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Abstract

Increasing issues of climate change and land availability/allocation for food and feed

have been pressurising world societies to advance environmental sustainability. Because

of that, the biorefining concept evolved to replace petro–based industries, while the

sustainability focuses on the society, economy and the environmental issues raised as part

of the renewable energy policies. Plant–fuelled biorefinery have potential to becoming a

great alternative to fossil fuels, however the competition with the food market is straining

the supply of food and its prices, therefore needs to be addressed immediately.

Nicotiana glauca, otherwise called Tree tobacco is a potential source for biorefinery that

does not compete with the food market unlike other plant based sources currently used.

A globally naturalised South American shrub, it is a fast growing and well habituated

shrub in dry and arid areas in countries such as USA, Australia, Asian and most southern

European countries yet is still comparable to the traditional crops used for biorefinery. A

large above–ground biomass shrub featuring sticky and rubbery pale surface and thick

leaves with grey appearance is a self fertile, amenable to genetic manipulation and fast

growing plant. In the present study it was evaluated for its potential to become integrated

into current renewable source economy as a feedstock to replace petro–chemical refinery.

System biology tools were utilised encompassing non–polar, polar and isoprenoid metabo-

lite analysis to assess the changes of the metabolite profile over leaf development as well

as to identify the levels of high–value compounds naturally occurring in Nicotiana glauca.

The leaves were found to contain a simple metabolite profile rich in fatty acids (35% of

total non–polar dry leaf material), carotenoids and other high value compounds including

easily extractable leaf surface containing high amounts of pure long chain hydrocarbons

(C29– C33, at 96%). A number of compounds have been identified to be potentially used

to produce for e.g. bioplastics, organic solvents and biodiesel. The study also evalu-

ated the metabolite profile of a ketocarotenoid engineered line containing crt hydroxylase

and ketolase genes. The evaluation of increasing value through the occurring metabo-

lite changes showed the patterns underlying a plausible connection between the fatty

acid and carotenoid biosynthetic pathways in the crop. As a result, the thesis covered

industrial application of the crop and characterised biochemical roles between the two

pathways.
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Chapter 1

Introduction

1.1 Social and economic impact of renewable fuels

Global climate and environmental changes have been pressurising world economies and

societies to improve sustainability in the environment. During the last 50 years, at-

mospheric level of CO2 has been largely increasing resulting in more severe problems

worldwide, including increasing temperature, loss of arctic ice coverage thus increase

in sea levels (Ballantyne et al., 2012). Based on paleoclimatology prediction models, the

use of fossil fuels is forecasted to increase the global temperature by 2–6°C over the next

century, therefore provision of renewable resources such as biofuels is crucial in order to

reduce the global challenges (Mann et al., 2008).

Plant–fuelled biorefinery offers an important renewable alternative to fossil fuels. How-

ever, the competition with the food market is straining the supply of food and its prices

(FAO, 2017). Nicotiana glauca , that is otherwise called Tobacco tree is one of the possible

biofuel plants that are able to grow on marginal lands and not compete with the food–crop

land. This self–fertile, very amenable to genetic manipulation, fast growing and large

above–ground biomass producing plant is quite unique. The surface of N. glauca leaves

have been found to produce long chain hydrocarbons (C29– C33) that make up around

75% of the total components found on the surface (Mortimer et al., 2012) and can be used

to produce bioplastics, organic solvents and biodiesel.

1



1.1. Social and economic impact of renewable fuels 2

1.1.1 Fundamental chemistry of fuel sources

Petrochemical Refining

Petroleum is a complex mixture of organic compounds from which refined products such

as gasoline, fuel oil and diesel are produced. It is the most important fossil fuel that

keeps current industrial processes running since the industrial revolution, in the past

termed ”black gold”. Unrefined petroleum is made up of crude oil and mainly consist of

hydrogen and carbon in various proportions, together with traces of other elements such

as iron, copper, nitrogen, oxygen and sulphur (Fahim et al., 2010). Crude oil is pumped

to the surface and semi–finished products are produced via the refining processes of

petroleum. Distillation products via boiling fractions are separated into gases (C1−C4),

naphta (C5−C12), kerosene (C12−C15), fuel oil (C15−C18) and others (C18 and over) (Spitz,

1988). Cracking of higher boiling point fractions using heat and catalysts toincrease the

yield of gasoline and produces gas hydrocarbons that are alkylated into higher boiling

alkanes (Spitz, 1988). The properties of gasoline are rated using an octane number which

is determined by the knock properties that depend on the branching of hydrocarbons: the

higher amount of branching structure, the better the octane number (Fahim et al., 2010).

Petroleum was used for centuries B. C. and records can be found in ancient Greece,

China and Japan. Records in history date back to Babylon times where asphalt was used

for wall and tower construction. Chinese had bamboo drilled wells for oil extraction

by 347 AD. By 1950, oil was distilled from petroleum for lamp oils and lubrication of

machinery by a Scottish chemist, James Young. However, the major influence on the rise

of petroleum importance was the invention of the internal combustion engine in 1858

when industrialisation begun (Hugh, 1911).

Industrialisation and its effects

Fossil raw materials such as coal, oil and natural gas satisfied our needs for decades since

industrialisation that took place from the mid–18th to early–19th century. Driven by ever–

growing population and limitation of energy, old technologies that were based on horse
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power, windmills and waterwheels were replaced by powerful steam engines and mined

coal became the most essential raw material for energy production (White, 2014). Growing

demand of coal introduced other fossil derived materials such as brown coal, natural

gas, and crude oil. A wide spectrum of petroleum based chemicals became available and

improved the quality of human life. As a result, industrialisation throughout centuries led

to many global changes. Urbanisation, job opportunities, better transportation systems

through building roads, railroads and canals, improved healthcare, engineering of goods

and advances in technology raised the quality of life. All these advances were reached

through the growing industries and factories resulting in industrial pollution. Various

reasons were at play, such as unplanned industrial growth, inefficient waste disposal

and dumping as well as lack of control in pollution policies (Rinkesh, 2009). Due to

fossil fuel and hazardous waste combustion, as well as water pollution via the release

of mercury (Button, 2012) an increased release of carbon dioxide into the atmosphere

over the years resulted in greenhouse gas emission and consequently global warming.

Industrial accidents were hard to clean–up and resulted in wildlife extinction, while soil

pollution created vegetation problems in agricultural sectors (Rinkesh, 2009) bringing

challenges to the food industry and causing a variety of health issues.

Current fuel strategies

Data records of WorldBank (2014) show fossil based raw materials make up around 80%

of world’s energy supply in 2014. Out of that, crude oil takes up around 37%, coal

– 25% and natural gas 23%. Energy sector of transportation consumes 1/3 of fossil raw

materials, while another 1/3 goes to electricity generation and the remaining is for heating

(Bertau et al., 2014). Nonetheless, this is 13% less than the first record of fossil fuel energy

consumption in 1960 (WorldBank, 2014). A lot of effort is expended to contain greenhouse

gas emissions through the decrease of fossil fuel consumption and increase of renewable

energy consumption by 20% by 2020 (EU, 2007), the main reason being global warming.

For instance, the ever–constant rising atmospheric temperature levels are predicted to

increase by at least 2°C by 2050 (Mann et al., 2008; FAO, 2017). Compared to the pre–

industrial times, this is currently 1.2°C higher, therefore this needs to be limited in order



1.1. Social and economic impact of renewable fuels 4

to prevent severe climate changes (EU, 2007; FAO, 2017).

As a result, the Kyoto Protocol was enforced in 2005 where 192 countries committed to

reduce greenhouse gasses emissions. The implementations of the protocol are ratified

through the annual COP (Conference of the Parties) meetings held by the United Nations.

European targets have been set up via the ECCP (European Climate Change Programme)

to reduce the fossil fuel consumption in relation to greenhouse gas emissions and energy

consumption in comparison to the levels of year 1990. The goal is sought to be accom-

plished through various European projects as well as policies. For example, EU set out

to reach 20% of renewable energy targets and 20% of emission reduction as well as 20%

energy efficiency improvement by 2020 (EU, 2007). Furthermore, targets were established

up to 2050, where the milestones for every ten years were set up. The 2030 Framework

targets are to cut 40% below 1990 energy efficiency. By 2040 a 60% cut and by 2050 a 80%

cut is expected to be made (EU, 2011).

Renewable energy

Renewable energy comes from the sun either directly or indirectly without the production

of carbon dioxide and air pollution (this is termed as ”carbon neutral energy production”).

Wind turbines, solar energy (electric power plants, photovoltaic devices, hydropower)

generate electricity that is then used to produce heat and have a variety of industrial and

commercial applications. Hydropower is currently the largest renewable energy source

that accounted for 48% of all renewable energy in 2014 (EIA, 2015). Although it does not

directly impact the environment via air pollution, hydropower affects the ecology of the

waters by changing river flows, water temperatures and therefore influences the habitat,

life cycle and reproduction of the fish and other water–based animals (EIA, 2015).

Meanwhile, biomass is the renewable energy from plants and animals. The energy is

produced from wood and wood waste, agricultural crops and their waste, food waste,

yard waste, animal and human sewage waste. Currently, biomass provides around 10% of

total energy worldwide (EU, 2007). In 2015, around 43% of it was wood derived biomass,

46% biofuels and 11% municipal waste (EIA, 2016). Although the most rapid growth and
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capacity increase is seen in wind and solar sectors of the renewable energy, out of the

total 10% renewable energy biomass is estimated to provide 27% of energy worldwide by

2020 (IEA, 2015). Biomass can be converted into energy and bio–based products via the

industrial symbiosis using an integrated biorefinery concept.

1.1.2 General concept of Biorefining

The Biorefinery concept has been developed as a replacement to petroleum refinery. It is

defined as ”the sustainable processing of biomass into a spectrum of marketable products

and energy” (IEA, 2014), where the sustainability aspect plays the most important role.

Sustainability is defined as a process that is continued indefinitely. It interlinks social

responsibility and economic viability which impose the constrains by the environmental

limits (figure 1.1). Hereby, a pioneer of environmental sustainability, Herman Daly,

further defined: i) Renewable resources have sustainable yield if the rate of harvest does

not exceed the rate of regeneration; ii) Pollution has sustainable waste disposal if the rates

of waste are not being bigger than the assimilative capacity of the environment; and iii)

Non–renewable resources require comparable newly developed renewable substitutes

(Daly, 1990).

The biorefinery concept covers food, feed, chemicals, materials and bioenergy (fuels,

power and heat), therefore it is a very wide topic. The biomass used comes from both

animals and plants (e.g. organic residues, wood, agricultural crops, aquatic biomass). It

focuses on coverage of the life cycle on the sustainability, environmental and economic

aspects that make up the value chain of biorefineries (de Jong and Jungmeier, 2015). An

example is displayed in figure 1.2 which defines the concept of the production of biore-

fineries. In the diagram the primary renewable sources that are typically produced from

activities of farming, forestry and other biological raw materials are used by biorefining

processes to produce biorefinery products (such as chemicals, food, feed and materials)

and energy (biodiesel, bioethanol or synthetic biofuels). The concept extends to using

agricultural and non–arid land for food security and renewable raw material production.

