues of the fuel
performance that arise from oxidative stability or cold flow properties for example, it is
ideal to maximise one component of the biodiesel and choose one which reduces
these technical issues. They suggest oleic acid (C18:1) as such as suitable major
component, or alternatively C16:1. The most desirable major component therefore is

a MUFA, and the current study of C. nivalis has shown a major increase in MUFA.

Lu et al. (2012c), studied lipid biomarkers in C. nivalis under salinity stress and found a
decrease in the total degree of unsaturation in the lipid biomarkers at 0.13 M NacCl.
When studying the shift in relative proportions of the fatty acids present, in the
present study there is a decrease in the relative amount of PUFA in relation to MUFA,
although SFA stays roughly the same, and therefore this is consistent with what was

found in the Lu et al. (2012c) study.
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Lu et al. (2012b) studied 0.21 M NaCl stress in C. nivalis over 15 hours, and used the
identification of changes in fatty acid levels as a way to choose biomarkers for their
subsequent studies. They found increases in C16:0, C16:1, C18:0, C18:1cis but
decreases in C16:2, C16:3 and C18:3. Some of these same increases were found in the
current study, but not all the changes were the same, and the time scales of the
studies are very different. The full analysis of individual FAME changes in response to
0.2 M NaCl salt stress is shown in Appendix D. The key observation is that one MUFA
accounts for much of the increase in FAME induced by 0.2 M NaCl i.e. C18:1cis (oleic
acid). Increases in oleic acid were found in nutrient starved cultures of
Nannochloropsis oculata after 4 days, making this the main fatty acid in the profile.

Before this, palmitic acid was the main fatty acid in the profile (Su et al., 2010).

The role of unsaturation of fatty acids in membrane lipids (which contain large
amounts of PUFA that are susceptible to oxidative damage) in response to salt is
thought to help with salinity stress by changing the membrane fluidity and making
algal cells less susceptible to ionic and osmotic stresses of high salt (Singh et al., 2002).
However, whilst there is a large increase in unsaturated fatty acids, there is a shift
away from PUFAs to MUFAs. PUFAs do decrease in salt conditions at least for the first
part of the time course. This suggests that the unsaturation is decreasing, which would
go against the logic that unsaturation is a coping mechanism for salt stress. However

towards the end of the experiments, the PUFAs increase again (Figure 5.21).

Jayanta et al. (2012) grew a freshwater algal species (Ankistrodesmus falcatus) in
different salinities and found a slight increase in C18:1 oleic acid and in MUFA overall,
as well as a smaller increase in PUFA and a decrease in SFA. However at this salinity of
160 mM, the best growth rate was also found. This increase in fatty acids overall also
yielded a higher calorific value, showing that the energy density of the algal biomass
can be improved. Salt in algal growth medium has been shown to increase the amount
of unsaturated fatty acids whist decreasing the amount of saturated fatty acids (El-
Baky et al., 2004). In that study, it is mainly PUFA that increases, whilst MUFA and SFA

decrease. Salt also induced higher C18 to C16 ratios.
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A large increase in the MUFA C18:1 (by 430%) was found in an algal species
(Scenedesmus rubescens-like microalga") under nitrogen deprivation, whilst a decrease
in the PUFA C18:3n3 was observed (Li and Lin, 2012). Under nitrogen deprivation it is
typically not the membrane lipids that are increased, but the neutral lipids of storage
molecules. Therefore observing similar patterns to this algal species suggests a similar
mechanism. Rao et al. (2007) found a large increase in C16:0 and C18:1cis under
increased salinity conditions in B. braunii, with the biggest increase found in C18:1cis,
showing that there are species that response to salt stress in a similar way that C.

nivalis does.

There is a distinction between changes in fatty acids induced by growth rate
alterations and changes in fatty acids induced by salinity (not linked to growth rate)
(Renaud and Parry, 1994). To determine the difference, the effects of salt must be
investigated on salinities that affect growth rate and those that do not. In the current
study it was not possible to separate the effects since the salinity of interest studied
also altered the growth rate. Cohen et al. (1988) have linked changes in PUFA due to

salinity stress in an algal species as due to the decrease in growth rate.

In the current study, the FAME profile was also studied for differences in amounts of
different length FAMEs (Figure 5.23). The FAMEs detected were grouped into short
chain FAs (C6-C15s), C16s, C17s, C18s and long chain FAs C19-24s. C16s, C17s and C18s
were not grouped together because these are the main chain lengths of interest for
biofuel and because they make up the majority of the FAMEs detected. Figure 5.23
shows the relative abundance of these groups in the detected FAME profile. This
profile is mainly dominated by C18s in all cultures studied. This abundance in the
FAME profile remains relatively consistent throughout the growth curve in both the
control and the salt stressed conditions. In control conditions there appears to be a
slight increase in the relative amounts of C16 chains over time, but this is not seen in
salt stressed conditions, which all show a C16 peak at 24 hours followed by a relative
decline compared to the C18 chains, which slightly increase over time in the salt

stressed conditions.
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Figure 5.20 Total FAME content of C. nivalis cultures grown in 0 and 0.2 M NaCl (n=3). Cells were grown in normal
3N-BBM-V medium and then resuspended in the new salinity medium at time zero.
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Figure 5.22 Degree of unsaturation of the detected FAME profile (n=3). Cells were grown in normal 3N-BBM-V
medium and then resuspended in the new salinity medium at time zero. The data are presented as % of total
FAME. Cultures in 0 M NaCl control conditions (A, C, E) and 0.2 M NaCl conditions (B, D, F) are shown for the first
(A, B), second (C, D) and third (E, F) experimental runs.
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Figure 5.23 Chain lengths of the FAMEs detected (relative abundance by weight), (n=3). Cells were grown in
normal 3N-BBM-V medium and then resuspended in the new salinity medium at time zero. Cultures in 0 M NaCl
control conditions (A, C, E) and 0.2 M NaCl conditions (B, D, F) are shown for the first (A, B), second (C, D) and
third (E, F) experimental runs.
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Many of the major FAMEs show increases under the salt stress condition, but C18:1cis
is the biggest contributor to the overall FAME increase in the salt stress conditions (see
Figure 5.24 and Appendix D). This is also the reason for the FAME profile shifting
towards mainly comprising MUFAs (Figure 5.22). Chloroplasts contain polyunsaturated
fatty acids, and a move away from PUFAs to MUFAs and SFAs indicates reduction of
these chloroplast lipids, which is found when photosynthesis is reduced, and an
increase in storage lipids (Piorreck and Pohl, 1984). Therefore the increases in MUFA
and SFA seen here indicate storage molecules. However, towards the end of all the
time course experiments, all the FA types increase, including PUFA. And initially SFAs
also decrease in the salt stressed conditions. This does not indicate the presence of
storage molecules being formed in the cytoplasm, although these rise later in the time
course experiment so this storage may not be happening until later in the growth

cycle.

It is therefore interesting that only the C18:1cis increases at such a large amount whilst
other fatty acids do not change as much. This fatty acid is one of the main storage
molecules in TAGs (Piorreck and Pohl, 1984) and is shown to increase in N. oculata
under nutrient starvation (although not salinity stress) (Su et al., 2010). This increase in
C18:1cis indicates a useful tool for both increasing the lipid content of this algal
biomass, and for doing so with a fatty acid suitable for biofuels production. This result
therefore shows the practical applications of using this technique for biofuel
production, but it would also be useful to know why the cell is responding with lipid
increases so that the molecular mechanisms for lipid increase under salt stress can be

more fully investigated.

When comparing the FAME profiles of algae grown in photoautotrophic and
photoheterotrophic conditions, much higher lipid productivities are found under
photoheterotrophic (mixotrophic) conditions. Furthermore the changes in lipid profiles
between these two growth regimes are very different, with photoautotrophic
conditions leading to more phospholipids and glycolipids in salt stressed conditions,
rather than TAGs (Liu et al., 2011). However in the current study, increases in MUFAs

(associated with TAGs) are seen with C. nivalis under photoautotrophic conditions,
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principally a very significant increase in oleic acid. This effect is normally seen in
photoheterotrophic cultures but this type of growth condition is less desirable for
commercial production because of the need for an organic carbon source, which can

increase the cost of culture medium by up to 5 times (Li et al., 2007).
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Figure 5.24 Amounts of individual FAMEs detected in C. nivalis cultures in 0 and 0.2 M NaCl, in the third
experimental run (n=3).

5.4.5 Carbohydrate content of C. nivalis in 0.2 M NaCl

Carbohydrate content was studied through a colourimetric anthrone assay, which
showed that carbohydrate content increased in the salt stressed conditions at an early
point in the growth cycle of 24 hours, with a peak at 80 hours. This then declines again
at approximately 150 hours. Carbohydrate also increases in the control cultures but at

a much later time point of 150 hours. Therefore, carbohydrate accumulation is then
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something that happens in the control conditions anyway, but the onset is triggered

earlier in the cycle by the presence of salt stress.

The rise in carbohydrate (usually starch) under environmental stress prior to the rise in
lipid has been observed in many species (Li et al., 2011; Longworth et al., 2012). It is
thought that carbon compounds from carbohydrates such as starch are then converted
into neutral lipids (Li et al., 2011). Starch is the primary carbon storage molecule when
nitrogen was not limiting, but then when nitrogen becomes limiting the carbon storage
molecule is neutral lipid. This is what appears to be taking place in this experiment, but
nitrogen is not limiting in the media. Salt is therefore producing the same effect in
terms of storage molecules, but it is not caused by the same nutrient limitation. If the
effect is the same, it may be that the ability to incorporate nitrogen is affected by the
salt stress. Or that there is another common factor linking nitrogen stress and salt

stress that causes the same effect in terms of growth and storage molecules.

This response is not always found in algae cultures under salt stress, for instance Kim
et al. (2016a) found that carbohydrate content was reduced in Chlorella as salt stress
increased. However, analysis was only done after 10 days of growth in the medium,
meaning that if an early carbohydrate response was shown as it was here, it would not

have been observed.
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Figure 5.25 Starch content in C. nivalis cultures exposed to 0 and 0.2 M NaCl in experimental run 1 (A), 2 (B) and 3
(C) (n=3). Cells were grown in normal 3N-BBM-V medium and then resuspended in the new salinity medium at
time zero.

5.4.6 Chlorophyll content in C. nivalis grown in 0.2 M NaCl

Chlorophyll content was measured in control and 0.2 M NaCl conditions, and in every
culture, chlorophyll content was negatively impacted by the presence of salt (Figure
5.26). The decrease in chlorophyll content was less prominent in the second run
experiment, where the culture started off at a higher density before the salt stress was
introduced: chlorophyll decreases are not as prominent, but still take place (Figure
5.26 D and E). Since biomass and culture growth is arrested by the presence of salt, it
implies that in the existing biomass that has been exposed to salt stress, the
chlorophyll is breaking down over time. Detrimental levels of salt affect the light

harvesting complexes in algae and cause chlorophyll reduction (Perrine et al., 2012).

A study of C. nivalis shows that this species also produces a large amount of non-
photosynthetic carotenoid pigments, which are esterified with fatty acids (Remias and

Litz, 2007). These carotenoids are important in protection against UV damage, which
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this species is often exposed to due to the high irradiances in its natural habitat.
However, no increase in carotenoids were observed in 0.2 M NaCl salt stressed C.
nivalis cells in the present study (Figure 5.26 C and I) except in the second run (Figure

5.26 F) near the beginning of the salt stress period.

Certain stresses cause a drop in chlorophyll content of green algae. For example in
Haeamtococcus pluvialis nitrogen deprivation causes a reduction in chlorophyll, but
phosphate deprivation does not (Boussiba et al., 1999). It's suggested that nitrogen
deprivation caused cellular damage including to the chloroplast. It may be that this
same process is taking place in C. nivalis under salt stress. Salt is also shown to
negatively impact chlorophyll pigment content in even halotolerant algae, as
irradiance remains high but cell division is reduced (Ben-Amotz and Avron, 1983),
although carotenoids do not undergo this same reduction because they cause a

protecting mechanism against conditions that impair chlorophyll content.

5.5.1 Photosynthesis and respiration rates in C. nivalis grown in 0.2 M NaCl

Photosynthesis and respiration data was also obtained (Figure 5.27). There is a trend in
the first and third experimental run of a slightly decreased ability of the salt stressed
cultures to photosynthesise, which has been shown to be the case in algae (Perrine et
al., 2012; Sudhir and Murthy, 2004), even in halotolerant species (Ben-Amotz and
Avron, 1983). Run two showed data with error bars too large to distinguish clear
differences between the control and salt stressed cultures, and in this case
photosynthesis was not observed to decrease under salt stressed conditions. The
difference may be due to the different starting ODs. The greater density of cells in run
2 may mean that detrimental effect of salt on photosynthesis may not be as strong
since the salt to chlorophyll ratio is lower. Salt stress is shown to negatively impact
photosynthesis by affecting the ion content of the cells and therefore affecting the

bioenergetic photosynthesis processes (Sudhir and Murthy, 2004).

This is another advantage to introducing salt at a late stage of culture growth: the
ability of the culture to photosynthesise is still high, as is chlorophyll content, but lipid
producing conditions are still occurring, so lipids are higher and the culture

productivity overall is higher due to greater biomass accumulation.
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Figure 5.27 Photosynthesis and respiration data in three experimental runs (A, B, C) of C. nivalis cultures grown in
0 and 0.2 M NaCl (n=3).
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5.6 Conclusions from 0.2 M NaCl experiment

The patterns observed in this data were consistent and repeatable across all three runs
of this experiment. This level of salt stress (0.2 M NaCl) causes the arresting of the
culture growth. Having entered this stationary state, the salt stress clearly induces first
carbohydrate increase, followed by a decrease that coincides with lipid increase which
is mainly caused by a large increase in C18:1cis (oleic acid). Chlorophyll content is
reduced in salt stressed cultures and the ability of the culture to photosynthesise is
slightly decreased by the presence of salt stress, as is a common response of
microalgae to salt stress (Masojidek et al., 2000), although less so in cultures that were
grown to 0.7 ODy5o before introducing salt stress. However, C. nivalis is still able to
photosynthesise in 0.2 M NaCl, showing that the culture is still able to tolerate these

conditions although little or no growth is taking place.