Out of the biorefinery products, the by–products and waste chain feeds back to the re-

newable raw materials and feedstocks and to the farming and forestry. As a result, a
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Figure 1.1 – The concept of the sustainability focus. Sustainable resources requires
societal input and economic viability. The two factors are constrained by the envi-
ronmental limits. The diagram was adapted from Eggleston and Lima (2015).

reduction of waste and reduced use of fossil–based materials occur, creating a circle of

sustainability that is the most important aspect/role in biorefinery.

1.1.3 Types and classifications of Biorefineries

The main drivers for the focus change of biomass are severe environmental and eco-

nomic changes. Industries are compelled to improve biorefinery operations due to global

warming, agricultural policies, energy conservation and a variety of other reasons (IEA,

2014). As a result, more biobased products and cleaner energy have been emerging over

the recent years. The classification of biorefineries is based on four features (platforms,

products, feedstock and processes) and overviews on that are available (Cherubini, 2010;

de Jong and Jungmeier, 2015). In this study, feedstock based biorefinery was considered,

therefore a literature review will focus on this. Feedstock biorefineries are renewable

materials that can be used for fuels either directly or via conversion processes leading to

energy production (USDA, 2016). They are classified into three generation biofuels.

First generation biofuels are considered an ’establised technology’, however they have a

major drawback (Naik et al., 2010). Divided into three categories (biodiesel, bioethanol
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Figure 1.2 – The concept of the production of biorefineries and their conversion into
different materials by different industry sectors represented as a cycle of bioeconomy
or otherwise termed as circular economy. The diagram was adapted from Biovale
(2014).

and biogas), first generation biofuels are produced from edible feedstocks, such as high

sugar or starch containing crops (Cherubini, 2010; Moncada et al., 2014). The edible

feedstock competes with the food market supply directly and via the land occupa-

tion/allocation (Ackom et al., 2010). Additionally, ethical implications and other concerns

are in play, such as soil fertility and high energy requirements for cultivation and con-

version processes (Marris, 2006; Lange, 2007). Biodiesel falls into this category of biofuel.

Transesterification processes are used to produce biodiesel from vegetable oils and other

residues of fats and oils. Biodiesel needs only minimal engine modifications and can fully

substitute diesel in certain types of vehicles (Naik et al., 2010). Conventional crops such
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as rapeseed, soybean and sunflower are used. In 2006, the production of biodiesel was

exceeding 6 billion litres with Germany occupying 41% of the production (Cherubini and

Ulgiati, 2010). Meanwhile, bioethanol is a substitute for gasoline and is produced via

the fermentation processes (Cherubini, 2010). Sugar beet, sugar cane, wheat and corn are

typically employed of which a total world production of 51 billion tonnes was recorded in

2006 (Ackom et al., 2010). Biogas typically needs slight modifications in order to be freely

used in vehicles run on gasoline. Anaerobic digestion on digestible feedstocks is used

to produce biogas (Cherubini, 2010). Manure, corn derived starch, grasses and organic

wastes are used. Biogas sometimes is considered as second generation biofuel if it is

mainly derived from residues and waste since it then does not fall into competition with

the food and feed. Biogas can be converted to biomethane that is currently produced in

Sweden at a high rate – a total of 45% of Sweden’s fleet industry is supplied by biogas

(Jonsson and Persson, 2003).

Second generation biofuels are non–edible crops and residual material. This largely

refers to lignocellulosic materials and other abundant non–food plant biomass as well as

forestry residues (Gomez et al., 2008). The advantage of second generation biofuels is

that they promise efficient land use and higher environmental performance (IEA, 2014).

There are two conversion processes that employ the combination of added value chemical

production and integration of biomass utilisation: thermochemical processing (biomass

conversion by heating with different concentrations of O2) and biochemical processing

(biomass conversion into sugars and fermentation) (Gomez et al., 2008). However, there

are technical barriers that still need to be overcome in order to realise their potential

and make them cost effective (Naik et al., 2010). As a result, there is a great interest

in advancing and making crop biomass more efficient for biofuel production through

research (Ackom et al., 2010). In particular, lignocellulosic raw material sources from

residues and waste are being researched. For instance, crops like straw, wood shavings

are examples of feedstocks that to current date only minority are realised in the biofuel

industry (Naik et al., 2010). It is expected, that another 10–15 years will take in order

for them to enter the biorefinery market (Cherubini, 2010). On the contrary, some non–

edible crops are also classified into fourth generation biofuels (Moncada et al., 2014). This



1.1. Social and economic impact of renewable fuels 9

generation utilises carbon (CO2) capturing from the ’carbon efficient plants’ by using

techniques such as pre–combustion or post–combustion before or after bioconversion

processes of the feedstock. This results in carbon negative fuels and this is considered as

a tool to clean up the currently existing carbon pollution (Biopact, 2007).

Third generation biofuels employ the use of algal feedstock. The advantage of this feed-

stock is the genetic manipulation that allows it to be refined to different types of products

from butanol to diesel or gasoline biofuels directly (Biofuel.org.uk, 2010). Moreover,

outstanding production yields have been demonstrated since algae has a diversity of

cultivation (IEA, 2014). However, to current date algae large scale growth is not very

sustainable due to its high needs of water, fertiliser, phosphorus and nitrogen. A key

issue with algal biofuel is the energy cost to grow and harvest algae that already becomes

beyond the yield of its consumption. As a result, higher emissions of greenhouse gas is

the biggest downside to growing such feedstock (Biofuel.org.uk, 2010).

Current feedstock issues

Although biofuels offer promising results in the renewable energy sector, the picture

itself has costs and implications. In theory it could offer a close to zero carbon footprint,

however the current technology has not seized this potential. A big downside of biofuels is

the use of fertile land as do food crops. Ever–growing population increases the amounts

of food needed and that means finding alternative energy sources is a necessity. For

instance, corn, that is one of the largest grain crops, instead of being harvested for food is

being diverted to biofuel production (IEA, 2014). Consequently, the price of corn rose by

83% globally in 2008 (Tenenbaum, 2008). This gradually resulted in tandem with higher

dairy and meat consumption that in turn increased the demand for animal feed triggering

an increase of global food price (Energy, 2013). Moreover, ethanol (that is produced from

starch and sugar based edible crops) consumption releases as much carbon dioxide as

fossil fuels (NCGA, 2015). New solutions of efficient ethanol production are needed

because the profits of ethanol are too high to stop its use (Tenenbaum, 2008).

Other aspects also play a role. For instance, direct wood burning as energy releases high
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amounts of carbon emission and damages forest conservation and renewal. UK Biomass

market has a lack of land to grow wood, therefore a lack of feedstock. This promotes

importing large quantities of biomass from places like Brazil and North America causing

economic and environmental implications such as price escalation and costs of transport

(Connick and Curtis, 2012).

In another example, lignocellulosic biomass has not yet been fully utilised for efficient

biofuel use for a number of reasons. Firstly, it is naturally recalcitrant, therefore pretreat-

ment is needed for increasing the rate of decomposition (Zeng et al., 2014). Pretreatment

requires chemicals that produce high amounts of greenhouse gas emissions (Uihlein and

Schebek, 2009). In addition, pretreatment is conducted under high temperature and high

pressure environment, which is energy intensive. What is more, due to pretreatment,

degradation products are formed that affect the end products in various ways. The re-

moval of these products is very expensive and impractical in large scale biorefinery plants

(Balan, 2014).

1.2 Biofuel from non–edible feedstock sources

Second generation biofuels pose some good examples of well implemented feedstocks

into current biorefinery plants and already make up a small percentage of renewable

energy market. Based on an amount of research, it has been shown that non–edible

feedstocks for biodiesel production are a sustainable alternative to fuels (Syers et al.,

2007; Ravi and Sastry, 2009). The sustainability is typically measured through the use of

several GHG (greenhouse gas) models that compare carbon intensity and thus the benefits

of feedstocks grown for the use of energy production (Njakou Djomo and Ceulemans,

2012). Currently, although biofuels provide economical benefits compared to other energy

options, sustainability plays a big role and therefore is required to be evaluated. Other

benefits of implementing non–edible feedstocks also have a number of advantages. Firstly,

they are more efficient than first generation biofuel crops. The conversion processes of

non–edible crops are comparable to most established biofuel costs (Syers et al., 2007;

Atabani et al., 2012). Non–edible feedstocks are typically grown in semi–arid or marginal
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lands where low moisture and fertility is present (No, 2011). They can also be grown in

wastelands and other poor–lands contributing in restoration of land degradation (Atabani

et al., 2012). This means that non–edible feedstocks do not compete with the land of edible

crops therefore agricultural resources can be implemented towards growing food crops.

They are usually easily propagated from cuttings – this shortens the growing time for a

maximal amount of yield. Most non–edible crops are pest and disease resistant due to

the naturally occurring toxic compounds that also make them inedible (Syers et al., 2007).

Last but not least, non–edible crops tend to have higher heat content, lower aromatic

content are biodegradable and ready–available.

Most non–edible feedstocks to date are of forest origin, therefore their development into

biodiesel raises some problems. For instance, poor–harvest technologies and limited

period of crop availability alters cost and benefit ratio (Syers et al., 2007). Additionally,

scattered locations and high dormancy aspects further increase the cost of production. In

reality, some of these crops can have a preference of soil and ideal environment (sufficient

water and nutrient availability) in order to gain maximal yields during the harvest (IEA,

2014).

1.2.1 Currently implemented non–edible feedstock sources

Despite the challenges brought by the production of biofuel from non–edible oils, good

examples of working models can still be found. Mainly woody and herbaceous perennial

crops such as switchgrass, poplar, miscanthus and willow are considered in the 2050

milestone roadmap because they have a promising positive outcome on biomass yields

(IEA, 2012). Nonetheless, a lot of research is being implemented to evaluate other non–

edible feedstock sources including lignocellulosic feedstocks (IEA, 2012). The fact that

some of the non–edible feedstocks are already being implemented into the sustainable

energy production for the transportation sector (biofuels) displays that the positive aspects

of these feedstocks outweigh the negatives.

Examples of such feedstock are displayed in table 1.2.1 and include well known Jatropha

curcas, Jojoba, Linseed, castor, Derris indica and Idesia polycarpa feedstocks. For instance,
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castor oil yields 20,000 tonnes of seeds per 10,000 ha of crop that averagely yields $ 6.7

million purely from biodiesel sales (Sainik, 2007). Derris indica plant seeds yield 34,000

tonnes of biodiesel with a revenue of $ 25 million. Abundantly used and well known

is Jatropha curcas oil that is used as biomass feedstock to power electricity or produce

biogas in addition to its use for high quality biofuel production from its seeds and kernel.

In 2007 it was considered as the best candidate for the future of biodiesel by Goldman

Sachs, while a few years later Air China demonstrated a successful flight with a 50:50

ratio blend of Jatropha oil with conventional jet fuel. However, no optimal growing, yield

and harvesting quality of Jatropha curcas has been yet reached and it still remains a widely

researched and not fully utilised biofuel crop (Reuk, 2016).
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Table 1.1 – Non–edible feedstocks used in the production of biofuel.

Feedstock Part used Yield (kg/ha) Additional uses References

Jatropha curcas Seed, kernel 1892 Lubricant, illumination

oil

(Gui et al., 2008; Singh and

Singh, 2010; Filemon and Uri-

arte, 2010)

Ricinus communis (Castor) Seed 1413 Lubricant, Illumination

oil

(No, 2011; Filemon and Uri-

arte, 2010)

Derris indica Seed – Lubricant, illumination

oil

(Sainik, 2007)

Simmondsia chinensis (Jojoba) Seed 1818 – (Gui et al., 2008; Razon, 2009;

Singh and Singh, 2010; No,

2011)

Idesia polycarpa Fruit and seed 3110 Oil (Razon, 2009)

Linum usitatissimum (Linseed) Seeds 478 Resin, surface coating,

linoleum, oil for paint

(Razon, 2009; Filemon and

Uriarte, 2010; No, 2011)

Madhuca indica Seed, Kernel – – (Sainik, 2007; No, 2011)

Azadirachta indica (Neem) Seed, kernel 2670 Timber, firewood, illu-

mination oil

(Sainik, 2007; Singh and

Singh, 2010; No, 2011)
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1.2.2 Currently implemented edible feedstock sources

Although there are relatively successful feedstocks in use for the production of biofuel

from non–edible oils, in the biomass for energy market global leaders are still utilising

edible feedstocks for the production of energy. The availability and high sugar content

per hectare of harvests makes sugar crops an excellent and attractive biomass feedstock

therefore a lot of attention is being drawn on developing sustainable supply chains for

sugar feedstocks disregarding its posed impact on food and land industry (Eggleston and

Lima, 2015) At present, at least 40% of the world’s bio–fuel production is sourced from

sugar crops (RFA, 2016). For example 42% of sugarcane is devoted to ethanol production

to replace gasoline needs in Brazil (UNICA, 2016b). Since 2003, sugarcane ethanol mixed

together with gasoline as well as the use of flex fuel vehicles across the country has

reduced CO2 emissions by 350 million tons overall. Currently, the country produces 30.2

billion litres of ethanol per annum which makes it the second largest ethanol producer

after the USA (UNICA, 2016a).

Meanwhile, in Europe sugar crops are also used to produce bio–ethanol, however a con-

sumption cap of 7% has been placed to fuel energy due to the concerns about land use and

food price impacts (EBTP-SABS, 2014) as a contribution to 2020 sustainability and energy

targets of the EU (EU, 2007). Amongst the largest sugar producers France, Germany and

Poland take up the largest capacity of the European sugar industry (Ribeira et al., 2010).

For instance, the sugar market structure in France consists of 66% production for direct

and indirect food industry use, 7.6% chemical and pharmaceutical use and 26.4% for

alcohol and ethanol use in 2015 (Lesucre, 2015). A french leader sugar producer Cristalco

produces over 300,000 tons annually where its bioethanol is blended into unleaded petrol

up to 10% or used for newly promoted flex fuel vehicles (a Brazilian market strategy)

(Cristalco, 2016). Meanwhile, the UK is the 4th largest European sugar producer and UK

company giants such as British sugar produces 70 million litres of bioethanol per annum

that represents 5% of standard fuel blend in the country. Within this 5% contribution,

a 70% reduction of GHG (greenhouse gas) emission savings are achieved compared to

conventional petroleum use (British Sugar, 2007).
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Table 1.2 – Relevant key dimensions that need to be adjusted in the current sugar
industry in order to achieve sustainable mindsets and practices. Adapted from
Eggleston (2010).

KeyDimensions Current, Unsustainable Aimed, Sustainable

Society/Policy Goals Economic growth Growth in well-being
Approach to Nature Control over nature Work with nature
Predominant Work Mode Big is Better Smart is Better
Focus on Business Activities Goods Services and needs
Energy Sources Fossil fuels Renewable energy (in-

cluding biofuels)
Predominant Chemistry Energy intensive Low energy
Waste Production High waste No waste
Typical Materials Iron, steel and cement Bio-based materials

Although sugar industry oriented towards biofuel production is very large, technical

issues such as its oxygen content and lower energy per volume are not the only issues

that are faced. In addition, issues such as feedstock losses due to storage, degradation in

feedstock quality and losses in processing performance and conversion costs need a lot of

improvement and have a lot of research interest (EU, 2007). Nonetheless, sustainability

of first generation feedstocks such as sugar crops still is a major issue in their biorefining

cascade (RFA, 2016). To this date, lot of legislative framework is necessary to be established

in order to achieve sustainable production of sugar and its use for biofuels (Eggleston,

2010). For that, an entire chemical life cycle (from resource to manufacture to product use)

is being assessed and a number of key dimensions are ought to be changed (table 1.2).

Within these dimensions, aspects such as waste production, energy sources, predominant

chemistry, work mode, business activities focuses, approach to nature and etc. need to be

still adjusted in order to achieve sustainable mindsets and practices in the sugar industry

(Eggleston and Lima, 2015). As a result, these unsustainable mindsets of first generation

biofuel industries have initiated the development of other renewable and potentially

better renewable biofuels as sources of alternative energy to fossil fuels.

1.3 Nicotiana glauca

Nicotiana glauca Graham, also known as tree tobacco or wild tobacco, is a perennial

shrub that grows 2-5 meters high. Glauca is derived from a greek word and means
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bluish-gray, that is the colour of its glaucous powdery coated leaves (Furer et al., 2011).

It is a prolific seed producer with bright yellow flowers producing large amounts of

seeds annually (PFAF, 2012). By origin, it is a South American shrub that belongs to

Solanaceae family. Native to central northwest Argentina and Bolivia, it was spread by

being used as a landscape ornament in certain regions of United States, such as California,

Arizona or New Mexico. Due to its relatively high weediness, N. glauca is now abundant

throughout the world - from Central and North America to Africa, Europe and the

Mediterranean (CABI, 2016). Due to its moderate invasiveness N. glauca is regarded as an

environmental weed in some southern countries with availability to be controlled both

non-chemical and with chemical treatments. It is very easily and quick growing plant

found to effortlessly grow in urban waste areas, disturbed places, roadsides and natural

communities (DiTomaso and Kyser, 2013). The seeds usually germinate within 10–20

days at 20°C. Nicotiana glauca is hardy and with no trouble survives British winter (PFAF,

2012). It has been reported to be drought tolerant and able to withstand wide growing

conditions, most commonly found growing in sandy and gravelly soils (DiTomaso and

Kyser, 2013) (figure 1.3).

(a) (b)

Figure 1.3 – Visual image of Nicotiana glauca a) shrub growing in sandy soil and b) its
flowers. Adapted from MultiBioPro (2015) and PFAF (2012) respectively.

The variety of compounds produced in Nicotiana glauca can be used in a wide range of

disciplines. One of these compounds is the abundant alkaloid anabasine C10H14N2 that

is an analog to nicotine C10H14N2 of which this shrub is free (figure 1.4) (Saitoh and

Kawasima, 1985). Only a few species have been reported to have a high proportion of
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this alkaloid, whereas in N. glauca anabasine has been reported at 98% in leaves and

bark (Furer et al., 2011). Anabasine is a highly toxic alkaloid that is also present in the

tobacco smoke (Mizrachi et al., 2000). In humans it creates a neuromuscular blockade by

binding to nicotinic receptors at the autonomic ganglia, brain and neuromuscular junction

(Mellick et al., 1999). Clinical research is being conducted to evaluate its use for nicotine

addiction treatments (Ostrovskaia, 1994; Hong et al., 2007).

(a) (b)

Figure 1.4 – Structure of a) nicotine (3-(1−methyl−2-pyrrolidinyl)pyridine) b) anaba-
sine (3-(piperidin−2-yl)pyridine) compounds. Adapted from PubChem database.

Due to its drought–tolerant properties, N. glauca is of common use in cuticular wax,

stomatal physiology, guard cell gene expression and periodic dehydration stress studies

(Thomas et al., 1991; Smart et al., 2000, 2001), particularly because of its unique and

simple cuticular wax composition (Cameron et al., 2006) as well as simple acquisition

of biological samples. There is extensive evidence that N. glauca wax production is

upregulated when the plant is exposed to dehydration stress. This evidence is displayed

both by glaucous appearance on the leaves as well as by scanning electron microscopy and

gas chromatography (Cameron et al., 2006). Compared to other species, Nicotiana glauca

wax quantities are relatively high (Kelly et al., 2010). This makes N. glauca a potential

source of biofuel production, given the fact that it exceeds the hydrocarbon production

levels of other biofuel targeted plants. For instance, the study on Ficus benghalesis had

2.99% of dry aerial root material of which 19% consisted of hydrocarbons (Shah et al.,

2008). Meanwhile, a recent study on N. glauca by Mortimer et al. (2012) has shown

that out of total compounds found in dry material, around 95% of all the hydrocarbons

found at least 75% is n–hentriacontane (H31C64) (Cameron et al., 2006; Mortimer et al.,

2012). High percentage of high–purity hydrocarbons have a higher energy density with

a smaller corrosion level compared to bioethanol and butanol, therefore are potentially
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suitable for cracking and hereafter the application to internal combustion engines without

modification (Gniwotta et al., 2005; Mortimer et al., 2012).

Figure 1.5 – Visual representation of (a) wt and (b) transgenic ketocarotenoid pro-
ducing variety ge8 of N. glauca showing colour change in aerial parts and flowers
expressing CrtZ/W genes. Flower scale represents 3 cm, while aerial parts represent
8 cm. Adapted from (Mortimer, 2010).

Apart from the use of wild type N. glauca varieties, there are a few studies that implemented

genetic modification to the crop in order to find the way to add economical value to its

natural metabolite profile (Zhu et al., 2007; Mortimer, 2010; Ling et al., 2012). Most

studies found in literature to date study N. glauca for its effect of intoxication of animals
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and humans (Panter et al., 1999; Furer et al., 2011) and alkaloids (Green et al., 2012) or

cuticular wax composition (Cameron et al., 2006; Ryan et al., 2012). Apart from studying

cuticular wax composition of N. glauca, an improved expression of ketocarotenoids was

attempted by a number of authors (Zhu et al., 2007; Gerjets et al., 2007; Hasunuma et al.,

2008; Mortimer, 2010) due to the presence of carotenogenic flower petals that potentially

represent new sources of carotenoids (Gerjets et al., 2007). This study used a genetically

modified Nicotiana glauca ge8 variety that produces ketocarotenoid compounds as part

of the isoprenoid biosynthesis pathway. The pathway was modified by Mortimer (2010)

using a single insert of Brevundimonas sp. CrtZ/W genes. Phenotypically, the crop displays

a distinctive phenotype with colour change in the aerial parts and flowers (see figure 1.5).