The C18:1cis is likely to be part of lipid storage molecules (Shen et al., 2016), but the
same rise is not seen in C16:0, which is also part of lipid storage molecules, suggesting
other possibilities such as involvement in membranes, especially the thylakoid
membranes. However, the rise mainly in C18:1 above all other fatty acids has been
noted in other species (Rao et al., 2007), in this case oleaginous species B. braunii. It
has been suggested that the formation of C18:1 chains is a precursor to formation of
resistant biopolymers that change the cell membranes and make the algae more
resistant to harmful chemical or biological conditions (Laureillard et al.,, 1988).
However these would be elongated to C24-C30 chains, which was not observed in this
experiment. Although only certain fatty acids were identified from the standard mix,
few peaks were observed in the high end of the chromatograph, and these peaks were
very small. To investigate if this were the case, a different FAME standard or GC-MS

methods would be employed.

The rise in C18:1cis, and of the total FAME levels overall, is of great interest to biofuel
research in this species. The desired levels of TAG content in algal cells for biofuels
production was 60% (Jorquera et al., 2010), and whilst not all of the salt stress cultures
reached this level, one culture reached around 50% from comparatively very low

levels, demonstrating that vast increases in lipid contents can be made for this
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purpose. Whilst the present research looks only at single chain types and cannot
identify the cell location of the fatty acids detected in the samples (nor whether they
are derived from polar membrane lipids or from neutral lipid bodies), this work is also
the first to assess the biofuel potential of this species via detailed lipid profiling with
GC. Previous studies by Lu et al. (Lu et al., 2012a; 2012b, c) did not derivatize the fatty
acids within a sample to measure its biofuel potential; instead they detect the polar

lipid types from extracted crude lipid analysed via mass spectrometry.

Broadly speaking, their findings were that under salt stress: there is a decline in PG, an
essential lipid in the light harvesting proteins in photosystem IlI; an increase in
sulfolipid SQDG, which stabilizes proteins in the chloroplast membranes in
photosystem Il; galactolipids increase, as these maintain membrane stability. The chain
types alter under salt stress, for example PE (18:1/18:1) decreased whilst PE
(16:0/18:1) increased as it was newly synthesized (Lu et al., 2012a; Lu et al., 2012c¢).
The increase in saturated fatty acids and decrease in unsaturated fatty acids in a
phospholipid membrane decreases the permeability of that membrane, as shown with
permeability to ethanol in yeast species Saccharomyces cerevisiae (Mizoguchi and
Hara, 1996); altering cell permeability may be one way a cell under salt stress would
act to mitigate osmotic stress. Chlamydomonas nivalis was grown at 16°C, a
temperature lower than C. reinhardtii can comfortably grow. On the other hand, C.
nivalis would not grow above 20°C in the laboratory during this research. In addition to
the different media used and different level of salt stresses, this growth temperature
difference must be kept in mind. Photosynthesis and respiration are temperature
sensitive, and the damaging effects of low or freezing temperatures include oxidative
damage from ROS (Haghjou and Shariati, 2007). C. nivalis is adapted to survive in a
range of temperatures, particularly low temperatures, and has been described as a

cryotolerant mesophile (Lukes et al., 2014).

Chlamydomonas nivalis can become red in colour in the wild: this is because of the
photoprotective effect of carotenoids, which are employed as a survival mechanism
(Lukes et al., 2014). The laboratory strain of C. nivalis obtained from the culture

collection for the current work is said to have lost its ability to turn red. Many wild type
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Chlamydomonas snow algae strains still have this ability. Carotenoids have been
shown to have antioxidant effects (Sampath-Wiley et al., 2008) and stress tolerance

has been associated with elevated metabolism of antioxidants.

A previous study of the effect of temperature on photosynthesis and thylakoid lipids
has shown that C. nivalis and C. reinhardtii show very different lipid compositions of
the thylakoid membranes. Although within species there are temperature dependant
shifts in lipid composition, these differences between species are observed regardless
of the temperatures they are exposed to over a 72 hour period (ranging from 5 to
35°C); in C. nivalis, the main lipid in thylakoid membranes is PG whereas in C.
reinhardtii it is MGDG (Lukes et al., 2014). These two species have very different lipid

compositions.

A question arising from the current research, in light of the fact that lipids are
produced in salt stress conditions, is in which direction the causal relationship between
lipids and salt stress resistance goes. It is possible either for the lipid production to be
part of the salt resistance mechanisms, or a consequence of the ability of the strain to

continue to function in high salt stress conditions due to other survival mechanisms.

The main conclusion from this section is that salt could be used as lipid trigger in C.
nivalis, and that this can be done at a variety of culture densities since the effect and
timescale is the same. However, the level of salt stress is crucial with 0.2 M NaCl being

suitable and 1.4 M NaCl being too high.

5.7 Genetic identification in C. nivalis

As proteomic investigation was taking place into C. nivalis using the C. reinhardetii
database, DNA was extracted from C. nivalis and sequenced using universal 18S
primers to find the nearest genetic relations. DNA was extracted from a C. nivalis

sample using the methodology described in Chapter 2 (Section 2.7).

Three different bead-beating extraction times of 90, 180 and 270 seconds were used.
Extracts were visualised on agarose gel via electrophoresis. All three extraction times

show some DNA present as shown in Figure 5.28.
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Figure 5.28 Electrophoresis gel of extracted DNA from three different extraction times (90, 180 and 270 seconds),
and DNA ladder marker. The genomic DNA bands, although faint, are clearly present.

Two primers were tested, Lim and Sheehan (see section 2.7 for primer details), and
following PCR and imaging of the gel, Lim primer was shown to have worked in
amplifying the detected DNA whilst Sheehan had not (Figure 5.29). The control showed
no DNA present, indicating that the procedure had been carried out correctly (Figure

5.29). Chosen samples were purified as described in section 2.7 and then visualised
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again on a gel to check that DNA was still present (Figure 5.30), prior to sending to

Eurofins for sequencing.

ontrol Sheehan

DNA ladder

Sample (90s) Sheehan
Sample (180s) Sheehan
Sample (270s) Sheehan
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Figure 5.29 Electrophoresis gel of PCR amplified samples using Sheehan and Lim primers. Each extraction time
sample, plus a control, was used for each primer.
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Figure 5.30 PCR amplified and purified DNA samples for 90s and 270s extraction times.

As two samples (from a 90 second and a 270 second extraction time) were sequenced,

four sequences were returned: forward and reverse for each of the two sequences.
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Sequences obtained are displayed in Table 5.1 below:

Table 5.1 Sequences obtained from Eurofins for C. nivalis extracted DNA.

Sample

Sequence

90s
For

CGTTAAAGCTCGTAGTTGGATTTCGGGGGGGTCTTAGCGGTCCGGTTCGCTGT
GTACTGC
TAGGGCCCTCCTTTCTGCCGGGGACAGGCTCTTGGGCTTCATTGTCTGGGACCT
GGAGTC
GGCGAGGTTACTTTGAGTAAATTAGAGTGTTCAAAGCAAGCCTACGCTCTGAA
TACATTA
GCATGGAATAACACGATAGGACTCTGGCCTATCTTGTTGGTCTGTAGGACCGG
AGTAATG
ATTAAGAGGGACAGTCGGGGGCATTCGTATTTCATTGTCAGAGGTGAAATTCT
TGGATTT
ATGAAAGACGAACTTCTGCGAAAGCATTTGCCAAGGATGTTTTCATTAATCAAG
AACGAA
AGTTGGGGGCTCGAAGACGATTAGATACCGTCGTAGTCTCAACCATAAACGAT
GCCGACT
AGGGATTGGCAGGTGTTCTTTTGATGACCCTGCCAGCACCTTATGAGAAATCA
AAGTTTT

TGGGTTGCGGGGGAAGTT (length = 498 bp)

90s
Rev

TCTACGTGCTGGCAGGGTCATCAAAAGAACACCTGCCAATCCCTAGTCGGCAT
CGTTTAT
GGTTGAGACTACGACGGTATCTAATCGTCTTCGAGCCCCCAACTTTCGTTCTTG
ATTAAT
GAAAACATCCTTGGCAAATGCTTTCGCAGAAGTTCGTCTTTCATAAATCCAAGA
ATTTCA
CCTCTGACAATGAAATACGAATGCCCCCGACTGTCCCTCTTAATCATTACTCCG
GTCCTA
CAGACCAACAAGATAGGCCAGAGTCCTATCGTGTTATTCCATGCTAATGTATTC
AGAGCG
TAGGCTTGCTTTGAACACTCTAATTTACTCAAAGTAACCTCGCCGACTCCAGGT
CCCAGA
CAATGAAGCCCAAGAGCCTGTCCCCGGCAGAAAGGAGGGCCCTAGCAGTACA
CAGCGAAC
CGGACCGCTAAGACCCCCCCGAAATCCAACTACGAGCTTTTTAACTGCAACAAC
TTAAAT
ATACGCTATTGGAGCTGAAATT (length = 502 bp)

270s
For

AGTTAAGCTCGTAGTTGGATTTCGGGGGGGTCTTAGCGGTCCGGTTCGCTGTG
TACTGCT
AGGGCCCTCCTTTCTGCCGGGGACAGGCTCTTGGGCTTCATTGTCTGGGACCT
GGAGTCG
GCGAGGTTACTTTGAGTAAATTAGAGTGTTCAAAGCAAGCCTACGCTCTGAAT
ACATTAG
CATGGAATAACACGATAGGACTCTGGCCTATCTTGTTGGTCTGTAGGACCGGA
GTAATGA

244




TTAAGAGGGACAGTCGGGGGCATTCGTATTTCATTGTCAGAGGTGAAATTCTT
GGATTTA
TGAAAGACGAACTTCTGCGAAAGCATTTGCCAAGGATGTTTTCATTAATCAAGA
ACGAAA
GTTGGGGGCTCGAAGACGATTAGATACCGTCGTAGTCTCAACCATAAACGATG
CCGACTA
GGGATTGGCAGGTGTTCTTTTGATGACCCTGCCAGCACCTTATGAGAAATCAA
AGTTTTT

GGGTTGCGGGGGGAGTTA (length = 498 bp)

TCTAGGTGCTGGCAGGGTCATCAAAAGAACACCTGCCAATCCCTAGTCGGCAT
CGTTTAT
GGTTGAGACTACGACGGTATCTAATCGTCTTCGAGCCCCCAACTTTCGTTCTTG
ATTAAT
GAAAACATCCTTGGCAAATGCTTTCGCAGAAGTTCGTCTTTCATAAATCCAAGA
ATTTCA
CCTCTGACAATGAAATACGAATGCCCCCGACTGTCCCTCTTAATCATTACTCCG
GTCCTA
CAGACCAACAAGATAGGCCAGAGTCCTATCGTGTTATTCCATGCTAATGTATTC
AGAGCG
TAGGCTTGCTTTGAACACTCTAATTTACTCAAAGTAACCTCGCCGACTCCAGGT
CCCAGA
CAATGAAGCCCAAGAGCCTGTCCCCGGCAGAAAGGAGGGCCCTAGCAGTACA
CAGCGAAC
CGGACCGCTAAGACCCCCCCGAAATCCAACTACGAGCTTTTTAACTGCAACAAC
270s TTAAAT

Rev ATACGCTATTGGAGCTGAATTT (length = 502 bp)

When matching these in BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi), species names
and identity match scores were obtained. For each of the four sequences, the top five
species matches are displayed in Table 5.2, plus the sequence coverage match of C.

nivalis and C. reinhardltii.

Sequencing one gene, even the highly conserved 18S rRNA gene, does not always
allow an exact species match and a number of closely related strains often show up as
very closely related to each other. This is the case here, where the best matches are in
the genus Chlamydomonas and Chloromonas. The relatedness of these species have
been displayed in the phylogenetic tree in Figure 5.31. The DNA extracted from C.
nivalis shows a 95-96% match with C. reinhardtii however the results show that there
are some differences between the two species since C. nivalis is more similar to other
species of Chlamydomonas and Chloromonas than to C. reinhardtii. This is a very
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important observation in relation to the proteomic experiments involving C. nivalis
because it suggests that matching the C. nivalis proteomic data purely against the C.
reinhardtii database may limit the number of matches due to genetic differences
between the two species. Matching the proteomic data against the Chlorophyta

database may yield more results.

Table 5.2 Identity match (%) for sequences obtained from C. nivalis extracted DNA.

Sample  Species name Identity match (%)
Chlamydomonas gerloffii 99.594
Chlamydomonas subtilis 99.594
Chloromonas typhlos 99.594
Chlamydomonas sp. A-SIO 99.594
Chloromonas paraserbinowii 99.594
Chlamydomonas nivalis 97.972

90s For  Chlamydomonas reinhardtii 95.344
Chlamydomonas gerloffii 99.799
Chlamydomonas subtilis 99.799
Chloromonas typhlos 99.799
Chlamydomonas sp. A-SIO 99.799
Chloromonas paraserbinowii 99.799
Chlamydomonas nivalis 98.189

90s Rev_ Chlamydomonas reinhardtii 95.582
Chlamydomonas gerloffii 99.797
Chlamydomonas subtilis 99.797
Chloromonas typhlos 99.797
Chlamydomonas sp. A-SIO 99.797
Chloromonas paraserbinowii 99.797
Chlamydomonas nivalis 98.171

270s For  Chlamydomonas reinhardtii 95.538
Chlamydomonas gerloffii 99.8
Chlamydomonas subtilis 99.8
Chloromonas typhlos 99.8
Chlamydomonas sp. A-SIO 99.8
Chloromonas paraserbinowii 99.8

270s Chlamydomonas nivalis 98.196
Rev Chlamydomonas reinhardtii 95.6
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Figure 5.31 Phylogenetic tree of identity matches from rDNA sequencing. Extracted DNA is represented as "unknown" on the tree.
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5.8 Proteomic investigation of C. nivalis under lipid triggering 0.2 M NacCl
salt conditions using iTRAQ
Proteomic analysis of C. nivalis was carried out in a time course experiment of lipid
producing conditions. These were taken from 3 hours, 82 hours and 170 hours of the
0.2 M NaCl condition from the third run of this experimentation, and from 170 hours
of the control condition. The aim was to test the effect of salt stress over time on C.
nivalis, particularly at the points of rises in carbohydrate and lipid, and to compare
arrested growth in salt conditions with mid-log growth in control conditions. These
conditions were used to construct a 4 way phenotypic comparison between

conditions, using the following grouping for iTRAQ labelling:

Table 5.3 Sampling points for iTRAQ comparison.