The leaves have a visible brown/red colour tint, while the physical feel of the leaves is

slightly thinner compared to the wt variety. Meanwhile, the flowers have a distinctive

red to orange colour. The variety (termed as ge8) was found to accumulate additional

pigments in the form of ketocarotenoids, such as astaxanthin, zeaxanthin, canthaxanthin,

echinenone and others (see figure 1.6).
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Figure 1.6 – Schematic representation of ge8 N. glauca ketocarotenoid pathway result-
ing from CrtZ/W gene expression. Adapted from (Mortimer, 2010).

1.4 The application of metabolomics to evaluating plant metabolism

1.4.1 Metabolomics

Metabolomics is the ”systematic study of the unique chemical fingerprints that specific

cellular processes leave behind” (Explorer, 2013). Small molecules such as substrates

and products of metabolism that are present within cells, tissues, biofluids or organisms

and are influenced by genetic and environmental factors are known as the metabolome

(Goodachre, 2005). Studying metabolomics gives an insight into physiological and patho-

logical state of an organism/cell through the observation of changes that occur in the
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networks and pathways of an organism. Profiling of the metabolites aims at determining

the characteristics of metabolites and the understanding of their activity and influence in

specific organisms and their tissues. Metabolites are low molecular weight compounds

that can be gasseous and volatile, organic or inorganic, polar or non–polar (lipophilic)

substances. They exclude DNA, RNA and proteins. There are four biological processes

as ”omics” fields developed: genomics, transcriptomics, proteomics and metabolomics.

Integration of this ”omics” research field with other ”omic” techniques such as transcrip-

tomics and proteomics allows a rapidly developed prospect from genetic perturbations

to specific biochemical interactions to phenotype.

Plant metabolomics is separated into two processes: primary and secondary. A sim-

plified schematic representation of both metabolite pathways is displayed in figure 1.7.

Metabolic regulation occurs through enzymatic activities (e.g. coarse and fine control

fluxes) and compartmentation (activity in different organelles and movement through

the membranes). Any metabolite that has a direct involvement in development, normal

growth and reproduction of the plant and is present in most of the plant cells is considered

as a primary metabolite. Absence of them result in immediate death of the plant. Such

processes as carbon assimilation via Calvin cycle, photorespiration, sucrose transporta-

tion, nitrogen uptake and others as displayed in yellow in figure 1.7 are considered as

primary metabolic processes.

Meanwhile, secondary metabolites (marked in green in figure 1.7) are not directly in-

volved in those processes, but are responsible in impairing normal function of the plant

and normally plays an important role in interspecies defences. They are produced by pri-

mary metabolic pathways and form an equilibrium among synthesis, storage and degra-

dation of metabolic processes in the plant (Seigler, 1998). Usually, secondary metabolites

are dependant on the developmental stage of the organism as well as occur at the spe-

cific locations in the cells, therefore are considered as complex. For instance, synthesis

of fatty acids, chlorophyll and starch occur only in the plastid, while synthesis of the

membrane lipids are specific both to plastids (this is termed as the prokaryotic pathway)

and the cytosol (termed as the eukaryotic pathway) (Seigler, 1998; Smith et al., 2010). A

variety of factors are in play when it comes to secondary metabolism control, such as en-
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Figure 1.7 – Schematic representation of simplified plant metabolic pathways. In
yellow, primary metabolites are highlighted, such as Aspartate, methionine, etc.; In
green, secondary plant metabolites are highlighted, such as lipids, hydrocarbons,
carotenoids, etc.. Adapted from (Paupiere et al., 2014)

zyme limitations, substrate presence and the availability of other secondary metabolites

(J. Allan Smith, 1983; Seigler, 1998).
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1.4.2 Plant lipid metabolism

Plant leaves play an important primary role to capture light and convert it to energy using

photosynthesis. However, a leaf is also a central site for the regulation of the fatty acid

synthesis that is highly regulated by leaf developmental stage, growth rate, time of the

day and other closely regulated parameters. The main biological function of fatty acids is

acting as structural components of membranes of the cells, storing energy, signalling and

protective roles (Subramaniam et al., 2011). In biology, lipids form biochemical subunits

using ketoacyl and isoprene groups that distinguishes them into classes. They are divided

into: i) fatty acids, ii) glycerolipids, iii) glycerophospholipids, iv) sterol lipids, v) prenol

lipids, vi) polyketides, vii) saccharolipids and viii) sphingolipids (Fahy et al., 2009).

Figure 1.8 – Simplified schematic representation of fatty acid synthesis in the plastid
and the ER (endoplasmic reticulum). Modified from (Gronwald, 1991).

Fatty acids are the building blocks of all the lipids. Plant fatty acid synthesis regulation

and initiation occurs in the plastid. Two fatty acid synthesis pathways have been defined:
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prokaryotic (lipid synthesis within the plastid) and eukaryotic (synthesis in the Endopas-

mic Reticulum (ER) and transfer between the ER and the plastid) pathways (Roughan

and Slack, 1982; Harwood, 1988). Both are mediated by acetyl–CoA carboxylase and are

interlinked with the redox state of the plastid. Figure 1.8 displays a simplified fatty acid

synthesis initiation in the plastid followed by the fatty acid elongation in the ER. The

synthesis is distinguished into four steps: i) condensation, ii) reduction, iii) dehydration

and iv) reduction. For instance, a production of C16:0 fatty acid requires 7 synthesis

cycles. During each cycle, ATP dependent catalysis of acetyl–CoA carboxylase by two

types of ACCases (prokaryotic/plastidic and eucaryotic/cytosolic, (Ohlrogge and Browse,

1995; Rawsthorne, 2002b)) forms malonyl–CoA. This occurs in the stroma of the plastid,

where malonyl–CoA is gradually elongated into 16:0–acyl carrier protein (ACP) by addi-

tion of two carbon units by FAS (fatty acid synthase) enzymes: KAS III (catalysis of the

first cycle), I (catalysis of following 6 cycles), while for the elongation of C16:0 into C18:0,

KAS II is used (Harwood, 2005). Majority of the end products – palmitate and stearate

are subject to desaturation, elongation and other modifications via the export to the ER

(the eukaryotic pathway) (discussed in section 1.4.3). For example, in Arabidopsis, around

63% of fatty acids are exported to the ER, while the remaining continue in the prokary-

otic pathway (Browse, 1986). In the eukaryotic pathway, processes such as desaturation

produces unsaturated fatty acids, while elongation produces very long chain fatty acids

(VLCFAs), waxes and suberin (discussed in section 1.4.4).

This review will further focus only on key aspects of plant lipid metabolism. Well

defined extended overviews of fatty acid synthesis are available in the following reviews:

Ohlrogge and Jaworski (1997); Rawsthorne (2002b); Li-Beisson et al. (2013).

1.4.3 Fatty acid transport system

Fatty acid transport is an essential building block for a variety of functions of the plant

cell. It helps to maintain healthy development, growth and performance of the plant. A

lot depends on fatty acid transport, for instance wax formation on the seed endodermis

and leaf epidermis. Moreover, lipid transport is responsible for lipid remodelling that

is crucial for carbon energy sequestration (Siegenthaler and Tremolieres, 1998). The acyl
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chains of lipids are important building blocks of lipid membranes. They are synthesised in

the plastid (see section 1.4.2), but assembled either in the plastid or the ER, therefore lipid

transport is necessary. The transport system is classified into vesicular (membrane protein

trafficking via membrane vesicles) and non–vesicular. Vesicular transport occurs by the

fusion and budding between the secretory pathway organelles and membrane vesicles.

Detailed reviews on this topic are available (van Meer et al., 2008; Li et al., 2016). Non–

vesicular transport system is catalysed by transporters or proteins. Figure 1.9 displays

a schematic representation of fatty acid and lipid transport in the cells of plants via

non–vesicular transport system. A few relevant to the study examples of non–vesicular

transport will be given in the following sections, however extensive reviews are also

available (Kretzschmar et al., 2011; Kang et al., 2011; Li et al., 2016).

Examples of non–vesicular lipid transport

Lipid trafficking between plastid and ER is essential for the organelle biogenesis (Ben-

ning, 2008). Although not all regulatory processes of fatty acid transport are yet well

understood, lipids found in plant membranes and storage units are assembled in the

ER but synthesised in the plastid (Ohlrogge et al., 1979). The cooperation of these two

compartments facilitate synthesis of thylakoid lipids that occurs in the plastid as well as

extraplastidic phospholipids that are synthesised in the ER. Various phospholipids from

the ER also control the biogenesis of the mitochondrial and intracellular membranes via

the import/export of the lipids.

ABC transporters

ATP–binding casette (ABC) transporters are nucleotide binding domains containing ATP–

binding Walker A and B motifs (Martinoia et al., 2002). They are involved in a number of

plant processes, including transport of abscisic acid and auxin, phytate accumulation in

seeds, pathogen response and surface lipid deposition (Kang et al., 2011). For example, in

A. thaliana there are 28 ABC transporters, of which 21 full–size transporters are localised

in the plasma membrane, while 7 reside in: mitochondria (3 ATM subfamily members),
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Figure 1.9 – Schematic representation of fatty acid transport system in plants. Dis-
tribution of lipids, their derivatives and fatty acids across different organelles of the
plant cell. Adapted from (Li et al., 2016)
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chloroplast (TAP1), vacuolar membrane (TAP2) or their localisation is unknown (Blakeslee

et al., 2007; Kang et al., 2011).

In surface lipid deposition, plant peroxisomal ABC transporters are known to import

fatty acyl-CoAs from the cytosol (Russell et al., 2000). For instance, there is extensive

evidence, that CER5 (AtABCG12) form a heterodimer with COF1 (AtABCG11) and are

involved in wax transportation and deposition to the epicuticular wax surface of the plant

(Luo et al., 2007; Bird et al., 2007; McFarlane et al., 2010). Meanwhile, COF1 can also form

homodimers that are shown to transport fatty acids to cuticle proper (McFarlane et al.,

2010), while AtABCG13 serves cutin component transport function for flower–specific

cutin components (Panikashvili et al., 2011). Recently, another ABC transporter, PEC1

(AtABCG32) has been reported to be responsible for cuticular layer formation (Bessire

et al., 2011). Other ABC transporter functions will not be discussed in this thesis due to

their relevancy, but are well described in Kang et al. (2011).

Plant lipid transfer proteins

Although plant lipid transfer proteins (LTP’s) are evolutionarily distinct from animal

LTP’s, the study of plant LTP’s initiated with the search of similar proteins, that could

transfer phospholipids between cell membranes as were found in beef liver by Kamp et

al. in 1973. Even though the function of plant LTP’s are still yet not fully elucidated , a

number of evidences gained so far provide a rough picture of what plant LTP’s are.