Condition number Phenotype conditions iTRAQ labels
1 3 hour 0.2 M NaCl: low | 113
carbohydrates and lipids
114
2 82 hour 0.2 M NaCl: High | 115
carbohydrates
116
3 170 hour control: mid-log | 117
growth
118
4 170 hour 0.2 M NaCl: high | 119
lipids
121

Following protein sample extraction and preparation as outlined in the Materials and
Methods chapter 2, samples were quantified and analysed by a 1D-SDS-PAGE gel to
check the quality of samples prior to digestion, labelling, fractionation and MS analysis.

Protein quantifications and 1D-SDS-PAGE gel are shown below.
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Table 5.4 Protein concentrations in extracted samples.

Sample name  Condition  Biological Protein concentration (mg
replicate mL™h
CFK 1 1 3.4+0.104
CFL 2 2.0+0.104
CGK 2 1 4.2+0.072
CGL 2 7.8 £0.016
CGV 3 1 6.2+0.272
CGW 2 48+0
CGX 4 1 4.6+0.144
CGY 2 6.1 +£0.128
~
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Figure 5.32 SDS PAGE of samples.

Figure 5.32 shows 1D-SDS-PAGE gel of the samples (each lane containing 15 pg) and
indicate good sample quality and similarity in biological replicates, since the bands
show clear separation of intact proteins through intensely stained and well separated

bands, as well as a clear well defined protein marker lane.
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Samples were digested and two 10 pg aliquot from each sample (one taken before
digestion incubation and one afterwards) were run on gels to check the digestion
process had been completed. The results of this gel were not conclusive (data not
shown), so a small aliquot of one sample was run on AmaZon MS to check the
digestion process. 92 proteins were identified, and the peptide matches showed that
the majority of peptides had zero mis-cleaveages (179 of 241). Results indicated
digestion was complete, and digestion was assumed to be equal between all samples.
iTRAQ labelling and HPLC fractionation were then carried out. The UV vis
chromatogram, measured at 214 nm) is displayed in Figure 5.33.
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Figure 5.33 UV vis chromatogram of iTRAQ labelled C. nivalis samples.

Fractions were separated, dried down, recombined and then were injected into Q

Exactive HF MS and run as described in methods Chapter 2, Section 2.6.10.

Two injections of the fractions were carried out, since the first injection gave limited
results from Maxquant identifications. Following a second injection to test if CID of
iTRAQ labels had been correctly carried out, during which the collision energy was
changed from 32 eV to 27 eV, it was concluded that lack of identifications was due to
limited database matching, and the second set of injections gave little improvement on

the previous PSMs and protein hits.
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Because this species is un-sequenced, data analysis is not as straightforward as C.
reinhardtii proteomic investigations; steps must be taken to maximise the data
acquisition. There are two main ways of doing this: using software specialising in de
novo sequencing and homology searching, and using a variety of organism databases.
Maxquant is the standard software used for processing of Q Exactive HF data, and
yields good results for sequenced organism C. reinhardtii. However, PEAKS has greater
scope for identifications though homology searching, which identifies peptides using
algorithms that predict amino acid mutations and variations in a peptide sequence.
PEAKS and Maxquant have both been used to detect and quantify proteins in this
study, however only one could be used for the final dataset. For database searching,
the C. reinhardtii database is the starting point for identification. Expanding the
searches to the Chlorophyta taxon database, and to the Chlamydomonas genus
database may also yield more results. C. nivalis does have a small amount of its
proteome mapped, with 73 proteins present in the Uniprot database (searched 6th
May 2016). This database is too small to carry out meaningful quantitative proteomic
investigations, but the Chlamydomonas database, consisting of 15,885 entries, may
yield greater matches than the Chlamydomonas reinhardtii database (15,172 entries).
The Chlorophyta database contains 167,662 entries. Whilst this may appear to be a
good option for searching since it allows for a greater diversity of potential matches,
the effect of searching against a larger database on the FDR has negative effects on
results yielded (Vensel et al., 2011). Fewer results were obtained when searching
against Chlorophyta than when searching against C. reinhardtii (Table 5.5). Because of
this, remaining searches were limited to Chlamydomonas genus database and to C.
reinhardtii database. Searches were carried out using the search criteria described in
Section 2.6.10. These searches were carried out on a total of 279,007 MS scans and

264,461 MS/MS scans.

Table 5.5 summarises the number of results yielded for the different searching
strategies. All searches used 1% FDR for PSMs, and protein identifications used two or
more unique peptides. Use of PEAKS fully utilised the variable PTM and Spider
homology searches for maximised identifications and quantifications. These functions

search through possible amino acid substitutions in peptides, and PTMs that may not
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be specified, to identify peptides with mutations and alterations to the database
match, but that are still functionally the same peptide. Peptides were identified by the
software (PSM numbers listed in table), then peptide lists (cut off at 1% FDR) were
used in UTRAQ to obtain a list of quantified protein identifications (2 or more unique

peptides).

Despite the Chlamydomonas genus database containing sequences from C. nivalis that
may be expected to yield more results, the use of this database yields fewer identified
and quantified proteins than using the C. reinhardtii database. Although
Chlamydomonas database matches a higher number of PSMs than C. reinhardltii, the
effects of redundancy in the Chlamydomonas database (multiple proteins of the same
function from different species) may reduce the number of peptides that can be
matched to proteins above the threshold of 2 or more unique peptides. Through
exploration of this data, it was therefore concluded that use of the C. reinhardtii
database through homology matching in PEAKS would give the most complete dataset
for comparison of changes between conditions, and later for comparisons to C.
reinhardtii iTRAQ data. This also allows a greater potential for exploration through
functional annotation analysis and metabolic mapping, since these systems have
capabilities for model species C. reinhardtii, but not necessarily for other species. 1231
proteins were found for PEAKS search of Chlamydomonas reinhardtii search, but after

removing duplicate accession numbers this is reduced to 1018.

Table 5.5 Summary of search results for C. nivalis MS iTRAQ data.

Software Database PSMs Proteins
identified/
guantified

Chlamydomonas
MaxQuant reinhardtii 799 179
MaxQuant Chlorophyta 857 43
MaxQuant Chlamydomonas 858 378
Chlamydomonas
PEAKS reinhardtii 2789 1018
PEAKS Chlamydomonas 4182 480
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PEAKS clearly yields the largest amount of protein identifications and quantifications,
due to the nature of the homology search and de novo sequencing of peptides. It's
therefore a valuable tool in obtaining data for this species by allowing for further
insight into its proteome. Whilst MaxQuant is suited to accurate data analysis of the Q
Exactive HF obtained data, the limitation to the C. reinhardtii database means that
without the homology searching, fewer PSMs and proteins were identified, thus PEAKS

was used for iTRAQ data analysis of C. nivalis.

The detected proteins were compared using Venn diagram analysis via accession
number in GeneVenn (found at http://genevenn.sourceforge.net/). The majority are
found in PEAKS and this is therefore the best tool to use for comparisons between
conditions in the iTRAQ, but results from both search engines have been studied here
and compared, since there are some identifications that do not overlap. Data from
multiple search engines cannot be combined directly as it would require statistical
manipulation to stop multiple identifications from the same spectra, since the search
engines use different algorithms to create PSMs (Searle et al., 2008). So, PEAKS was

selected as the sole search software for identifications.

PEAKS MaxQuant

Figure 5.34 GeneVenn diagram showing overlap of accession numbers detected by PEAKS and MaxQuant.

To check the grouping of replicates, data was run through Perseus software for
hierarchical clustering and PCA analysis (Figure 5.35 and Figure 5.36). Grouping shows
a large difference between control cultures (117 and 118) and the salt grown cultures.

3 hour salt cultures (113 and 114) are distinctly grouped from the later time points of
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80 hours (115 and 116) and 170 hours (119 and 121), but these two later time points

of salt stress show overlap in the PCA plot and similarity in the hierarchical clustering.

LY % LN LN LY LY LY LY
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Figure 5.35 Hierarchical clustering analysis of the 8 samples, labelled using the iTRAQ label identifiers.
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Figure 5.36 PCA analysis showing sample grouping: 3 hour salt (red), 80 hour (blue), 170 hour salt (green) and 170
hour control (orange).

To check the coverage of the detected proteins, EC (Enzyme Commission) numbers
were taken from the detected protein list and mapped against ChlamyCyc metabolic
map (Figure 5.37), a mapping tool that displays known pathways in Chlamydomonas
reinhardtii. Of the 1018 detected proteins, 240 had EC numbers. Some proteins have
more than one EC number associated with them, so these were separated out to give
the full list of 249 EC numbers to ensure full identification, although this contains

duplicates so these were removed (without duplicates the list is 159 EC numbers). 17
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of these could not be found on the metabolic map. Detected EC numbers are displayed
on the map. Although the number of proteins identified and quantified is not as large
as may be expected in a similar study on C. reinhardltii, a large amount of the proteome

and metabolic pathways are still detected using the dataset obtained.
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Figure 5.37 Detected pathways identified through ChlamyCyc metabolic mapping and EC numbers from detected proteins in PEAKS dataset for C. nivalis. Detected proteins are highlighted red.

256



To compare the phenotypes, uTRAQ and SignifiQuant were used to quantify proteins
and detect differences in proteins of significance p<0.05, without multiple test
correction applied (since this can limit data drastically and lead to important protein
changes being missed (Datta and DePadilla, 2006)). The 3 hour, 82 hour and 170 hour
time points were compared along a time course experiment, and the 170 hour time

point also had a control to salt stress comparison.

During the time course experiment culture phenotypes were measured (Section 5.5) as
described in the methods Chapter 2. The 82 hour salt condition shows a large increase
in carbohydrate content. The 170 hour salt condition shows a decrease in
carbohydrate content and a significant increase in fatty acid content. The control
condition at 170 hours shows a lower fatty acid content and shows a steady rate of
growth, compared to the salt condition which did not increase in biomass or cell

density along the time course experiment.

5.8.1 Differences between 3 hour salt and 82 hour salt (salt induced carbohydrate

production)

Between these sample groups, there were 143 differentially expressed proteins (once
duplicate accession numbers have been removed). 115 were down-regulated and 28

were up-regulated. Details of these are shown in Appendix D.

5.8.1.1 Phenotypic changes between time points

To link these differences to phenotypic changes, a summary of the changes between 3
and 82 hours follows: there was no increase in OD or biomass accumulation, some
increase in cell size and morphology, a slight increase in lipid accumulation, especially
due to an increase in C18:1cis, a significant increase in carbohydrate accumulation, a
significant decrease in chlorophylls but no significant change in carotenoids, no
significant change in photosynthesis and a slight increase in respiration (although at a

slightly lower level than the control conditions).
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5.8.1.2 Metabolic map changes between time points
The functional annotation and metabolic mapping of these changes has been shown in

Figure 5.38 and Figure 5.39.

The metabolic map indicates some down-regulation of photosynthesis, which supports
oxygen electrode data that photosynthesis was affected by the presence of salt
conditions, but there is also some up-regulation, suggesting that photosynthesis was
not completely impaired by salt conditions over time. Amino acids biosynthesis was
largely up-regulated, as was amino acid degradation, suggesting that there is high
turnover of amino acids between the time points. Fatty acid biosynthesis was down-
regulated. Carbohydrates showed a mixture of up and down-regulation, but
carbohydrate degradation was down-regulated. The decrease in carbohydrate down-

regulation may be leading to the accumulation of carbohydrates.

258



Cofactors, Prosthetic Grougs, Electr Cariler aynthesis nrmone Other Bigsypthesis Photosynthe Acicds Degracation Itawdisy
4 = E r{l
EIL?G fﬁiufrj]j ! IIDS s ;: zﬂt Iﬁ &ﬂehf!lﬁiii
E 1 i dro en egf%'% $1i11
ﬁ | - u%
i P A srat
Q A I.'tl [} 3 FORE
Fatty ind plds Biczy he Nu eosice Tu| thl_E’synEuesm I f t: t by a%gn rpourcs Litiliz Jﬁ PEE
A sirpil EE1l
— l |nes and l:ul_l,f e % rrir
?H 'é Metahol Fie ulato Bln thesis E r i rf Aarctid
|c Compouﬂdﬁf Bt_l||'| leol.lﬁlé!eosslges 1 i Alril
Ié Carbahy drat? th is : thfsm = Da;} I Engt Bin 3 ﬂ ] ﬁ : : g
I | I ! .l."i t Icc-l is I ﬂhuhydrate AILI &
t Cafactars rnsthetllc Grou eg an A5%81
‘ ! E:'I T ron [arriers Degradal F. 7. Yo i |
5 : FEE f},iﬁr 1 rvedbE: +1.770
tabc-l B rith 3| n m: 5 Binsypth e '& &bIIL1 +1.330
N% f i li Fer e taln gtf arit1 +[ 954
N i Qe bk | E38TEEE +0 591
. f . ya_d; grad tion &I ELI -I-[] 19?
[ ! -r ::r 3 arire 0.197
e é " = laptee :
l Arl:umatm Cnmpour‘g:lsl H“‘.:]' St -0.591
r uttienits r\!det.alaollsg] —0984
Tﬂf *“1“ -1.380
Caibox Iatesigra&tlnn § ﬁ l: I % —1??[]

Figure 5.38 Metabolic map from ChlamyCyc indicating up and down-regulation of proteins between 3 and 82 hours. 51 of the changes had EC numbers, 1 of which was not found in the search.
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5.8.1.3 Functional annotation analysis

The vast majority of functional annotation (Figure 5.39) indicated down-regulation of
protein groups, with the exception of translation which was up-regulated. Carbon
fixation was down-regulated, along with photosynthesis and pigment biosynthesis. All
metabolic processes were down-regulated, and most processes indicating cell division
were also down-regulated, with the exception of translation. Using this analysis does
not reveal a lot of information, other than the fact that almost all annotated proteins
were down-regulated, showing that many processes were taking place at a decreased
rate at 82 hours compared to 3 hours. Such decreases suggest that over time, the salt
stressed cells were largely going into stasis and decreasing the rate of most of their
main processes. This may explain the cells storing the fixed carbon in carbohydrates

and lipids, since metabolism of the cells resources is significantly slowed.