Lipid transfer proteins are small soluble protein molecules, that are involved in a number

of biological reactions in flowering plants: cutin synthesis (Han et al., 2001; Pyee et al.,

1994), plant defence against pathogens (Molina and Garcia-Olmedo, 1993; Segura et al.,

1993) and signalling (Buhot et al., 2001; Maldonado et al., 2002), β–oxidation (Tsuboi et al.,

1992), allergenics (R., 2002), pollen adherence (Park et al., 2000) and somatic embryogene-

sis (Sterk et al., 1991). They are divided into two LTP families, that have only 30% identity

in sequence similarity. Unlike Family 2, Family 1 has been well structurally studied and

structural differences between both are well described in Yeats and Rose (2007) review

paper. Biologically, scientific evidence shows LTP’s to be involved in the defence system
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against fungal and bacterial pathogens directly as well as via defensive signalling. For ex-

ample, studies in maize (Zea mays) and barley (Hordeum vulgare) showed inhibited growth

of these pathogens by the upregulation of family 1 LTP’s (Molina and Garcia-Olmedo,

1993). Meanwhile, the role in signalling is supported given evidences such as ability to

bind calmodulin (Liu et al., 2001) and structural similarity to jasmonic acid precursors

(Bakan et al., 2006). Additionally, LTP are suggested to be the carriers for the waxes from

epidermal cells to the developing cuticle. The main evidence to support this hypothesis

has been shown by Cameron (2001).

1.4.4 Biosynthesis of plant cuticular waxes

Plant cuticular waxes are hydrophobic compounds of the plant surface (Post-Beittenmiller,

1996) that play a very important role in plant functioning and its interactions with the en-

vironment. The cuticle is known to protect aerial plant parts from environmental factors

such as water loss (Riederer and Schreiber, 2001), ultraviolet (UV) radiation (Reicosky and

Hanover, 1978), pesticides, pathogens and pollutants (Kunst and Samuels, 2003). What

is more, it is thought to have a role in regulation of epidermal cells in plant development

(Bernard and Joubes, 2013).

Cuticular waxes are composed of 3 cuticular layers that cover the epidermal cells of the

plant leaf, stem or fruit that constitute of aliphatic long–chain lipids (derivatives, termed

VLCFA’s, Very Long Chain Fatty Acids), triterpenes and some secondary metabolites,

such as phenylpropanoids and flavonoids. The outer layer of the cuticle (figure 1.10) is

composed of epicuticular and intracuticular waxes that are usually found in a controlled

and even distribution of micro wax crystals across the surface (Riederer and Muller,

2008). Epicuticular waxes coat the surface of the cutin, while intracuticular waxes are

compounds that are imbed within the cutin (Lam et al., 2012). These waxes extend into

the middle cuticle proper layer, that also contains the major structural polymer – cutin,

that is composed of cross–esterified hydroxylated and epoxylated C16 and C18 fatty acids

and glycerol (Beisson et al., 2012; Bernard and Joubes, 2013). Finally, the primary cuticular

layer covers the epidermal cells is composed of polysaccharides, cutin, and intracuticular
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Figure 1.10 – Schematic representation of plant leaf cross–section. Epidermal cell
is covered with 3 layers of cuticle: bottom cuticular layer is composed of cutin,
polysaccharides and intracuticular waxes; middle layer, called cuticle proper consists
cutin, epicuticular and intracuticular waxes; and external layer is made of epicuticular
waxes. Adapted from Bernard and Joubes (2013)

waxes. Plant cuticular components differ from species to species (Post-Beittenmiller,

1996), therefore table 1.3 displays just the generalised major wax components found in

higher plants.

Wax biosynthesis originate in the epidermal cells from the VLCFA’s (Cassagne et al.,

1994), that are synthesised by elongases (Von Wettstein-Knowles, 1982). Fatty acid elon-

gase (FAE) complex is situated on the endoplasmic reticulum, where a four–reaction

cycle takes place (Post-Beittenmiller, 1996). To begin with, acetyl coenzyme A (CoA) is

catalysed by acetyl CoA carboxylase to form malonyl CoA. FAE uses malonyl CoA as a

substrate to add the C2 moeties in order to elongate the C16 – C18 fatty acids that were

formed in the plastid by microsomal enzymes (discussed in section 1.4.2) (Von Wettstein-

Knowles, 1982). In order to add one C2 moiety, a cycle of four reactions is catalysed

by FAE complex, starting with condensation by β–ketoacyl–CoA synthase (KCS) that is

followed by reduction with β–ketoacyl-CoA reductase (KCR). Consequently, dehydra-
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Table 1.3 – Major wax components that are found in higher plants. Adapted from
(Post-Beittenmiller, 1996; Cristie, 2012)

n-Alkanes CH3(CH2)xCH3 21 to 35 C #

Alkyl esters CH3(CH2)xCOO(CH2)yCH3 34 to 62 C ##

Fatty acids CH3(CH2)xCOOH 16 to 32 C ##

Fatty alcohols (primary) CH3(CH2)yCH2OH 22 to 32 C ##

Fatty aldehydes CH3(CH2)yCHO 22 to 32 C ##

Ketones CH3(CH2)xCO(CH2)yCH3 23 to 33 C #

Fatty alcohols (secondary) CH3(CH2)xCHOH (CH2)yCH3 23 to 33 C #

β-Diketones CH3(CH2)xCOCH2CO(CH2)yCH3 27 to 33 C #

Triterpenols Sterols, α-amyrin, β-amyrin, uvaol, lupeol, erythrodiol

Triterpenoid acids Ursolic acid, oleanolic acid, etc.

Others

Branched alkanes, alkenes, hydroxy– and oxo-
β-diketones, esters, acids, acetates and benzoates of
aliphatic alcohols, phenylethyl-,methyl- and triterpenoid
esters, etc.

C – carbon, # – odd numbered, ## – even numbered

tion is performed by β–hydroxyacyl–CoA dehydratase (HCD), that leads to enoyl–CoA

reductase (ECR) reduction yielding VLCFA’s ranging between 20 and 36 carbons (Millar

and Kunst, 1997).

There is extensive evidence, that type–1 fatty acid elongases KCS are responsible for

VLCFA quantities in Arabidopsis thaliana, where at least 21 FAE type–1 sequences exist

(Kunst and Samuels, 2009). Millar and Kunst (1997) showed that extra copies of FAE1 KCS

increase the level of VLCFA’s synthesised, while the deficiency of this enzyme affected

their composition and storage (James et al., 1995). Moreover, evidence by Denic and

Weissman (2007) showed that the depth of the pocket of the KCS elongases might be

determining the length of the VLCFA’s. In Arabidopsis, ECERIFERUM6 (CER6) has been

shown to be the only specific type–1 KCS responsible for C22 or longer VLCFA’s formation

(Millar and Kunst, 1997).

Generally, fatty acid synthesis depend on the energy status and redox state as well as

the diurnal rhythms and amount of light received by the plant (Browse et al., 1981; Raw-
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sthorne, 2002a). In Arabidopsis, 80% of the metabolic flux goes through the decarbonyla-

tion pathway (von Wettstein-Knowles, 2001; Costaglioli et al., 2005), that yields alkanes,

ketones, aldehydes and secondary alcohols (Post-Beittenmiller, 1996). The acyl reduc-

tion pathway converts VLCFA’s into primary alcohols and wax esters (Post-Beittenmiller,

1996). Molecules originating from both metabolic fluxes are thought to be assisted by

ABC transporters (Kang et al., 2011) and lipid transfer proteins in order to cross the

plasma membrane and appear on the surface (for more detail see section 1.4.3). However,

the exact mechanism of how waxes are transported to the surface is not known, but it

is thought that expanding young leaves separate the previously even distribution of the

wax crystals, making them come into clusters and thus allowing to be filled with new

wax (Riederer and Muller, 2008).

1.4.5 Isoprenoid biosynthesis

Plant isoprenoids are compounds that contain isoprene units or are synthesised from

them. Carotenoids, fat–soluble vitamins, sterols, quinones, terpenes and other hormones

belong to this group of compounds. Overall, there are more than 30,000 known isoprenoid

compounds serving a very wide variety of biochemical functions (Buckingham, 1993).

They are synthesised via two distinct biosynthetic routes: (i) mevalonate pathway in the

cytosol; and (ii) DXP (deoxy-D-xylulose-5-phosphate) pathway in the plastid. Essen-

tially, all isoprenoids are synthesised via the IPP (isopentenyl diphosphate) and DMAPP

(dimethylallyl diphosphate) building blocks in one of these pathways (figure 1.11).

The DXP pathway converts G-3-P (glyceraldehyde-3-phosphate) and pyruvic acid to IPP

and DMAPP at a ratio 5:1 (Kirby and Keasling, 2009). Both precursors are used to produce

GPP (geranyl diphosphate) that is a precursor for monoterpene biosynthesis (C10). Longer

chain C20 isoprenoid precursors are also made downstream the pathway that belong to the

diterpene group of isoprenoids. The mevalonate pathway holds an equal balance of IPP

and DMAPP that are made by 6 steps of acetyl-CoA (acetyl-Coenzyme A) conversions.

Downstream the pathway, two molecules of IPP or one molecule of DMAPP is used to

produce FPP (farnesyl diphosphate) that is a precursor for C15 isoprenoid group to which

sequiterpenes and triterpenes belong.
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As displayed in figure 1.11, the two isoprenoid pathways are precursors for a large variety

of molecules. Some of these isoprenoids are discussed in more detail in the following

subsections due to their relevancy to this study.

Figure 1.11 – Generalised schematic representation of isoprenoid biosynthesis in
plants. Dashed lines - multiple steps, DXP - deoxy-D-xylulose-5-phosphate, IPP -
isopentenyl diphosphate, IDI - IPP isomerase, DMAPP - dimethylallyl diphosphate,
GGPP - geranylgeranyl diphosphate, GPPS - GPP synthase; GGPPS - GGPP synthase,
CDP, copalyldiphosphate, FPP - farnesyl diphosphate, FPPS - FPP synthase, GPP
- geranyl diphosphate, IPP - isopentenyl diphosphate. Adapted from Kirby and
Keasling (2009).

Carotenoids

Carotenoids are organic pigments that can be naturally made only in photosynthetic

organisms, such as plants, algae and bacteria. These bright coloured derivatives are

essential building blocks to many organisms via variety of roles, therefore they play an
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Figure 1.12 – Schematic representation of carotenoid functions in nature. Carotenoids
promote the health and wellbeing of animals by playing roles in attraction, fitness,
predation and pigmentation. In humans carotenoids promote nutritional and health
improvement. In photosynthetic organisms they play as hormones and signalling
molecules by providing substrates as well as being the assembly block of photosys-
tems and actively participate in photoprotection and capturing of energy by light.
Adapted from Cazzonelli (2011).
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important part in health, cosmetic and food industries. The main and essential roles

of carotenoids are broad and are outlined in figure 1.12. They play a role in attraction,

fitness, predation and pigmentation of various animals. For instance, flamingoes ingest

carotenoids through their aquatic organism diet (shrimps and algae) that colours their

feathers in bright pink and are important for their wellbeing and health. Meanwhile,

sufficient carotenoid consumption in human diet play an important role in eye and car-

diovascular health as well as an antioxidant role (T. Y. P. Bonnie, 1999). In photosynthetic

organisms, carotenoids provide substrates for plant hormone biosynthesis and signalling

molecules. Moreover, they actively participate in the light capture mechanism and are a

part of the assembly of photosystem (Cazzonelli, 2011).