Using solely one type of analysis would give a skewed result, since the functional
analysis and the metabolic mapping suggest different things (one showing almost
exclusively down-regulation whilst one shows a mixture of up and down-regulation).
This indicates the complimentary nature of information from these different type of

analysis, and the importance of needing more than one analytical approach.

The optical density data certainly suggests that cell division was completely arrested,
and the up-regulation of translation may be due to the need for cellular repair of

certain proteins that have been damaged.
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Figure 5.39 Functional annotation analysis of changes between 3 and 82 hour salt stress at BP level 3 (A) and BP

level 4 (B). Of 28 down-regulated proteins, none were found

in BP3, 21 of the 25 DAVID IDs were not found at

BP4. When 115 up-regulated proteins were searched, 91 DAVID IDs were found. 38 of these were not found at

BP3, and 54 were not found at BP4.
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5.8.1.4 Individual proteomic changes

Analysis of individual proteins reveals more insight, as although no major lipid
pathways were affected in the mapping analysis, some individual proteins involved in
lipid metabolism were changed. Biotin carboxylase, an essential acetyl-CoA
carboxylase (ACC) component, was down-regulated. ACC regulates fatty acid

metabolism and biotin carboxylase is involved in FA biosynthesis as well.

Additionally, dihydrolipoamide acetyltransferase was down-regulated, a protein which
transfers the acetyl group to coenzyme A (CoA). CoA oxidises pyruvate in the citric acid
cycle, but also is important in the oxidation and synthesis of fatty acids. The down-
regulation of these enzymes suggests that fatty acid biosynthesis was being reduced,
when the phenotypic data suggests the opposite: that fatty acids were beginning to

accumulate.

Furthermore, glycerol-3-phosphate dehydrogenase was up-regulated. This is involved
in the conversion of carbohydrates to lipids and with glycerol metabolism. Glycerol is
essential to TAG production and is also used by many halotolerant algae as a
compatible solute to regulate osmotic pressure from salt stress. Therefore, the up-
regulation of this protein may be expected for both protection from osmotic damage
and as a step in the formation of TAGs. At the later time point, lipid content had

already begun to increase.

UDP-sulfoquinovose synthase was down-regulated. This is involved in glycerolipid
metabolism, and sulfoquinovosyl diacylglycerol (SQDG) metabolism. SQDG is a major
constitute of thylakoid membranes in algae. By contrast, in previous work in C. nivalis,
NaCl has been shown to trigger the increase of SQDG, and is thought to stabilise
membranes and protein complexes in photosystem Il (Lu et al., 2012a). SQDG has also
been shown to reduce when TAG accumulates under nitrogen deprivation, and it
theorized that FAs are liberated from SQDG for use in TAG synthesis (Martin et al.,
2014). Therefore the finding in this study that this protein was down-regulated
suggests that TAG was favoured over SQDG, which supports the phenotypic evidence

of fatty acid accumulation in this time course experiment.

262



Overall this resulted in mixed evidence for regulation of fatty acid synthesis pathways;
changes in glycerol-3-phosphate dehydrogenase and UDP-sulfoquinovose were
consistent with the phenotype change (that lipids had begun to increase), but biotin
carboxylase and dihydrolipoamide acetyltransferase regulation did not align with this

change.

Although carbohydrates had increased significantly from 3 to 82 hours, some of the
individual proteins show down-regulation of carbohydrate synthesis. Glycolate
dehydrogenase was down-regulated. This enzyme is involved in the glyoxylate cycle, a
function of which is the biosynthesis of carbohydrates from fatty acids. UDP-
glucose:protein transglucosylase was also down-regulated. This enzyme is involved in
polysaccharide biosynthesis. It may be therefore, that although carbohydrates were
higher at 82 hours, the proteins triggering the accumulation were higher at an earlier
stage in the time course, and this was not reflected in the proteomic results obtained

here.

RuBisCo proteins had been down-regulated, as were the photosynthesis related
proteins. Overall, the cultures show lower photosynthetic ability and carbon fixation

over long term exposure to salt conditions.

Energy metabolism, however, showed a mixed response over time. Dihydrolipoyl
dehydrogenase, an enzyme involved in energy metabolism, was up-regulated.
Glyceraldehyde-3-phosphate dehydrogenase showed a mixture of up and down-
regulation. This catalyses a step of glycolysis and has been implicated in apoptosis.

Pyruvate kinase, the enzyme in the final step of glycolysis, was down-regulated.

Interestingly, succinate dehydrogenase, involved in the TCA cycle and the electron
transport chain, was up-regulated (Willeford et al., 1989). The TCA cycle is important in
algae for the central metabolism of carbohydrates and the electron transport chain for
the generation of ATP. This up-regulation indicates the cell is both attempting to
increase photosynthesis or respiration or both. Salt stress has a negative effect on

photosynthesis and respiration rates from the phenotypic data, although this does not

263



change between 3 and 82 hours, therefore the cells could be up-regulating the enzyme

in an attempt to increase energy production for cellular maintenance.

Broadly speaking, the phenotypic changes were not always supported by proteomic
data, but it is clear that photosynthesis and carbon fixation was impaired, that many
central metabolic processes were largely down-regulated (explaining the lack of
culture proliferation), and that some proteins in carbohydrate and lipid metabolism

were affected by salt stress over time.

5.8.2 Differences between 82 and 170 hours salt conditions (decreasing

carbohydrates and increasing lipids)

Between 82 and 170 hours exposure to salt stress, there were 22 proteins differentially
expressed (once duplicate accession numbers had been removed). 10 proteins were

down-regulated and 12 were up-regulated. These are listed in Appendix D.

5.8.2.1 Phenotypic changes between time points

The phenotypic changes between these two groups were: no increase in OD or
biomass, no significant changes in photosynthesis or respiration rates (although taking
place at slightly lower levels than in control conditions), a significant decrease in
chlorophyll a and b but no significant change in carotenoids, a significant decrease in

carbohydrates and a significantly higher level of FAMEs, especially C18:1cis.

5.8.2.2 Metabolic map changes between time points

The mapping results (Figure 5.40) show that not many enzymes were significantly
changed between the two time points. Despite the phenotypic differences in lipid
content of the biomass, no changes were observed in fatty acid biosynthesis or
degradation. The main changes shown by the mapping results are the up-regulation of
some areas of carbohydrate metabolism. There is a large phenotypic change with the
reduction of carbohydrates in biomass so changes in carbohydrate metabolism were

expected.

Given the long time period over which this time course experiment takes place, it

might be concluded from the small number of proteomic differences between 82 and
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170 hour samples that the main changes in the cells salt tolerance mechanisms take
place earlier in the time course (so bigger differences were observed between 3 and 82
hours than between 82 and 170 hours). It may also show that large differences in
phenotypic changes, such as increases in lipid content, are not always reflected in the

proteome.
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Figure 5.40 ChlamyCyc metabolic mapping showing up-regulation (red) and down-regulation (blue) between 82 hours and 170 hour 0.2 M NaCl conditions. 8 EC numbers were searched, 2 of
which were not found by ChlamyCyc.

266



5.8.2.3 Functional annotation analysis
DAVID annotation analysis (Figure 5.41) concurs with the evidence from the metabolic
mapping: there are few changes overall and the main difference of note is the up-

regulation of carbohydrate metabolism.

Carbohydrate Metabolic Process
Cellular Biosynthetic Process
r T T T T T T T T 1

-5 -4 -3 -2 -1 0 1 2 3 4 mUpregulated

Number of Proteins W Down regulated

Figure 5.41 DAVID functional annotation of differences between 82 and 170 hours at BP level 3. No annotation
information was available at BP level 4. 12 up-regulated proteins resulted in 11 DAVID IDs, 8 of which were not
found at BP3, and none of which were found at BP4. 10 down-regulated proteins resulted in 10 DAVID IDs, 6 of
which were not found at BP3 and none of which were found at BP4.

5.8.2.4 Individual proteomic changes

Analysis of the individual proteins may shed more light, especially on starch
metabolism. Alpha-1,4 glucan phosphorylase, a protein causing the degradation of
starch, was up-regulated. As carbohydrates decrease between these two phenotypes,
this change is consistent with observations. ADP-glucose pyrophosphorylase was up-
regulated, an enzyme that catalyses the first committing step in starch synthesis
(Ballicora et al., 2004). As starch was decreased between these two time points, it
would be expected that only enzymes involved in starch catabolism would be observed
as up-regulated, therefore the up-regulation of this enzyme is not consistent with the

phenotypic changes observed.

A few proteins indicated stress responses. Glutathione reductase was up-regulated,
and acts as an antioxidant removing toxic free-radicals in C. reinhardtii (Takeda et al.,
1993). This indicates that although C. nivalis is more salt stress tolerant than C.
reinhardtii, the cells still need to employ oxidative stress mitigation mechanisms.
Programmed cell death protein 6-interacting protein was also up-regulated, suggesting
stress and removal of cells that are not correctly functioning under salt stress.
Furthermore, ubiquitin-activating enzyme was up-regulated, an enzyme involved in

protein degradation and maintenance, perhaps suggesting that proteins and structures
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were being actively maintained or recycled due to damage from the salt stress

conditions.

Glycerol-3-phosphate dehydrogenase was up-regulated, which as previously discussed,
is involved in glycerol production in algae for compatible solutes during salt stress
conditions. Glycerol is also required when making TAGs in the cell, and can be linked to
lipid metabolism. In this case, the lipids shown to increase in the phenotypic samples
have not been identified from a particular lipid type and it cannot be confirmed
whether they are TAGS or another lipid in the cell. However, it is possible that this

enzyme is linked both to salt stress tolerance, and to lipid production.

5.8.2.5 Overall proteomic changes

Overall few conclusions can be drawn from this comparison, but of the few proteomic
changes that occur between the time points, the changes occur more in carbohydrate
metabolism than in lipid metabolism. Furthermore, photosynthesis and carbon fixation
appear largely unchanged between these conditions indicating stability of these
processes in the cultures over long term salt stress. The changes in lipid accumulation
were not reflected in the proteome, suggesting either that such control mechanisms
could not be detected from this iTRAQ experiment, or that the controlling changes

take place at different time points, perhaps earlier in the time course experiment.

5.8.3 Differences between 3 hour and 170 hour salt (low fatty acids to high fatty
acids)

To explore how the proteome matches to the phenotypic differences of low and high

fatty acid content, the 3 hour and 170 salt condition samples were compared. From 3

to 170 hours, 155 proteins were differentially expressed (once duplicate accession

numbers were removed). 129 of these were down-regulated and 26 were up-

regulated. Details are listed in Appendix D.
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5.8.3.1 Phenotypic changes between time points

The phenotypic changes between the groups were: no increase in OD or biomass, an
increase in cell size, an increase in FAMEs especially C18:1cis, a similar level of
carbohydrates (though perhaps slightly higher), a significant decrease in chlorophylls a
and b, no significant change in carotenoids and no significant change in photosynthesis

and respiration (although at lower levels than in the controls).

5.8.3.2 Metabolic map changes between time points

Mapping the changes in ChlamyCyc (Figure 5.42) shows that overall, photosynthesis
was down-regulated, as was fatty acid biosynthesis. Hormone biosynthesis, namely
jasmonic acid biosynthesis was up-regulated as found in C. reinhardtii, which may be a
salt tolerance mechanism as previously discussed in Chapter 4. Carbohydrate

biosynthesis showed a mixture of up and down-regulation, as did glycolysis.
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Figure 5.42 ChlamyCyc metabolic mapping of changes between 3 hour and 170 hours 0.2 M NaCl conditions. Up-regulation in red, down-regulation in blue. Of the 155 changes, 61 had EC numbers
and 56 were found on the map.
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5.8.3.3 Functional annotation analysis

When analysing DAVID annotation (Figure 5.43), almost all processes were down-
regulated, except for carbohydrate metabolism, and some up-regulation in
photosynthesis, although overall this process shows down-regulation. Lipid
metabolism was not detected in this analysis. Like the 3 to 82 hour comparison, most

processes appear to be down-regulated.

A Carbohydrate Biosynthetic Process
Carbohydrate Metabolic Process
Carbon Utilization by Fixation of Carbon Dioxide
Cellular Carbohydrate Metabolic Process
Cellular Macromolecular Complex Assembly
Cellular Macromolecular Complex Subunit Organization
Chromatin Assembly
Chromosome Organization
Electron Transport Chain
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Heterocycle Metabolic Process
Hydrogen Transport
lon Transmembrane Transport
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Figure 5.43 Functional annotation analysis of up and down-regulated proteins, using DAVID annotation at level 3
(A) and level 4 (B). There were 24 DAVID IDs of up-regulated proteins. 20 were not found at BP3 and 19 were not
found at BP4. 132 DAVID IDs of down-regulated proteins were found, but 63 were not found at BP3 and 62 were
not found at BP4.
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5.8.3.4 Individual proteomic changes

Individual protein analysis reveals more information, particularly about lipid
metabolism. Acetyl CoA-acyltransferase was up-regulated, a change that was not
detected in the previous comparisons, but was found to be up-regulated in C.
reinhardtii salt stress comparisons. As previously discussed in the C. reinhardtii chapter
(Chapter 4), this enzyme is linked to beta-oxidation and catabolism of fatty acids. As
lipids were accumulating between 3 and 170 hours, the up-regulation of this enzyme
does not match the metabolomic data. Glycerol-3-phosphate dehydrogenase was up-
regulated and biotin carboxylase was down-regulated, consistent with previous
findings. In addition, UDP-sulfoquinovose synthase was down-regulated, as found in
the 3 to 82 hour comparison. This shows that even over the greater time period and
with further changes in lipid accumulation observed, the enzyme involved with SQDG
and glycerolipid metabolism was adversely affected by salt stress, explaining the
continued trend in accumulation of lipid storage molecules as a result of TAG being
favoured over SQDG (Martin et al.,, 2014). Dihydrolipoamide acetyltransferase was

down-regulated, as in the 3 to 82 hour comparison.

Generally, ATP, RuBisCo and photosynthesis related proteins were all down-regulated,

showing that salt stress showed a negative impact on these processes in C. nivalis.

Some proteins that suggested stress response mechanisms were up-regulated, such as
aldehyde dehydrogenase. This has been linked to stress tolerance in Arabidopsis
(Sunkar et al., 2003). Betaine aldehyde dehydrogenase has been linked to salinity and
drought tolerance in some species. An autophagy-related protein was also up-
regulated, suggesting programmed cell death due to salt stress, but also as discussed
in the previous C. reinhardtii proteomic data (section 4.4), it can cause the degradation
and recycling of cell components to improve the health of the culture, in an attempt to

promote cell survival under stress (Pérez-Pérez et al., 2012).

In addition, a stress-related chlorophyll a/b binding protein was also up-regulated,
showing the mechanisms of the cell to try to maintain chlorophyll function under salt

stress. Ubiquitin-activating enzyme was up-regulated, suggesting as previously
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discussed, that under salt conditions, proteins required active degradation/recycling

and maintenance due to damage.

Alpha-1,4 glucan phosphorylase was up-regulated, as found in the 82 to 169 hour
comparison, since degradation of accumulated starch was active at this time, shown by
the time course experiment anthrone assay. UDP-glucose:protein transglucosylase was
down-regulated, as in the 3 to 82 hour comparison, suggesting polysaccharide
synthesis was down-regulated. This matches observed patterns in carbohydrates since

they were decreasing from previous accumulation over the course of the experiment.

Furthermore, glyceraldehyde-3-phosphate dehydrogenase, has a mixture of up and
down-regulation, as found in the 3 to 82 comparison, suggesting that the effects on
glycolysis are constant after the initial effects. The same is true for the down-

regulation of pyruvate kinase, which was down-regulated between 3 and 82 hours.

Up-regulation of phosphoribosylaminoimidazole carboxylase, which is involved in
nucleotide biosynthesis, shows that DNA replication was still taking place at this time
and that the culture, although down-regulating many of its processes, was actively

maintaining cells and DNA.

5.8.3.5 Overall proteomic changes

Overall, in this comparison, there is mixed evidence for the alignment of proteomic
data with the lipid accumulation occurring between 3 and 170 hours of salt stress; the
up-regulation of glycerol-3-phosphate hydrogenase and the down-regulation of UDP-
sulfoquinovose synthase may explain the lipid accumulation, but the changes in acetyl
CoA-acyltransferase and biotin carboxylase do not align with the metabolomic data.
There are also many changes in carbohydrate metabolism that may be causing the
changes in starch levels over time, although these don't always align with the
observations. Generally, salt causes arrest of cell division, likely due to the decrease in
photosynthetic abilities and carbon fixation, even though this species is reported to be

salt tolerant at this level of salinity.
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5.8.4 Differences between 170 hour control conditions (mid log growth) and 170

hour salt condition (non-growth and high lipid)

To compare the proteomic differences between a healthily growing culture and a salt
stressed culture accumulating fatty acids, control cultures and salt grown cultures
were compared at 170 hours. Between the two conditions, there were 231
differentially changed proteins (once duplicate accession numbers were removed). 188
proteins were down-regulated and 43 proteins were up-regulated. A list of these

changes is displayed in Appendix D.

5.8.4.1 Phenotypic changes between time points

The phenotypic changes between the two groups were: no significant change between
control and salt conditions in photosynthesis and respiration activity (since the control
conditions photosynthesis decreased from the previous time point), significantly
higher levels of all photosynthetic pigments in control conditions, higher levels of
carbohydrates in control conditions than in salt conditions (since salt conditions show
a decrease in carbohydrates whilst control conditions are increasing). Higher levels of
FAMEs (especially C18:1cis), although FAMEs are increasing in both conditions from
the previous time point, and this change is bigger in salt conditions. The OD and
biomass are at a much higher level in the control conditions compared to the salt
conditions, and the control conditions were still in the middle of their growth cycle
(mid log phase), whilst the salt conditions remained in an arrested state without

significant cell division.

5.8.4.2 Metabolic map changes between time points

The changes were mapped onto the ChlamyCyc metabolic map (Figure 5.44). Mapping
analysis shows that the majority of processes were down-regulated in salt stressed
cultures in comparison to a control culture in mid-log growth. Hormone biosynthesis
was up-regulated in salt stressed cultures, as were some areas of acetyl CoA

biosynthesis, carbohydrate biosynthesis and amino acid metabolism.
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Figure 5.44 ChlamyCyc metabolic mapping of up-regulation (red) and down-regulation (blue) between control conditions at 170 hours and 0.2 M NaCl salt conditions at 170 hours. From 231

protein changes, 91 had EC numbers, 81 of which were found.
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5.8.4.3 Functional annotation analysis

Changes were also grouped using DAVID functional annotation analysis (Figure 5.45). Like
previous comparisons, many processes were largely down-regulated. Carbohydrate
metabolism showed a mixture of up and down-regulation. Gene expression, translation,
and cellular biosynthetic processes were all up-regulated in salt stress cultures compared

to control conditions. Lipid metabolism was not detected as changed in this analysis.
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Figure 5.45 DAVID functional annotation analysis at level 3 (A) and level 4 (B). Of the up-regulated proteins, 41 DAVID
IDs were found. 27 of these were not found at BP3 and 30 were not found at BP4. Of the down-regulated proteins,
176 DAVID IDs were found. 82 were not found at BP3, and 91 were not found at BP4.
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5.8.4.4 Individual proteomic changes

Many of the changes are consistent with those found between 3 and 170 hours of salt
exposure, and have been discussed previously in this chapter: acetyl-CoA acyltransferase
was up-regulated and biotin-carboxylase was down-regulated. ATP synthase proteins,
RuBisCo and photosynthesis related proteins were down-regulated. Glycerol-3-phosphate

dehydrogenase was up-regulated.

An important protein of note was the down-regulation of citrate synthase. This enzyme, as
discussed in Chapter 4 with reference to C. reinhardtii, utilises acetyl CoA for the citrate
cycle, and directly competes with fatty acid biosynthesis (Deng et al., 2013; Martin et al.,
2014). The down-regulation of this protein therefore shows that under a lipid
accumulating salt stressed culture, the cells direct resources away from the TCA cycle,

which allows acetyl CoA to be utilised in fatty acid synthesis.

Alpha-1,4 glucan phosphorylase was down-regulated which differs from the previous
comparisons. The difference between the two samples in carbohydrate metabolism was
very stark, with one condition showing accumulation (control) whilst the other condition
showed breakdown of carbohydrates (salt conditions). ADP-glucose pyrophosphorylase
showed one up and one down-regulated protein, with different accession numbers. This
protein is an important committing step in starch synthesis (Ballicora et al., 2004). It is not
clear from this which direction the proteomic change is going in, therefore it is not

possible to link this effectively with the phenotype.

In alignment with the phenotype observed, starch branching enzyme was down-regulated.
A change in this enzyme was not found between the other comparisons. Since
carbohydrates were decreasing in salt conditions at this point, and increasing in control
conditions, the down-regulation of this enzyme fits with the phenotypic data observed.
Conversely, soluble starch synthase was up-regulated, a change that was also not seen in
other comparisons. This enzyme is also active in the forming and storage of starch, so the

up-regulation of this enzyme is contrary to the observations. However, it's possible its
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effect is overridden by the conversion of carbohydrates to lipids in the salt stressed
condition, which is shown by a gradual decrease in carbohydrates and increase in lipids
over the course of the salt stressed time course experiment. This conversation of
carbohydrates to lipids is further corroborated by a decrease in glyceraldehyde-3-

phosphate dehydrogenase, discussed below.

UDP-glucose 6-dehydrogenase was up-regulated, an enzyme that catalyses starch into
glucose for use in glycolysis (Li et al., 2014a), which matches the phenotypes observed
since starch was being decreased in salt conditions but rising in control conditions at the
compared time-points. UDP-glucose:protein transglucosylase was down-regulated, as in
previous comparisons, which may be expected since polysaccharide biosynthesis was

taking place at a higher rate in control conditions than in salt stress conditions.

Furthermore, glyceraldehyde-3-phosphate (G-3-P) dehydrogenase, a part of the glycolysis
pathway, was down-regulated. This has been found to be decreased when photosynthesis
is impaired (Li et al., 2012). Where previously this showed a mixture of up and down-
regulation, in this comparison the enzyme was down-regulated. In potatoes, the gene for
this protein has been linked to salt tolerance (Jeong et al., 2001). G-3-P is an immediate
product of the Calvin cycle, and when it is limited by impaired photosynthesis, an increase
in lipids is mainly attributed to production via carbohydrate metabolism (Li et al., 2012). In
this experiment, photosynthetic rates were also reduced through salt stress, and an
increase in lipids coincided with a decrease in carbohydrates, likely due to the decrease in
G-3-P available from the Calvin cycle, which would then result in a reduced need for

glyceraldehyde-3-phosphate dehydrogenase.

Other enzymes involved in glycolysis were down-regulated, such as glucose-6-phosphate
isomerase, phosphoglycerate kinase, phosphoglycerate mutase and
phosphoglyceromutase, fructose bisphosphatase, and fructose bisphosphate aldolase.
Glucose-6-phospahte isomerase is also involved in gluconeogenesis. Dihydrolipoamide

acetyltransferase was down-regulated, a protein which transfers an acetyl group to
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coenzyme A (CoA) and is involved in pyruvate decarboxylation, linking glycolysis to the
TCA cycle. Pyruvate kinase showed a mixture of up and down-regulation. Down-regulation
of glycolysis overall suggests that glucose may be cyclically reused, or not broken down,
and thus reducing the availability of energy and pyruvic acid for the cell to carry out other
functions. Since the salt stressed cultures were not dividing compared to log phase
growing control cultures, this may be partly explained by the down-regulation of

glycolysis, since energy was not available for growth.

However, dihydrolipoyl dehydrogenase, an enzyme involved in energy metabolism, was
up-regulated. This enzyme was shown to be up-regulated in nitrogen starved algae
Micractinium pusillum, and they note that this enzyme plays a key role in the production
of acetyl CoA from pyruvate, and is a member of the pyruvate dehydrogenase complex (Li
et al., 2012). Acetyl CoA is important for fatty acid biosynthesis. This is significant because
it helps explain the phenotypic change of an increased level of fatty acids in the salt

stressed culture.

A protein involved in chlorophyll and porphyrin metabolism, 3,8-divinyl chlorophyllide a 8-
vinyl-reductase, was down-regulated. Phosphoenolpyruvate carboxylase was also down-
regulated, an enzyme involved in C4 photosynthesis. The general down-regulation of
photosynthesis shown from both these and from oxygen evolver proteins in photosystem
2 show that photosynthesis is negatively impacted by salt stress. Although photosynthesis
rates are not significantly higher in the control than the salt stress at this time point, the
photosynthesis rates decrease in the next time point, indicating this may be an onset of

reduction in photosynthesis in salt stressed cells.

Another down-regulation was glutamate dehydrogenase. This enzyme has also been
found to decrease in N-starved C. reinhardtii cells (Mufioz-Blanco and Cardenas, 1989),
however it is primarily connected with carbon metabolism, and serves to try to maintain
glutamate levels. Drops in this enzyme were accompanied by pyruvate kinase decreases

(Munoz-Blanco and Cardenas, 1989), suggesting an interdependent relationship.
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Furthermore, glutamine synthetase was down-regulated, an enzyme that metabolises and
assimilates nitrogen (Temple et al.,, 1998). This suggests therefore that salt stress
decreases the ability of the cells to assimilate nitrogen for proteins, which corroborates
the lack of cell division, and in fact the patterns of carbohydrate and lipid accumulation

that are similar to those found in nitrogen starved cultures.

The enzyme peptidyl-prolyl cis-trans isomerase was up-regulated. This is an enzyme that
has been linked to low CO, conditions (Somanchi and Moroney, 1999) and may help to
concentrate CO,. This may be one of the mechanisms that is employed in salt stressed
conditions and helps to obtain carbon for storage molecules, ready for when the cell
enters a healthy state again. It has also been linked to salt stress tolerance in Anabaena

(Rai et al., 2014)

Again as with the other comparisons, UDP-sulfoquinovose synthase was down-regulated,
showing that both over time, and in comparison to a control culture in mid-log phase, the
metabolism of SQDG was decreased. This contrasts to what has been observed in previous
studies on the effect of salt in C. nivalis, which show increases in SQDG (Lu et al., 2012a).
However, as discussed in sections 5.8.1.4 and 5.8.2.4, it may be that this lipid component
is reduced during salt stress in favour of alternative lipids including TAGs, and therefore it

is down-regulated to prioritise other lipid types.

5.8.4.5 Overall proteomic changes

Overall, most protein groups show down-regulation. There is strong evidence of salt stress
causing decreases in photosynthesis and carbon fixation, as well as many basic metabolic
processes, as with previous comparisons. However, there are some differences in starch
synthesis that may play a key role in the storage of carbon in the form of starch and lipids

in response to salt stress.

Another factor to bear in mind is that in both control and salt stressed phenotypes, lipids
were accumulating, albeit at a lower level in the control conditions, as a healthily growing
culture would in the latter stages of its growth curve.
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5.9 Chapter Discussion and Conclusions

5.9.1 Summary of phenotypic changes

This chapter has explored, for the first time, the proteomic differences between control
conditions, salt stressed carbohydrate induction and salt stressed lipid induction in the
snow alga C. nivalis. Preliminary experimentation led to two main salt concentrations
being explored: 1.4 M and 0.2 M NaCl. The former was found to be much to high for C.
nivalis and causes complete halting of photosynthesis and growth, ultimately resulting in
cell death. 0.2 M NaCl caused arresting of culture growth, but only caused a small
reduction in the ability of the culture to photosynthesise. These cultures had a rise in
carbohydrates followed by a rise in FAME content as the carbohydrates starting to
decrease. The main cause for the rise in FAMEs was a large increase in C18:1cis, which
caused a shift in FAME profile towards a geater proportion of MUFAs and therefore makes

the lipid content of C. nivalis more suitable for biofuel.