Figure 1.13 – Schematic representation of carotenoid biosynthesis in plants. GGPP -
geranylgeranyl diphosphate, PSY - phytoene synthase, PTOX - plastidial termnal oxi-
dase, ABA - absicic acid, SLs - strigolactones. Adapted from Ruiz-Sola and Rodriguez-
Concepcion (2012).

In higher plants, carotenoids are synthesised in the plastids via the DXP pathway and

derived from the condensation of two C20 GGPP (geranylgeranyldiphosphate) molecules

as described in section 1.4.5. These molecules make up the C40 cytoskeleton of all
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carotenoids, to which the initial reaction is formation of phytoene - a first colourless

carotenoid in the pathway as displayed in figure 1.13 (Fraser et al., 2007). Production of a

first coloured carotenoid lycopene is the result of desaturation and isomerisation of phy-

toene. Lycopene cyclisation produces two types of carotenes – α-carotene or β-carotene.

The difference of the two carotenes depends on the desaturation of lycopene – the first

cyclisation of lycopene ends yields one β and one and ε ring and forms α-carotene (left

panel of the scheme in figure 1.13), while maximally desaturated lycopene is cyclised and

yields two β rings on its polyene chain and results in β-carotene (right panel) (Sandmann,

1994). Carotenoid colour depends on the number of conjugated double bonds found

on their backbone and oxygen modifications (Cazzonelli, 2011). Hydroxylation of the

carotene pathway yields a variety of xanthophylls depending on the type of carotene

used. For instance, α-carotene hydroxylation results in lutein, while zeaxanthin is hy-

droxylated from β-carotene. Double epoxidation of zeaxanthin makes violaxanthin and

downstream to violaxanthin neoxanthin can be made. Other varieties of carotenoids can

be found downstream this pathway, such as apocarotenoids (via cleaving of carotenoids),

ketocarotenoids (with carbonyl group).

Xanthophylls

Xanthophylls are yellow pigments that form a specific division of the carotenoids (figure 1.13).

The main chemical distinction that defines these molecules within the carotenoid family

is the presence of the oxygen moieties in the form of hydroxyl or epoxide groups. The for-

mation of xanthophylls occur via oxygenation of the end groups after cyclisation reactions

(described in the section above). The oxygenation reactions are catalysed by the carotene

hydroxylases, where the addition of a hydroxyl molecule at the C3 and C3’ positions to

α and β –carotene results in α and β cryptoxanthin. These two compounds eventually

form lutein and zeaxanthin. The addition of 5,6 epoxy group to the β rings of zeaxan-

thin results in the formation of antheraxanthin. A second addition of the same epoxy

group forms violaxanthin. Epoxy group reactions are catalysed by zeaxanthin epoxidase.

A reverse reaction catalysed by violaxanthin de-epoxidase can revert violaxanthin back

to zeaxanthin. Collectively, this series of reactions are termed as the xanthophyll cycle
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(Hugueney et al., 1996). In nature, components of xanthophyll cycle are responsible for

protecting the photosynthetic apparatus from damage induced by high-intensity light in

green ”chloroplast containing” tissues (Niyogi et al., 1997; Jahns and Holzwarth, 2012).

The conversion leads to energy dissipation and reduces the amount of energy reaching

the photosynthetic apparatus. This prevents generation of singlet oxygen species, which

could cause oxidative damage to the cellular structures (Niyogi et al., 1997). For this

reason, zeaxanthin accumulates in high amounts in leaves of green plants or algae cells

when under high light intensitty.

Tocopherols

Lipophilic antioxidants, otherwise termed as tocochromanols are vitamin E constituents

that are essential to human and animal diets (DellaPenna and Pogson, 2006). They possess

a number of non-antioxidant, antioxidant and radical scavenging roles in mammals,

therefore they have been found to be effective in prevention of a number of diseases and

their complications. As it is known, oxidation has been linked to various diseases such

as cancer, arthritis, Alzheimers disease, cataracts and even ageing (Rzvi et al., 2014). All

tocochromanols play a protective role to membrane lipids by scavenging lipid peroxy

radicals and ROS (reactive oxygen species) (DellaPenna and Pogson, 2006). For instance,

research has shown tocopherols having a strong inhibition on lipid peroxidation in human

erythrocytes (Howard et al., 2011). Each type of tocochomanol has its own specificity in

their action mechanism. For example, production of new radical inhibition is associated

with α-tocopherol, while γ-tocopherol is more potent in neutralising existing free radicals.

This contributes to its role as an antioxidant, helps combat anti–inflammatory processes

in the body therefore it is very important in nutrition, food and cosmetic industry.

Tocopherols are synthesised downstream GGPP exclusively in the plastid containing or-

ganisms (please see isoprenoid biosynthesis in figure 1.11 section 1.4.5) via two metabolic

pathways. Cytosolic shikimate pathway that yields HGA (homogentisic acid or ho-

mogentisate) forms the aromatic ring of tocopherols, while the GGPP is reduced to PDP

(phytyl-diphosphate) which is used to synthesise tocopherol tail (green arrows in fig-

ure 1.14). The conjugation of the two yields tocopherols (Lushchak and Semchuk, 2012).
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Figure 1.14 – Schematic representation of pathway of tocopherols downstream the
GGPP (geranylgeranyl diphosphate). IPP - isopentenylpyrophosphate, PDP - phytyl-
diphosphate, MPBQ - methyl-6-phytyl-1,4-benzoquinone. Adapted from DellaPenna
and Pogson (2006).

In addition phytol degradation can also be used for tocopherol synthesis (DellaPenna

and Pogson, 2006). Meanwhile, tocotrienols are derrived from GGPP instead of PDP

(brown arrows in figure 1.14). In plants, four tocopherols and four tocotrienols belong

to this group and are present in their tissues at various levels (figure 1.15). Tocopherols

naturally occur in the tripple R configuration and have a C16 side chain that is saturated.

Meanwhile, tocotrienols possess an unsaturated farnesyl side chain and have a chiral

stereocenter occurring at the second carbon molecule (Colombo, 2010). Although toco-

pherol deficiency to plants is not lethal, they have been shown to play important roles

in gene expression, membrane associated signalling pathways and mediating signalling

molecules associated with lipid synthesis (DellaPenna and Pogson, 2006). As a result,

biosynthesis of plant tocochromanols varies throughout plant development as well as in

response to different triggers associated with its antioxidant activities, for example stresses

induced due to environmental changes such as chilling, high light intensity, salinity or

metal contamination. More extensive details of tocochromanol biosynthesis and their

action is available in the following reviews: DellaPenna and Pogson (2006); Lushchak
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and Semchuk (2012); Rzvi et al. (2014).

Figure 1.15 – Structural differences of tocopherol and tocotrienol. Adapted from
DellaPenna and Pogson (2006); Colombo (2010).

Phytosterols

Another product of isoprenoid pathway are plant sterols. In photosynthesising organ-

isms they include over 250 compounds and are essential membrane components that

control permeability and fluidity of the membrane. Incorporated into membranes, they

interact with membrane proteins and phospholipids. Additionally, they play roles in

cell differentiation and proliferation, modulating ATPase activity in the membrane and

storage and some even playing protective roles from oxidation. The principal phytosterol

components of plant tissues are 4-desmethyl sterols to which sitosterol, campesterol and

stigmasterol belong to (Piironen et al., 2000).

Sterols biosynthesise downstream mevalonate pathway (please see isoprenoid biosyn-

thesis in figure 1.11 section 1.4.5). FPP is the branch point for the triterpenes (that

phytosterols belong to) and sequisterpenes. Squalene synthase controls the activity of

this pathway together with a series of other interacting pathways to which more than 30

enzyme catalysed reactions belong (Benveniste, 1986). Cycloartenol is the first compound

following squalene oxide and can be converted into alkylated sterol end–products, such

as campesterol and stigmasterol (figure 1.16).
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Figure 1.16 – Generalised schematic representation of sterol biosynthesis in plants.
Adapted from Piironen et al. (2000).

Plants are the most important sources of phytosterols for human diet because they are

acquired only via intestinal absorbtion. As a result, a typical average intake of phytos-

terols is between 146 to 405 mg via food and especially plant based food such as grains,

vegetables and oils (Miettinen and Gylling, 1998). Miettinen et al. (1990) has previously

shown phytosterols (β-sitosterol and campesterol) to reduce LDL (low density lipoprotein)

cholesterol levels and plasma total cholesterol levels contributing to aiding absorption of

”bad” cholesterol (Ling and Jones, 1995; Hafoorunissa, 2009). As a result, phytosterols

have market importance as supplements and their supplementation is recommended by

National cholesterol education program for reduction of LDL cholesterol (Racette et al.,
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2010) that contributes to heart disease, stroke and diabetes.
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1.5 Aim and objectives of the study

The aim of this project is to evaluate and develop the potential of Nicotiana glauca as a

renewable feedstock for biorefining.

Objective 1

• The use of metabolite profiling to determine the presence of valuable small

molecules in Nicotiana glauca leaf material. The metabolite profiling was per-

formed for Nicotiana glauca wild type (wt) mature leaves in order to determine

naturally occurring high value compounds available in this crop. Consequently,

the metabolite profiling was performed on 10 developmental stages of the leaf de-

velopment. Two varieties of N. glauca were used – wt and a transgenic ge8 variety

engineered using CrtZ and CrtW gene combination (carotene hydroxylase and ke-

tolase respectively) from Brevundimonas that was engineered by Mortimer (2010) to

produce high value ketocarotenoids.

Objective 2

• Determine the tolerance of Nicotiana glauca to abiotic stresses and the effect on

the content of useful materials present. Assessment of phenotypic and metabolite

changes were investigated in wt and transgenic ge8 lines in three environments –

heavy metal contamination, salinity and drought.

Objective 3

• The effect of different environmental growth conditions on the content of useful

metabolites found in vegetative tissues of N. glauca. Agronomic and metabolite

assessment was performed to Wild type N. glauca variety in two trials – field trial

in United Arab Emirates and a polytunnel trial in United Kingdom. Samples of

the leaf material harvested were processed using Laboratory scale based and Pilot

scale field based procedures that were compared to determine any occurring losses
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in metabolites of interest. In addition, Nicotiana glauca transgenic variety ge8 were

compared to the wt by agronomic assessment and useful metabolite content in a

polytunnel trial.

Objective 4

• The functional characterisation of candidate genes associated with lipid metabolism.

A model organism Arabidopsis thaliana was used to create genetic mutations in poten-

tial gene candidates as part of collaboration with Max Planck Institute of Molecular

Plant Physiology in MultiBioPro programme. The transgenic lines generated were

functionally characterised and determination of their association with lipid and wax

deposition was stipulated. This was carried out by using proteomic approaches and

available transcriptomics data (via MultiBioPro partnerships) to identify gene can-

didates in N. glauca associated with these functions.