The triggering of lipid accumulation has been repeatedly demonstrated regardless of the
culture starting density. Unlike the model strain, C. reinhardtii, which doesn't show the
accumulation of lipids under salt stress conditions, C. nivalis responds to salt stress by

remaining in a non-dividing state and by accumulating carbon storage molecules.

5.9.2 Genetic relatedness of C. nivalis to C. reinhardtii

18S sequencing was carried out to find the relatedness of this strain to C. reinhardtii. The
results showed a high level of relatedness, but also that C. nivalis is more closely related to

some Chloromonas strains than to C. reinhardtii.

The similarity of the species allowed a high quality proteomic dataset for C. nivalis to be
obtained for the first time, using the C. reinhardtii database. A combination of powerful
MS/MS techniques with de novo sequencing software and homology searching tools

allowed a high number of proteins to be identified and quantified.
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5.9.3 Summary of proteomic data

iTRAQ experimentation compared salt stressed cultures along a time course at the starting
point of salt stress application (3 hours) to the points of high carbohydrate accumulation
(82 hours) and the point of high lipid accumulation (170 hours), as well as comparing the

high lipid culture to a log phase control culture at the same time point (170 hours).

The most notable changes overall in the proteome of this species is that the majority of
processes were down-regulated under salt stress, and that both from the growth data and

from the proteomic evidence, the cells appear to be going into a stasis mode.

Predictably, salt had a detrimental effect on photosynthesis and carbon fixation, and on
glycolysis. However, it might be expected that salt had less of an effect on these processes

than in C. reinhardtii, which showed lower photosynthetic rates under 0.2 M NaCl stress.

Few changes were found between 82 and 170 hours, showing that the large difference in
phenotype was not reflected by the proteome at this time points. The main changes
between these points were in carbohydrate metabolism, and there is some proteomic

evidence for the breakdown of carbohydrates that coincides with lipid increases.

Changes to lipid metabolism were of particular interest and these have been discussed in
the most detail. Certain protein changes do not align with the accumulation of fatty acids.
For example, in all cases except the 82 versus 170 hour salt condition, biotin carboxylase
was down-regulated. This enzyme is a component of acetyl CoA carboxylase, the
committing step of fatty acid biosynthesis, and yet the decrease in this protein does not
seem to have caused limitation to the synthesis of fatty acids. Acetyl CoA acyltransferase
was up-regulated, sugggesting catabolism of fatty acids. However these do not cause a
reduction in fatty acids, and other key proteins are implicated in allowing fatty acids to
accumulate. The down-regulation of UDP-sulfoquinovose synthase suggests that SQDG is
down-regulated, leading to greater FA accumulation in TAGs. Citrate synthase was down-
regulated, which is an important step in directing acetyl CoA away from the TCA cycle and
making it available for fatty acid synthesis. The down-regulation of dihydrolipoamide
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acetyltransferase and glyceraldehyde-3-phosphate dehydrogenase indicate further that
gycolysis and the TCA cycle were deprioritised. Additionally, dihydrolipoyl dehydrogenase
catalyses the production of acetyl CoA and therefore its up-regulation provided additional
substrate for fatty acid synthesis. The regulation of these key enzymes suggests that acetyl
CoA is more readily available in the cell under salt stress for use in fatty acid biosynthesis,
and in combination with the down-regulation of competing processes, this substrate is
directed towards TAG synthesis instead. These enzymes could provide interesting targets

for genetic engineering for increase fatty acid synthesis in the cell.

5.9.4 Further investigations

This data is valuable for studying how C. nivalis controls its cellular processes to
accumulate lipids, especially as this species is such a promising candidate for biofuels
research. It is also valuable for comparing to the non-halotolerant species C. reinhardtii,
which did not accumulate lipids under salt stress. Both species were able to survive in 0.2
M NaCl, but both showed severely reduced growth. The following chapter takes both
iTRAQ studies on the effect of salt stress on the proteomes of C. reinhardtii and C. nivalis
and compares them to help answer the question of why salt triggers lipid accumulation in

one species whilst it does not in the other.
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6 Chapter 6: Comparison of C. nivalis data and C. reinhardtii

proteomic data and discussion

6.1 Summary

This chapter compares the datasets obtained from the iTRAQ experiments from
Chlamydomonas reinhardtii and C. nivalis under salt stress, and analyses the molecular
mechanisms that cause C. nivalis, but not C. reinhardtii, to have salt stress as a lipid
producing and accumulating trigger. Key findings include the differences in the response
of lipid metabolism to salt stress in the two species, especially the down-regulation in C.
reinhardtii of the enzyme acetyl CoA carboxylase (ACCase), which catalyses the first
committed reaction in fatty acid biosynthesis and is a rate-limiting step in lipid
biosynthesis. A number of proteins linked to acetyl CoA and fatty acid synthesis were
identified that explain the lipid metabolism differences between the species. Implications

of the findings for biofuels research are also discussed.

6.2 Introduction

The experiments presented in this thesis have provided significant novel findings on
growth, compositional analysis and proteomic data on both the model species
Chlamydomonas reinhardtii and the snow alga C. nivalis when under salt stress. These
algae show very different responses to 0.2 M NaCl, both are able to survive in this
condition but have their growth negatively impacted by the salt stress, due to the

damaging effects of osmotic and ionic stress on the cells.

To summarise the findings on growth, metabolomic lipid data, and compositional analysis
of carbohydrates, pigments and photosynthetic activity under 0.2 M NaCl from the
previous chapters, there is a substantially large difference in the accumulation of lipids
between the two species. Metabolomic data from Chapter 4 was consistent in suggesting
that salt stress did not cause increases in total lipid content in C. reinhardtii, whereas

experiments on C. nivalis (Chapter 5) have repeatedly shown that lipids can be
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accumulated under this salt condition. Both species show an increase in carbohydrate in
response to salt stress, but the increase is larger in C. nivalis and is shown to increase far
above that of the control, unlike C. reinhardtii. Growth was negatively impacted in both
species, with growth being completely halted in C. nivalis, and significantly reduced in C.
reinhardtii. Chlorophyll pigment concentration was decreased by salt stress in both
species. Photosynthesis was negatively impacted in both species compared to control
conditions, as measured by the rates of oxygen evolution used to measure photosynthesis
and respiration rates in Chapters 4 and 5, but the reduction in photosynthetic rate is much

greater in C. reinhardltii.

Comparing quantitative proteomic data from the two iTRAQ experiments described in
Chapters 4 and 5 may give insights into why each species behaves differently in response
to salt stress, particularly when it comes to the accumulation of fatty acids for biofuels
research. These insights may provide information on how to engineer the two species for
an improved biofuel producing alga, since proteomics can reveal targets for potential

genetic engineering (Guarnieri et al., 2013).

6.2.1.1 Limitations of the experiment and their implications

There are some differences between the two sets of experimental culture conditions for
C. reinhardtii and C. nivalis that may explain some of the contrasting results obtained, but
parallels can be drawn between the two species by comparing equivalent places on the
growth curve. Using the same proteomic database of C. reinhardtii to detect quantitative
changes in the two species is advantageous in terms of directly comparing their responses
to salt stress. There are limitations to the approach of comparing two separate iTRAQ
experiments, for several reasons. The first is that the two species revealed different
numbers of identifications from the iTRAQ experiments, because one is un-sequenced and
one is sequenced; the de novo sequencing allowed a large number of proteins and
peptides to be identified, but some in C. nivalis may be too far removed from the model
species to be a match, even through homology searching. Another limitation is that by

comparing any two iTRAQ experiments, there is a risk of false interpretations when a
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protein is not observed to have significantly changed, since this does not necessarily mean
it has not changed. In particular, iTRAQ has issues with under-reporting changes and with
compressing the ratios of changes towards 1, as discussed in the introductory chapter.
The degree of this under-reporting may vary between the two experiments, since the
degree of compression will depend on the ratios and total peptides detected for each
experiment, however, this must be accepted and noted as a limitation to this approach of
guantitative proteomics. The third is that because the growth conditions of the two
species are different according to their growth requirements (most notably, different
growth media and different growth temperatures), the chosen sampling time points were
chosen based on the relative positions in their growth cycles, i.e. mid log phase, which
occurred at a different number of hours after inoculation for each species. Parallels can be
drawn between the two species by comparing equivalent places on the growth curve and
by using a control culture as a reference point in each experiment, however, it is difficult

to determine if these sampling points are directly equivalent.

6.2.1.2 Potential for lipid production

Chlamydomonas reinhardtii has the potential to produce much larger amounts of fatty
acids than observed in these experiments, especially the low starch mutant strain (CC-
4325) used in this case which produces elevated fatty acid levels (James et al., 2011).
Chlamydomonas reinhardtii can show lipid induction rapidly after nitrogen deprivation,
with lipid accumulation showing significant increases between 32 and 40 hours
(Longworth et al., 2012). Therefore, if salt was a lipid trigger in this species we would
expect to see it within the time frame of 72 hours (the minimum amount of time that C.
reinhardetii cultures in the current work were exposed to salt stress), although without
carrying out a nitrogen deprivation experiment in this investigation this cannot be
confirmed for certain. With that in mind and the data presented here, there is an
apparent key difference between these two species in the relationship between response

to salt stress, and lipid metabolism and accumulation.
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Comparisons were made using up and down-regulation of functional annotation groups

and using mapping analysis of up and down-regulation.

6.3 Results and Discussion
The proteins identified in both iTRAQ datasets were compared using GeneVenn, using
accession numbers as unique protein identifiers, to determine differences in the amount

of the proteome that had been detected, as shown in Figure 6.1.

885 proteins were detected and quantified in both iTRAQ experiments (i.e. in both
species), using PSM FDR 1% and two or more unique peptides. Chlamydomonas reinhardtii
data gives a large number of detected proteins due to the much larger dataset obtained,
but there were also 133 proteins found in C. nivalis that were not detected in C.
reinhardtii. The large overlap shows that there is a good basis for comparing the two

datasets directly, even though one dataset has more information than the other.

C. nivalis C. reinhardtii

Figure 6.1 Numbers of proteins detected in C. nivalis and C. reinhardtii using C. reinhardtii database (diagram from
GeneVenn).
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6.3.1 Analysis of the differences in iTRAQ datasets: effect of salt stress causing arrest
of culture growth compared to a control at mid-log phase

To directly compare the two iTRAQ experiments, analysis of up and down regulation in
biological functional groups was analysed. DAVID functional annotation tool was used as
in chapters 4 and 5, and the changes in each functional group in biological processes level
3 were summarised in Table 6.1, and level 4 in Table 6.2. As previously discussed in
Chapters 4 and 5, levels 3 and 4 biological process annotation optimise the amount of
information gained and was chosen as the best basis for comparison. Red boxes show
where all detected proteins in a group were down-regulated, green where they were all

up-regulated, and yellow where there a mix of up and down-regulation in a group.

6.3.1.1 DAVID functional annotation analysis

In both cases the phenotypes of the salt stressed cultures showed arrested growth in
comparison to the controls, which were at mid-log growth for both species.
Photosynthesis activity was vastly reduced in C. reinhardtii but only slightly reduced in C.
nivalis during salt stress. Chlamydomonas reinhardtii did not show significant differences
in lipids in comparison to control, but C. nivalis had much higher lipids accumulating in the
salt conditions than the control. Additionally, carbohydrate levels were higher in the
control than in salt stress for C. nivalis, but higher in the salt stressed than control for C.
reinhardtii. Proteins involved in photosynthesis are up-regulated (or showed a mixture of
up and down-regulation) in C. reinhardtii, but not in C. nivalis, suggesting that C
reinhardtii had a greater need to maintain photosynthetic apparatus, due to increased salt

damage.

Table 6.1 Changes in regulation of functional annotation groups BP3 for both species.

Functional group C. reinhardtii C. nivalis

Alcohol Catabolic Process

Amine Metabolic Process
Carbohydrate Biosynthetic Process
Carbohydrate Catabolic Process
Carbohydrate Metabolic Process

Carbon Utilization by Fixation of Carbon Dioxide
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Cellular Amino Acid and Derivative Metabolic Process
Cellular Biosynthetic Process 21/-62 10
Cellular Carbohydrate Metabolic Process 6 4/-16
Cellular Ketone Metabolic Process

Cellular Lipid Metabolic Process

Cellular Macromolecular Complex Assembly

Cellular Macromolecular Complex Subunit Organization
Cellular Nitrogen Compound Metabolic Process
Chlorophyll Metabolic Process

Chromatin Assembly

Chromosome Organization

Cofactor Metabolic Process

Electron Transport Chain

Establishment of Localization in Cell

Gene Expression

Generation of Precursor Metabolites and Energy
Heterocycle Metabolic Process

Hydrogen Transport

lon Transmembrane Transport

Lipid Biosynthetic Process

Macromolecular Complex Assembly
Macromolecule Biosynthetic Process
Monosaccharide Metabolic Process
Nucleosome Organization

Organic Acid Metabolic Process
Photosynthesis

Pigment Biosynthetic Process
Polyol Metabolic Process

Sulfur Metabolic Process
Tetrapyrrole Biosynthetic Process
Transmembrane Transport
Vesicle-Mediated Transport

Table 6.2 Changes in regulation of function annotation groups at BP4 for both species.