Chapter 2

Experimental Procedures

2.1 Overview

This chapter describes the methodologies used to produce the result sections of subse-

quent chapters. Primary and secondary metabolites of two Nicotiana glauca plant lines

were analysed. The wt graham species of Nicotiana glauca and transgenic ketocarotenoid

producing line ge8 were used for the analyses (for more information see Introduction, sec-

tion 1.3). The transgenic line in this study termed as ge8 contains a single insert CrtZ/W

genes engineered from Brevundimonas sp. SD212 CrtW and crtZ genes (Mortimer, 2010).

It was selected out of 5 transgenic lines in the study of ketocarotenoid sequestration

by Mortimer (2010), because it was found to be the most stable line over the multiple

generations studied. Previous characterisation of ge8 showed its stability and described

phenotypic traits unique to the variety. As a result, ge8 line was further used to evaluate

its metabolite changes compared to the wt and reach other objectives in the project as

described in the section 1.5.

2.2 Growth conditions

2.2.1 Nicotiana glauca growth for metabolite and protein analyses

Nicotiana glauca was grown in 20 cm diameter pots containing M3 professional growing

medium (Scotts Levington). Plants were glasshouse grown at 16 hour day and 8 hour dark

photoperiod. During daytime, the temperature was around 22–26°C, while the nocturnal

temperature was between 14-17°C. The leaves were harvested as described in section 2.3

43
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and subject to metabolite analyses as described in section 2.4. Alternatively, leaves were

harvested for protein analysis as described in section 2.7.6

2.2.2 Arabidopsis thaliana growth for protein and metabolite analyses

As part of MultiBioPro project and collaboration with Max Planck Institute of Molecular

Plant Physiology (MPI), Dr. Colin Ruprecht, sixteen different Arabidopsis thaliana plant

lines were received for metabolite analyses. The plants were grown in a growth chamber

at 16 hour day and 8 hour light photoperiod at 21 °C at Max Planck Institute of Molecular

Plant Physiology institute and their harvested mature rosette leaves were flash–frozen,

lyophilised and sent to RHUL. The samples were subject to metabolite analysis as de-

scribed in section 2.4.2. The seeds of each line were also received from the partner and

planted at the growth chamber on site using the same growth conditions as above. The

plant leaves were harvested after 4-6 weeks of growth for protein extraction as described

in section 2.7.6.

Table 2.1 displays the sequence of Arabidopsis project and quotes the credit for the work

for each partners. The MPI partner was responsible for creating Arabidopsis mutants

using comparative co–expression analysis across studied species and selecting candidate

genes for further metabolite analysis at RHUL. The MPI partner monitored across a

developmental series global gene expression in 8 different plant species. Following this,

they identified clusters of co-expressed genes in each species, and focused on a cluster

which included genes associated with wax and cutin biosynthesis genes. The genes of

interest within such a cluster were then ranked by the number of species in which a gene

had been found to correlate with fatty acid synthesis genes: the greater the number of

species in which that had occurred (i.e. the higher the degree of conservation of the

correlation), the greater the interest in the gene. Chosen genes of highest interest were

then used to engineer the expression and the lines were provided to RHUL.
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Table 2.1 – Sequence of the work performed for functional characterisation of GDSL
and LTP mutants of Arabidopsis thaliana as part of collaboration with Colin Ruprecht,
Max Planck Institute of Molecular Plant Physiology (MPI). Credit abbreviated as
RHUL belongs to the thesis author.

Modeling Credit
Candidate gene identification MPI

Cloning MPI
Expression Levels MPI

T2 generation growth and harvesting for lipid analysis MPI
T2 generation lipid profiling RHUL

T3 generation growth and harvesting for hydrocarbon analysis RHUL
T3 generation hydrocarbon analysis RHUL

T3 generation proteomic analysis RHUL
Metabolite data analysis RHUL

2.2.3 Environmental growth conditions

For environmental assessment, Nicotiana glauca plants were grown at the same conditions

as described in section 2.2.1 and only watering specifications were altered. The plants

had a control growing at the same time of the treatment. Both lines wt and ge8 of N. glauca

were used. Four biological replicates were chosen to be observed and harvested for all

environmental settings. Table 2.2 displays a summary of each treatment and references

used.

For drought condition, the watering regime was minimised by half for 5 days and then

completely eliminated till the plants showed severe drought phenotype (15 days). Re-

watering was introduced after day 15 of drought regime to determine if the plants can

recover from the drought. To ascertain salinity conditions, two runs of experiments were

performed at the same concentrations at two different timings for two sets of plants. Two

concentrations of NaCl were used: 12 g/l (0.21 mM) and 24 g/l (0.41 mM). The plants were

watered based to their needs as a usual regime for the control plant. In the case of heavy

metal treatments, two runs of experiments were performed at the same concentrations at

two different timings for two sets of plants. A mixture of three heavy metals were used

to make a final concentration of 2 and 4 g/l respectively. For the first experiment, 0.5

mM CuSO4, 2 mM NiSO4 and 5 mM ZnSO4 was used. For the second experiment, the

amounts of these metals were doubled. The plant watering regime was the same as the
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Table 2.2 – Evironmental growth conditions, their selection and references

Condition Reasoning References
Drought Laboratory Imitation of desert-like set-

ting comparable to the field trial in
the UAE; Survival/lethality determina-
tion when dealing with sudden/extreme
drought stress/water unavailability.

Blum (2006); McDowell
et al. (2008); Sapeta et al.
(2013)

Salinity 12g/l Halophyte growth is optimal in 50%–
75% seawater. Average seawater contains
around about 560 mM Cl- and 480 mM
Na+. The concentration was chosen based
on that and additional information from
the references provided.

Munns et al. (1995);
Munns and Tester
(2008); Shanker and
Venkateswarlu (2011);
Flowers and Colmer
(2015)

Salinity 24g/l Concentration doubled to see the effect
and to find lethal quantities specific to
Nicotiana glauca

Zhu (2001); Munns
(2002); Flowers and
Colmer (2015)

Heavy metals 2 g/l Concentrations were chosen based on the
previously documented effect from the
references. Guidelines to other plants
grown on heavy metal contaminated soils
were consulted.

Boruvka et al. (1997);
Shingu et al. (2005);
Christofaki (2011);
Vodyanitskii (2010)

Heavy metals 4 g/l Concentration doubled to see the effect
and to find lethal quantities specific to
Nicotiana glauca

Christofaki (2011)

control plants that were watered using normal water.

2.2.4 Seasonal growth conditions

Metabolite analyses were performed at two different times throughout the duration of the

project to ensure data robustness and evaluate seasonal implications on the metabolite

profiling. The plants were grown as described in section 2.2.1 (summer harvest) and har-

vested as described in section 2.3. The first harvest occurred during the month of August

and was defined as summer harvest. The second harvest occurred during the month of

December and was defined as winter harvest. The temperatures in the glasshouse during

winter season were different and ranged between 8-15 °C in daytime and 3-8 °C at night.
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2.2.5 Polytunnel growth conditions, evaluation and harvest

Nicotiana glauca plants were set up for polytunnel trial. Wt and ge8 plant cuttings were

collected from previously grown plants in the greenhouse as described in section 2.2.1.

The cuttings were placed in large 30 cm diameter pots containing M3 professional grow-

ing medium (Scotts Levington). The plants were grown using 16 hour light and 8 hour

darkness photoperiod. The temperature was not maintained, therefore it was recorded

during the duration of the experiment (see Chapter 4, section 4.2.4). Chlorophyll fluo-

rescence was measured using Pulse-Modulated Fluorimeter FM1 (Hansatech). After 16

weeks of growing, Nicotiana glauca was harvested by cutting the stem 2-5 cm above the

ground level. The stems were separated from the leaves and the flowers and harvested

material was bagged and sent to a collaborator from MultiBioPro, PPM. Samples from

each bag were taken for mass extraction metabolite analysis and analysed as directed per

sections in 2.4. Other samples were dried at RT and also analysed.

2.2.6 Field trial growth conditions, evaluation and harvest

Nicotiana glauca wt was grown in United Arab Emirates UAE. The plants were primarily

grown from seed and then from the cuttings. A total of 4 harvests were made and an eval-

uation of harvest three was a part of collaboration via MultiBioPro Project with Neutral

Consulting Group. The temperature was not maintained, therefore it was measured dur-

ing the duration of the experiment. The evaluation of third harvest included measuring,

weighing and collecting samples of the material on the site of growth. Collected samples

were shipped back to RHUL and analysed as described in section 2.4.

2.3 Material preparation

2.3.1 Material harvest for developmental stage metabolite analysis

Material of Nicotiana glauca wt and ge8 lines was grown as directed in section 2.2.1. The

leaves were assigned 10 leaf developmental stages that were used for metabolite analysis
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by RHUL and RNA sequencing by Max Planck Institute of Molecular Plant Physiology

as part of MultiBioPro collaboration. The way leaf developmental stages were divided

are displayed in figure 3.3 (Chapter 3). A group of leaves from each developmental stage

were flash frozen in liquid N2 immediately after harvesting and stored at -80°C. For some

analyses (where specified) key stages of Nicotiana glauca leaf development were used for

the analyses.

2.3.2 Material harvest for metabolite analysis

Mature leaf tissues were harvested from Nicotiana glauca and Arabidopsis thaliana. Select

leaves as described per section 2.3.1 or mature leaves were harvested for Nicotiana glauca.

Mature leaves of Arabidopsis were used. Harvested leaves were instantly flash–frozen

with liquid nitrogen and stored at -80°. Leaves were harvested in biological triplicates or

quadruplicates. The material harvested was vacuum dried, homogenised (Tissue Lyser

LT, Qiagen TM) and weighted, then stored at -20 °C for further use.

2.3.3 Material harvest for protein extraction

Freshly harvested mature leaves of Arabidopsis thaliana and Nicotiana glauca or key devel-

opmental stage leaves (see section section 2.3.1) of Nicotiana glauca were used for protein

extraction. Six protein extraction methods were tested for Nicotiana glauca wt and ge8 and

are discussed in Chapter 5, section 5.2.4. The extraction methods are listed in detail in

section 2.7.6.

2.3.4 Field trial harvesting methods

Two methods were compared for field trial harvests. Laboratory scale based procedure

was implemented in the same way as the material described in section 2.3.2. For the Pilot

scale field based procedure, mature leaf tissues were air dried in the sun for 1-2 weeks

and homogenised using Tissue Lyser LT, QiagenTM, weighted and stored at -20°C until

further use. The samples were then processed as described in further sections 2.4.1 and

2.4.2.
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2.4 Extraction of metabolites and preparation for analyses

2.4.1 Solvent extraction of pigments from freeze dried tissues

Freeze–dried plant tissues as described in section 2.3.2 were used to extract total carotenoids

and chlorophylls. 9-15 mg of freeze–dried and homogenised leaf samples were resus-

pended with methanol (250 µl) , then laboratory reagent grade chloroform ( 500 µl) and

vortexed in between additions and after. The samples were then incubated for 20 min. on

ice in the dark. Furthermore, H2O (250 µl) was added to the samples and vortexed. Cen-

trifugation was performed at 21,100 x g for 5 min., then the bottom non–polar phase was

separated from the top aqueous phase. Aqueous phase was used to repeat the extraction

again and both non–polar phases were combined and dried using EZ-2 plus evaporator

(GeneVac Ltd) and under nitrogen gas if necessary for complete dryness. Dried samples

were stored at -20 °C. The dry residue was resuspended in ethyl acetate (100 µl) prior

the analysis and vortexed then centrifuged at 9,000 x g for 1 min and transferred into the

analysis vials.