Functional Group C. reinhardtii C. nivalis

Alditol Metabolic Process
Amine Biosynthetic Process

‘m

Carbohydrate Biosynthetic Process
290



Carbohydrate Catabolic Process

Cellular Amine Metabolic Process

Cellular Amino Acid Metabolic Process
Cellular Carbohydrate Catabolic Process
Cellular Carbohydrate Metabolic Process
Cellular Lipid Metabolic Process

Cellular Macromolecular Complex Assembly
Cellular Macromolecule Biosynthetic Process
Chlorophyll Biosynthetic Process

Chromatin Organization

Coenzyme Metabolic Process

Cofactor Biosynthetic Process

Electron Transport Chain

Energy Coupled Proton Transport
Energy Coupled Proton Transport, Down Electrochemical
Gradient

Fatty Acid Biosynthetic Process
Fatty Acid Metabolic Process
Glycolysis

Heterocycle Biosynthetic Process
Hexose Metabolic Process
Hydrogen Transport

lon Transmembrane Transport

Lipid Biosynthetic Process
Monosaccharide Catabolic Process
Monosaccharide Metabolic Process
Nitrogen Compound Biosynthetic Process
Nucleosome Assembly

Nucleosome Organization

Organic Acid Biosynthetic Process
Oxidative Phosphorylation

Oxoacid Metabolic Process
Photosynthesis

Photosynthesis, Light Harvesting
Photosynthesis, Light Reaction
Porphyrin Biosynthetic Process
Porphyrin Metabolic Process
Protein-DNA Complex Assembly
Proton Transport

Purine Nucleotide Metabolic Process
Reductive Pentose-Phosphate Cycle

Tetrapyrrole Metabolic Process
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Translation 13/-27 7
Transmembrane Transport
Vesicle-Mediated Transport 5

This comparison of the changes in regulation of functional groups demonstrates that the
two species have some common proteomics responses to salt stress, but also some

differences, compared to a healthy growing culture.

Similarities include the down-regulation of amino acids and amine metabolism, hydrogen
transport, ion transmembrane transport, organic acid metabolism, and pigment
biosynthesis. Salt stress clearly causes down-regulation of many cellular processes in both

species, since it prevents normal log-phase growth.

There were also many notable differences in the responses, where a group was either
regulated in different directions in the two species, or where a change was found in a

group for one species but not for the other.

Most notably, lipid biosynthesis is down-regulated in C. reinhardtii, but is not detected to
have changed in C. nivalis. The 7 proteins down-regulated in lipid biosynthesis were
searched for their presence in the C. nivalis dataset: 2 were not detected and 5 were
detected, but had not been down-regulated in the C. nivalis experiment. This suggests
that this is a genuine proteomic difference between the responses of the species.
Chlamydomonas reinhardtii not only slows growth in response to salt stress, but also
down-regulates lipid and fatty acid biosynthesis. The tables also demonstrate other
differences between the species responses. For example, photosynthesis groups appear to
be down-regulated more in C. nivalis than in C. reinhardtii, which even shows some up-
regulation of some proteins involved in photosynthesis. Carbon fixation was also down-
regulated in C. nivalis but not in C. reinhardtii, as was glycolysis. The regulation of carbon
fixation is important, because Miller et al. (2010) found that newly synthesized fatty acids
required the fixation of carbon. In the case of C. nivalis, down-regulation of carbon

fixation has not impaired the ability to make fatty acids, but ideally carbon fixation
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abilities would be maintained when using a lipid trigger to increase lipid accumulation.
Carbohydrate associated proteins also show more down-regulation in C. nivalis than they
do in C. reinhardtii. Also the electron transfer chain was down-regulated in C. reinhardtii
but not in C. nivalis. However, gene expression and macromolecular biosynthetic

processes were up-regulated more in C. nivalis.

Lipid biosynthesis and metabolism were of particular interest, since lipid accumulation
was so different between the species. KEGG mapping indicates key differences in the up
and down-regulation (Figure 6.2) and as can be seen from the fatty acid biosynthesis area
(a), C. reinhardtii appears to have down-regulated fatty acid biosynthesis whilst C. nivalis
does not. Carbohydrate metabolism was up-regulated in C. reinhardtii but down-regulated

in C. nivalis (b), as was amino acid metabolism (c).
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Figure 6.2 KEGG mapping of C. reinhardtii (A) and C. nivalis (B) showing significant changes in down-regulation (red)
and up-regulation (green) from control conditions to salt stress conditions. Highlighted boxes show the differences
between the two species in lipid metabolism (a), carbohydrate metabolism (b) and amino acid metabolism (c).
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6.3.1.2 Proteomic changes to individual proteins of relevance

Some individual proteins of relevance to this investigation have been identified. Acetyl-
CoA carboxylase was down regulated by salt conditions in C. reinhardetii, but this effect
was not seen in salt stressed C. nivalis. Acetyl CoA-carboxylase is the committing step in
fatty acid synthesis, which produces malonyl CoA as the fatty acid building block (Sukenik
and Livne, 1991). The down-regulation of this enzyme shows a rate limiting step in C.
reinhardtii that prevents the accumulation of fatty acids under salt stress conditions,
whilst this step was not limited in C. nivalis. This protein therefore provides some
evidence of what is causing the differences in lipid response of the two species, although
it must be considered in context with other parts of lipid metabolism and with the

proteomic changes as a whole.

It has already been shown that up-regulating this enzyme alone is not enough to increase
lipid production in algal species (Sheehan et al., 1998). Furthermore, the model species
down-regulates this enzyme for a reason during salt stress, likely a survival mechanism to
channel as much energy into maintaining the basic cell functions as possible. With the
model species being less halotolerant, more active resources appear to be channelled into
maintaining culture health as opposed to simply going into a resting state and gathering
resources for when conditions are more favourable, as happens with the snow algae

species, C. nivalis.

Biotin carboxylase is also an important part of the pathway for lipid biosynthesis, since it is
a sub-unit of acetyl CoA carboxylase, the catalysing enzyme for the reaction of
carboxylating acetyl CoA into malonyl CoA. This enzyme was down-regulated between
control and salt 18 hour conditions in C. reinhardtii, and was down-regulated in all
comparisons except the 82 and 170 hour salt conditions in C. nivalis. This shows that there
are similarities in the lipid pathway responses to salt stress when compared to a control,
but suggests that biotin carboxylase down-regulation is not a rate-limiting step, since it did
not cause restriction of lipid production in C. nivalis, as observed using the GC data. A

previous study by Longworth et al. (2012) also showed down-regulation of biotin
295



carboxylase during nitrogen depletion triggered lipid accumulation. This confirms that
decreased biotin carboxylase occurs during lipid accumulating conditions and does not

limit lipid biosynthesis.

Glycerol-3-phosphate dehydrogenase was up-regulated in both species under salt stress,
and as discussed in chapters 4 and 5 is important in the production of glycerol both as a
compatible solute to protect against osmotic stress, and as the supplier of the glycerol
backbone for TAG synthesis. However, it only led to lipid increase in C. nivalis, suggesting

that in both species the primary function was osmotic stress protection.

Carbohydrates undergo significant changes in both species in response to salt, and
changes in carbohydrate associated proteins are also observed in the proteome of both
species. C. nivalis has lower carbohydrate levels in the salt stressed cultures than the
control conditions, so the down-regulation of carbohydrate related proteins in C. nivalis is
consistent with carbohydrate content data, whilst the up-regulation in C. reinhardltii is also

consistent with the observed carbohydrate data.

6.3.2 Comparison of changes between initial exposure (3 hour) and final salt stress
time point (18 or 170 hours respectively)

The differences between the initial exposure to salt stress and the last proteomic time
point (chosen because this represents the mid-log phase in the equivalent control
condition) were compared between the two species. This was explored in addition to the
previous comparison to see if further information could be yielded on the salt response
mechanisms of the two species. A limitation of these data is that for these final time
points, although taken at equivalent times when accounting for the speed of cell division,
being over different time scales will have an impact on the ability to directly compare
them. However, these points were chosen as the most comparable examples of the
species response to salt stress over time, especially given the need to study lipid

accumulation in C. nivalis.
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The species showed difference responses in the phenotypic growth, GC, carbohydrate and
photosynthesis data. In both species, the culture experienced an arrest of culture growth.
Photosynthesis rates were affected in both species, but more so in C. reinhardtii than in C.
nivalis. Carbohydrates had increased and then decreased in C. nivalis cultures but had
simply increased steadily in C. reinhardtii. Lipids had increased significantly in C. nivalis but

not in C. reinhardetii.

6.3.2.1 DAVID functional annotation analysis

Table 6.3 shows the changes annotated in both species at biological process level 3, and
Table 6.4 shows changes at BP level 4. Again, C. nivalis tended to show a down-regulation
of most functional groups over time, whilst C. reinhardtii shows a mixture of up and down-
regulation over time. The common area of up-regulation in both was carbohydrate
metabolism, whilst common areas of down-regulation were photosynthesis, the electron
transfer chain, nitrogen compound biosynthesis, heterocycle metabolic processes, and

precursor metabolite and energy generation.

The two levels of annotations show different stories in some cases, since the changes in
photosynthesis grouping were not completely consistent between the two annotation
levels. However, this is why the two annotation levels were analysed in this discussion,
since it helps to give a more comprehensive analysis in case one level does not provide

enough information.

Pigment biosynthesis was down-regulated in C. reinhardtii, but not C. nivalis, suggesting
the ability of C. reinhardtii to make chlorophyll was detrimentally affected over time.
Amino acids metabolic processes were up-regulated in C. reinhardtii, but down-regulated
in C. nivalis. This suggests over time that C. reinhardtii has a higher turnover of amino
acids than C. nivalis under salt exposure, perhaps due to increased damage to the

cell/proteins in C. reinhardtii, as it is not as tolerant to salt as C. nivalis.
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Carbon fixation was down-regulated in C. nivalis, but not in C. reinhardtii. As
photosynthetic abilities were higher in C. nivalis salt stressed cultures than in C. reinhardtii
cultures, this result was unexpected, however perhaps the greater length of time of salt
exposure in C. nivalis can help account for this. Proline metabolism was up-regulated in C.
reinhardtii but not in C. nivalis. Proline accumulation is associated with salt stress
conditions, as previously discussed. This may be a tolerance mechanism or salt stress

response present in C. reinhardtii but not in C. nivalis.

The tables of proteomic changes show that over increased exposure time to salt stress, C.
reinhardtii down-regulates lipid metabolism, but these changes were not shown in C
nivalis. Lipid metabolism was not shown to be significantly up-regulated at the proteome
level in C. nivalis, showing that the rise in lipids was not due to up-regulation of lipid
biosynthetic pathways. However, as with the previous comparison, the lack of down-

regulation in C. nivalis may be just as relevant to the phenotypic differences observed.

Carbohydrate metabolism also showed different proteomic responses over time.
Carbohydrate catabolism was up-regulated in C. reinhardtii, suggesting active breakdown
of starch under salt stress. The same was not found in C. nivalis, although carbohydrate

biosynthesis was down-regulated, which matches with the observed phenotype.

Table 6.3 Changes found at functional annotation biological process level 3 between the 3 and 18 hour time points for
C. reinhardtii, compared to the differences between 3 and 170 hours for C. nivalis.

Process C. reinhardtii C. nivalis
Alcohol Catabolic Process 5

Amine Metabolic Process 5

Carbohydrate Biosynthetic Process _
Carbohydrate Catabolic Process 5

Carbohydrate Metabolic Process 13 5
Carbon Utilization by Fixation of Carbon Dioxide _
Cellular Amino Acid and Derivative Metabolic Process 5

Cellular Biosynthetic Process _

Cellular Carbohydrate Metabolic Process 10 4
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Cellular Ketone Metabolic Process

Cellular Lipid Metabolic Process

Cellular Macromolecular Complex Assembly
Cellular Macromolecular Complex Subunit Organization
Chlorophyll Metabolic Process

Chromatin Assembly

Chromosome Organization

Cofactor Metabolic Process

Electron Transport Chain

Gene Expression

Generation of Precursor Metabolites and Energy
Heterocycle Metabolic Process

Hydrogen Transport

lon Transmembrane Transport

Lipid Biosynthetic Process

Lipid Metabolic Process

Macromolecular Complex Assembly

Macromolecule Biosynthetic Process 8/-15

Microtubule-Based Movement _
Monosaccharide Metabolic Process 5

Nucleosome Organization _

Organic Acid Metabolic Process
Photosynthesis

Pigment Biosynthetic Process
Polyol Metabolic Process

Sulfur Metabolic Process
Terpenoid Metabolic Process
Tetrapyrrole Biosynthetic Process
Transmembrane Transport

Table 6.4 Changes found at functional annotation biological process level 4 between the 3 and 18 hour time points for
C. reinhardtii, compared to the differences between 3 and 170 hours for C. nivalis.

Process C. reinhardtii C. nivalis
Alditol Metabolic Process 4

Carbohydrate Biosynthetic Process

Carbohydrate Catabolic Process 5

Carotenoid Biosynthetic Process

Cation Transport

Cellular Amine Metabolic Process 5
Cellular Amino Acid Metabolic Process 5
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Cellular Carbohydrate Catabolic Process
Cellular Carbohydrate Metabolic Process
Cellular Lipid Metabolic Process
Cellular Macromolecular Complex Assembly
Cellular Macromolecule Biosynthetic Process
Cellular Protein Complex Assembly
Chlorophyll Biosynthetic Process
Chromatin Organization
Cofactor Biosynthetic Process
Electron Transport Chain
Energy Coupled Proton Transport
Heterocycle Biosynthetic Process
Hexose Metabolic Process
Hydrogen Transport
lon Transmembrane Transport
Isoprenoid Biosynthetic Process
Isoprenoid Metabolic Process
Lipid Biosynthetic Process
Monosaccharide Catabolic Process
Monosaccharide Metabolic Process
Nitrogen Compound Biosynthetic Process
Nucleosome Assembly
Nucleosome Organization
Oxidative Phosphorylation
Oxoacid Metabolic Process
Photorespiration
Photosynthesis
Photosynthetic Electron Transport Chain
Polyol Catabolic Process
Porphyrin Biosynthetic Process
Porphyrin Metabolic Process
Proline Metabolic Process
Protein-DNA Complex Assembly
Proton Transport
Purine Nucleotide Metabolic Process
Reductive Pentose-Phosphate Cycle
Sulfur Amino Acid Metabolic Process
Sulfur Compound Biosynthetic Process
Terpenoid Biosynthetic Process
Tetrapyrrole Metabolic Process
Tetraterpenoid Metabolic Process
Translation
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Transmembrane Transport T

The KEGG metabolic map shows some differences between the two species exposed to
salt stress over time (Figure 6.3). Chlamydomonas reinhardtii showed down-regulation in
fatty acid biosynthesis (a) and the citrate or TCA cycle (b) where C. nivalis did not.
Chlamydomonas reinhardtii showed up-regulation of amino acid metabolism where C
nivalis did not (c). In the literature, inhibition of the TCA cycle can cause a decrease in the
oxidation of fatty acids and therefore increase the available pool of acetyl CoA for fatty
acid synthesis (Sheehan et al., 1998), however in this case down-regulation of the TCA

cycle in C. reinhardtii did not result in an increase in lipid biosynthesis.
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Figure 6.3 KEGG mapping of C. reinhardtii (A) and C. nivalis (B) showing significant changes in down-regulation (red)
and up-regulation (green) between the first and last sample point in salt stress conditions. Highlighted boxes show
the differences between the two species in lipid metabolism (a), TCA cycle (b) and amino acid metabolism (c).
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6.4 Discussion of important lipid metabolism proteins

In terms of the different lipid accumulation and metabolism in these species, the evidence
suggests that the salt stressed non-halotolerant species (C. reinhardtii) down-regulate lipid
biosynthesis over time whilst the halotolerant species (C. nivalis) did not. This may explain

why lipid accumulation is observed in C. nivalis over time but not in C. reinhardtii.

Key proteins noted during the iTRAQ investigations in Chapters 4 and 5 have helped

elucidate the specific lipid metabolism responses of each species to salt stress.

UDP-sulfoquinovose synthase was down-regulated in C. nivalis subjected to salt stress,
both over a time course experiment and with reference to a control. This indicates that in
salt stressed C. nivalis, SQDG lipid production was reduced and FAs were instead used in
TAG synthesis (Martin et al., 2014). However, this change was not noted in C. reinhardtii.
SQDG is utilised in thylakoids, and as C. reinhardtii suffers greater salinity damage to
photosynthetic equipment than C. nivalis does, it may be necessary for C. reinhardtii to
put more resources, including FAs, into maintaining this part of the cell, thus the FAs

cannot be utilised for TAG synthesis.

The regulation of citrate synthase was another important contrast between the two
species, since it was down-regulated in C. nivalis but up-regulated in C. reinhardetii.
Knocking out citrate synthase can significantly increase TAG synthesis and accumulation
(Deng et al., 2013), and likewise overexpression causes decreases in TAG. This enzyme
competes directly with fatty acid synthesis by incorporating acetyl CoA into the citric acid
cycle instead of into fatty acid synthesis (Goncalves et al., 2015). Therefore under salt
stress, C. reinhardtii appears to favour the TCA cycle over fatty acid synthesis whilst the

opposite is true in C. nivalis.

There is evidence that C. nivalis has a higher availability of acetyl CoA under salt stress,
since it shows up-regulation of dihydrolipoyl dehydrogenase, which is involved in the
production of acetyl CoA, but this protein was unaffected in C. reinhardtii. This therefore

suggests a greater availability of the substrate for fatty acid synthesis in C. nivalis. The
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increase in this has been shown to increase TAG accumulation in algae in a previous study

(Avidan et al., 2015).

During the initial 3 to 11 hour salt stress in C. reinhardetii, acetyl CoA synthetase was down-
regulated, presumably causing a decreased supply of acetyl CoA for subsequent reactions.
Acetyl CoA production may thus be the rate limiting step that is better targeted for
increasing lipid production in algae. Acetyl-CoA carboxylase subunit was also down-
regulated in C. reinhardtii but not in C. nivalis, suggesting that the use of acetyl CoA was

directed away from fatty acid synthesis in C. reinhardltii.

A combination of an increase in acetyl CoA availability, and no down-regulation of the
rate-limiting step of fatty acid synthesis via the enzyme ACCase, appears to contribute
towards the ability of C. nivalis to accumulate lipids under salt stress whilst in C.

reinhardtii this does not occur.

Acetyl-CoA acyltransferase is up-regulated at salt stress condition 170 hours (from both 3
hour salt and 170 hour control) C. nivalis but not at 82 hours. The same protein was up-
regulated between 3 and 11 hours, 3 and 18 hours, and between control and salt 18 hour
conditions for C. reinhardetii. Fatty acid degradation was therefore up-regulated at a much
earlier point in the growth cycle in salt stressed C. reinhardtii than in salt stressed C.
nivalis. This suggests that for C. nivalis, fatty acid degradation only happens later in the
growth cycle, perhaps once resources become more limited due to a decrease in
photosynthesis. The early degradation of fatty acids in C. reinhardtii cultures could be one

of the key reasons that they did not accumulate in the model species.

Glycerol-3-phosphate dehydrogenase was up-regulated in both species in response to salt
stress. This has been shown in other species to be a response to salinity stress. It has also
been shown that up-regulating this enzyme causes glycerol and neutral lipid accumulation
(mostly from a large increase in MUFAs) the model diatom species (Yao et al., 2014).

However, this phenotypic effect was only seen in C. nivalis, showing that this alone was
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not enough to trigger lipid production. Another study showed that this enzyme was

essential for growth under osmotic stress in yeast (Albertyn et al., 1994).

6.5 Conclusions

This chapter has shown that the regulatory responses of the two species, studied here by
comparing two iTRAQ experiments to quantify proteomic changes in salt stressed
cultures, show some key differences. Whilst some regulatory responses are common,
other areas of regulation show important differences between the two species which help
to elucidate what causes salt stress to be a lipid trigger for one species but not for the

other.

Broadly speaking, the differences between the two species in proteomic responses show a
greater proportion of the changes in C. nivalis being down-regulation. This suggests that C.
nivalis is going into a stasis state and this may be part of the reason for the accumulation
of carbohydrates and lipids. C. reinhardtii, by comparison, slows in growth (although then
goes on later in the experiment to proliferate), and suffers reduction in photosynthesis,
yet shows up-regulation of key processes in cell division and metabolism at different
points along the time course experiment. C. reinhardtii may then be continuing to use the
available energy and resources to maintain cell functions under increased intracellular
ionic or osmotic stress. Part of the reason that C. reinhardtii may not have produced
carbon storage molecules was that growth was arrested for a certain period, but then
resumed at a slow pace later in the growth cycle. This was unexpected since C. nivalis is
reported to be more halotolerant than C. reinhardltii, but perhaps C. nivalis is more likely

to be triggered into a resting state.

The difference in growth set up, with C. reinhardtii grown mixotrophically and C. nivalis
growth photoautotrophically, may account for some of the differences in the response of
the species. If C. nivalis had a fixed carbon source in the medium, it would rely less on
photosynthesis to provide carbon and energy, and the growth of the culture may be

higher. However, the reduction in oxygen evolution in photosynthesis experiments was
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smaller in C. nivalis, indicating that the cells are more robust to the harmful ionic or
osmotic effects of salt stress, especially on photosynthesis, and therefore still fix carbon.
Additionally, C. reinhardtii was more able to rely on the acetate carbon source in the
medium, and therefore may have had less need for photosynthesis in the stressed
environment. However, studies using nitrogen deprivation in mixotrophic conditions show
that the availability of acetate for C. reinhardtii was a carbon source for lipid accumulation
(Longworth et al.,, 2012). Therefore neither under photoautotrophic or mixotrophic
growth conditions did carbon availability appear to be limited, meaning that the

difference in carbon source is unlikely to account for the difference in lipid accumulation.

The most significant finding from this comparison is the difference in how lipid
metabolism and carbohydrate metabolism are affected by salt stress, and many of
phenotypic changes observed can be explained through these regulatory changes. The
down-regulation of fatty acid biosynthesis in C. reinhardtii might be attributed to not
having effective salt tolerance mechanisms. Due to the fact that C. reinhardtii has a
greater detrimental response to salt, shown through the large decrease in photosynthetic
activity, it is likely that the cell is directing a greater amount of resources into survival, and
that lipid accumulation is being shut down as an unnecessary part of metabolism. Changes

in lipid production are not used as a survival mechanism, in this case.

The maintainance of photosynthetic capacity is important, as this study searched for an
alternative lipid trigger to nitrogen deprivation - a trigger that caused photosynthetic
capacity to be lost (Johnson and Alric, 2013). Part of salt tolerance is the ability to
maintain photosynthetic apparatus and repair damage to photosystems, and therefore

salt tolerance plays an important role in an effective salt-triggered lipid producer.

The question may therefore remain of what causes the difference in halotolerance
between the two species. The main mechanisms of halotolerance are ways of maintaining
a suitable ion and water balance within the cell. If C. reinhardtii were better able to adapt

to saline conditions through control of ionic and osmotic balances, it might be possible to
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use salt as a lipid trigger in this species as well. However, C. nivalis seems a better
candidate in this case for biofuel research and potential large scale culture, having higher
lipid producing capabilities, and lower optimum temperature requirements than C.
reinhardtii. Using a robust species like C. nivalis is important to ensure that cultures in
industrial settings do not suffer population crashes under unfavourable conditions,

particularly in an open pond setting.

Additionally, using the results from this comparison chapter, it may be possible to identify
some of the key enzymatic steps that control accumulation of lipids in microalgae, and to

maximise biofuel production, using genetic engineering techniques in suitable species.
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7 Chapter 7: Thesis discussion, conclusions and future work

7.1 Overview

The work in this thesis has explored the effect of salt stress on the lipid producing
capabilities of two Chlamydomonas green algal species, through complimentary GC and
guantitative proteomics analysis using iTRAQ. These investigations are the first of their
kind in the literature, since the effects of salt stress on C. reinhardtii lipid profile have not
been previously investigated, and part of this novel work has been published in a study of
salt effects on C. reinhardetii lipid profile by Hounslow et al. (2016a) during the writing of
this thesis. Proteomic investigation of C. nivalis was also novel, as this un-sequenced
organism had not previously been used in such as experiment. Use of closely related
species shows the potential for cross-species experimentation, particularly using de novo
sequencing and homology searching tools in PEAKS software, demonstrating the
advantages of such an approach to widening the potential candidates for proteomic
analysis. This final chapter explores the implications of the novel findings of this thesis for
algal biofuels research, and presents possibilities for how research should be directed in
the future. The work presented in this thesis is of significance because exploration of the
molecular mechanisms, elucidated by proteomic data, adds to the understanding of lipid

triggers in microalgae.

7.2 Data summary

After initial exploratory investigations of the effects of varying levels of salt detailed in
Chapters 4 and 5, 0.2 M NaCl salinity levels were chosen to explore because this
presented a moderate level of salt stress at which both species could survive but that

significantly impacted their ability to grow.

Both species suffered severely reduced growth. Whilst C. reinhardetii is able to survive in

these conditions, the photosynthesis activity is hugely reduced compared to that of
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control conditions. By contrast, C. nivalis does show some reduction in photosynthesis and
respiration activity under 0.2 M NaCl compared to a control, but this reduction is much
smaller. Lipids, particularly MUFAs, were induced in C. nivalis but not in C. reinhardtii.
Proteomic investigation suggests that the salt tolerance mechanisms of C. nivalis allow it
to maintain many lipid biosynthetic processes under salt stress, whilst C. reinhardtii down-
regulated lipid metabolism, perhaps as a survival mechanism for redirecting resources

towards vital cell maintenance functions and combating ionic or osmotic damage.

7.3 Discussion of thesis aims

To review if the results had answered the questions raised by this thesis, the aims of the
project were revisited. The overall aim was to find ways to increase the useful output from
microalgae for biofuels research through biological manipulation of cultures, and the
project focused on environmental manipulation and the use of proteomics to study
biosynthetic pathways to find ways of creating a high lipid producing algal species. More
specifically, the questions this thesis addressed was firstly whether salt stress could be
used as a lipid accumulating trigger in the chosen species, and secondly how the
molecular mechanisms of the cell controlled the production of lipids under salt stress
conditions in each species. The chapters in this thesis aimed to address these questions,

and the ability of the thesis to answer these questions has been reviewed below.

7.3.1 Aim 1: Salt stress influence on lipid abundance and profile in C. reinhardtii

The first aim was to establish whether salt stress was a lipid trigger in Chlamydomonas
reinhardtii and how this influenced the lipid profile of the species. The tolerance of the
strain was found to be different between two main sets of experimentation, indicating

that biological variation in a strain can play a role in tolerance.

Overall, although salt can have a significant effect on the lipid profile of the C. reinhardtii
strains investigated, and cause some short term increases using 0.3 M NaCl as observed in

Chapter 4 and in Appendix C, FAMEs were not observed to greatly increase and
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accumulate in the salt stressed cultures. The salt tolerance of this strain is less than 0.3 M
NaCl, since cultures were killed by this level of salt. At increasing salinities from 0.1 to 0.2
M NaCl, photosynthesis was increasingly negatively impacted, showing that salt stress
causes significant impairment to photosynthetic apparatus. Growth was not completely
halted by salt stress, rather growth curves showed a lower doubling time, and 0.2 M NaCl
arrested growth for the first 24 hours (the period over which the control condition goes
through log phase). Changes in cell division were noted, with cells frequently being
observed in clusters of daughter cells, a response to salt stress that has previously been

found in C. reinhardtii (Takouridis et al., 2015).

Compared to the percentages of lipid content seen in C. reinhardetii, especially starch-less
mutant BAFJ5, under nitrogen starvation, these results did not reveal a high lipid content
under the culture conditions studied. Salt stress therefore would not be recommended as
a way to obtain high lipid content in the biomass of this C. reinhardtii strain, in contrast to

nitrogen stress which is a proven lipid trigger (James et al., 2011; James et al., 2013).

7.3.2 Aim 2: Detection of changes in the proteome, especially related to lipid

metabolism, in C. reinhardtii under salt stress
The second aim was to identify changes in the regulation of proteins associated with lipid
metabolism under salt stress. A high number of proteins were relatively quantified using
iTRAQ analysis, providing a good quality dataset to explore the effects of salt stress both
over a time course experiment, and with reference to a control culture in mid log phase. A
large number of proteomic changes were found between the compared phenotypes.
Photosynthesis and carbon fixation were do