2.4.2 Solvent extraction of non–polar compounds from freeze dried tissues

For non–polar metabolite profiling, approximately 10 mg of freeze–dried and homogenised

sample powder was resuspended with methanol (250 µl) and vortexed. chloroform (500

µl) was added containing specific internal standard (Deuterated myristic acid) at 20

mg/ml. The samples were inverted for 1 hour on a rotating wheel and 250 µl of Tris−HCl

was added (50 mM, pH 7.5). 5 min. centrifugation followed at 21,100 x g (Microfuge 16,

Beckman). Non–polar phase was transferred to a new tube and the remainder sample

was re–extracted with 500 µl of chloroform with vortex and centrifugation as directed

above. Both extracts were combined and dried using EZ-2 plus evaporator (GeneVac Ltd)

for storage at -20 °C until further use.
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2.4.3 Solvent extraction of saponified non–polar compounds from freeze dried

tissues

For saponified non–polar metabolite profiling, approximately 10 mg of freeze–dried and

homogenised sample powder was resuspended with methanol (500 µg) in a glass tube

and vortexed. 60 % KOH (50 µl) was added. After vortexing, the sample was incubated

at 50 °C for 1 hour. The sample was then cooled down on ice and 200 µg of internal

standard (D27–myristic acid) was added together with H2O (500 µl) and chloroform (800

µl). The mixture was centrifuged at 25,314 x g for 5 min. and the non–polar phase was

transferred to a new tube. The remainder sample was re–extracted with chloroform (1

ml), vortexed and centrifuged again. Both extracts were combined and dried using EZ-2

plus evaporator (GeneVac Ltd) for storage at -20 °C until further use. The dry residue

was resuspended in chloroform (1ml) and an aliquot (1:10) was used for derivatisation

and GC–MS analysis as described in sections 2.4.8 and 2.6.2 respectively.

2.4.4 Solvent extraction of compounds from dried leaves

Dried leaves harvested as directed in section 2.2.6 were subject to non–polar and iso-

prenoid analyses. Dried leaves were homogenised and weighted to approximately 10 mg

tissue powder. The extractions were executed as directed in sections 2.4.1 and 2.4.2.

2.4.5 Transmethylation of glycerolipids

Approximately 10 mg of freeze–dried and homogenised sample powder or dried extracts

from section 2.5.2 were resuspended with 1:2 ratio of hexane (1 ml) and 1 % sulphuric

acid (H2SO4) in methanol (2 ml) in a glass tube. The samples were heated at 85 °C for 2

hours and subsequently cooled down on ice. 2:1 ratio of hexane and 5 % of potassium

chloride (KCl) was added (1 ml and 0.5 ml respectively). The samples were vortexed and

then centrifuged for 15 min. at 25,314 x g. The upper phase was separated to a new tube

and dried using EZ-2 plus evaporator (GeneVac Ltd). Dried extracts were stored at -20

°C. Prior GC–MS analysis, the extracts were resuspended in methanol (20 µl).
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2.4.6 Solvent extraction of polar compounds from freeze dried tissues

Freeze–dried plant tissues as described in section 2.3.2 were used to extract polar metabo-

lites. 9-15 mg of freeze dried and homogenised leaf samples were resuspended with 1:1

ratio of methanol and H2O (800 µl) and vortexed. An internal standard of Ribitol at 10 µg

was added. The suspension was inverted for 1 hour at RT and further chloroform (800 µl)

was added. The polar phase was separated by centrifugation at 21,100 x g for 5 minutes.

Polar extract was dried using EZ-2 plus personal evaporator (GeneVac Ltd) and stored at

-20 °C until further analysis.

2.4.7 Solvent extraction of hydrocarbons from the leaf surface

Each plant leaf developmental stage (section 2.3.1) was cut into 0.6 cm diameter leaf disks

that were used for surface hydrocarbon extraction by 2 minute incubation with hexane

(500 µl). The leaves were taken out and an internal standard Nonadecane (C19H40) was

added at 10 µg. Samples were dried using EZ-2 evaporator (GeneVac Ltd) and stored at

-20 °C till subject to GC-MS analysis as described in section 2.6.2.

2.4.8 Derivatisation of metabolites

Polar and non–polar samples were subject to derivatisation for GC–MS analysis. A

dry residue was resuspended with methoxyamine hydrochloride (MEOX) (20 mg/ml in

pyridine, 30 µl) and incubated in a sealed glass vial at 40 °C for 1 hour. N-methyl-N-

(trimethylsilyl) trifluoroacetamide (MSTFA) was added (70 µl) and further incubated at

the same temperature for 2 hours. Derivatised samples were used immediately after.

2.4.9 Preparation of confirmation standards and internal standards

Each standard was weighed between 10–20 mg into eppendorf tubes and resuspended

with 1 ml of solvent respective to a standard. For Amino acids – 0.5 M HCl; Organic acids

– methanol; Fatty acids – chloroform; Sugars – H2O or 50 % methanol; Hydrocarbons
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and terpenoids – hexane. Samples were then aliquoted to 1 mg per vial and dried using

EZ-2 plus personal evaporator (GeneVac Ltd). After complete dryness the standards

were stored at -20 °C. To use, weighed standard samples were resuspended with 1 ml of

the same solvent and 20 µg were used either for standard confirmation or added as an

internal standard (IS).

For compound confirmation, an aliquot of 20 µg of standards were dried and derivatised

as described in section 2.4.8 and analysed by GC–MS as described in section 2.6.2. For

internal standards, a 20 µg of aliquot was used to add to a sample extraction as described

in sections 2.4.2 2.4.6 and 2.4.7.

2.5 Separation of glycerolipid classes

2.5.1 Separation of lipid groups using TLC

Metabolite extracts obtained from the extracts of Nicotiana glauca key leaf developmental

stages as described in section 2.4.2 (Non–polar extractions, with no internal standard

added) were resuspended in chloroform (25 µl) and combined in technical replicate

duplicates. The samples were loaded at the bottom of HPTLC silica gel 60 F254 plates

(Merck). The plates were placed upright in a TLC container filled with mobile phase of

acetone/toluene/water (91/30/7) at around 1cm depth. Pre-soaked filter paper in mobile

phase was used in the tank to maintain the humidity. Lipid groups were separated for 1

h and visualised with iodine vapour for up to 30 minutes. Visualised spots were marked

and extracted as described in section 2.5.2. A mix of lipid group standard was used for

each TLC run to identify the lipid groups. The standard was mixed and the separation of

the groups was tested against individual lipid group standards to ensure separation and

standard quality.

2.5.2 Lipid extractions from Silica

Spots from TLC plate extractions (described in section 2.5.1) were scrapped from the plates

individually using a spatula and aluminium paper. The silica was collected in 2 ml capped
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tubes. 1:1 ratio of chloroform:methanol (1 ml) was added and incubated for 30 min. at

RT. The samples were then micro-centrifuged for 15 min. at 5,700 x g and the supernatant

was retrieved in a fresh tube. Re-extraction was performed for the remainder of silica and

the extracts were pulled together. An internal standard of deuterated myristic acid (D27)

was added (of 50 µg) and the samples were dried using EZ-2 plus evaporator (GeneVac

Ltd). The samples were stored at -20 °C and further transmethylated as described in

section 2.4.5.

2.6 Analysis of metabolites

2.6.1 Analysis of isoprenoids by HPLC–PDA

Plant extracts extracted as described in section 2.4.1 were analysed by HPLC–PDA (high

performance liquid chromatography with photo–diode array) AllianceTM 2600S system

(Waters, Milford, MA). A C30 reverse phased (RP) 5 µm column (150 mm x 4.6 mm) was

used coupled to a C30 guard column (4.6 x 20 mm) (YMC Inc.). Sample injection into the

system was 10 µl. The mobile phase (A, B and C) used was methanol (A), H2O/methanol

(1:4 ratio) with 0.2 % NH4CH3CO2 (B) and tert–methyl–butyl ether (C). A flow rate of 1

ml/min was carried out over 60 min. The isocratic gradient of 6 min. was 95 % A and

5 % B then 80 % A, 5 % B and 15 % C for 12 minutes. Subsequently, a linear gradient

was reached over 14 min. to 30 % A, 5 % B and 65 % C and held for 18 minutes. The

column was then returned to initial conditions for the next 10 minutes. The detection

of isoprenoids was performed continuously using an on–line photodiode array detector

from 220 nm to 700 nm. Carotenoids and chlorophylls were analysed at 286 and 450

nm. The spectral properties and retention times were compared to authentic standards

and reference spectra (Britton et al., 2004). The carotenoids identified and their reference

spectra is displayed in figure ??.
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2.6.2 Analysis of metabolites by GC–MS

Metabolites extracted as described in sections 2.4.2 2.4.6 and 2.4.7 were subject to Gas

Chromatography–Mass Spectrometry (GC–MS) analysis. Extracts were derivatised prior

to metabolite analysis as described in section 2.4.8. GC–MS analysis was implemented as

previously described by Enfissi et al. (2010). Agilent HP6890 gas chromatograph with a

5973MSD spectrometer was used. Samples were injected using a split/splitless injector at

290 °C. Retention time was locked to internal standard ribitol, while the run was executed

for 60 minutes. The oven was held for 4 minutes at 70 °C and then ramped at 5 °C per

min. to 310 °C. The final temperature was held for 10 minutes. The interface of the MS

was scanned from 10 to 800 D at 290 °C using 70 eV EI+. Automated MS deconvolution

and identification system was used to process initial chromatogram components. A

mass spectral library (MS) and Nist08 MS library database were used to identify the

compounds in the samples. Retention indexes (RI) and MS were used for identification

of each compound with the libraries. Relative quantitation was performed using internal

standard present in each sample, while absolute quantitation was built based on standard

calibration curve based on the compound being quantitated (discussed in section 2.7.2).

2.7 Metabolite Data analysis

For all metabolite analyses, three biological replicates and three technical replicates or

four biological and two technical replicates were analysed depending on the experiments

and the availability of material. This section will discuss the procedures used for the

analysis and quantitation of Nicotiana glauca and Arabidopsis thaliana metabolites.

2.7.1 HPLC–PDA Data analysis and quantitation

All isoprenoids were identified as described in section 2.6.1. The data gathered from

spectra obtained from HPLC analyses were processed with Microsoft Excel. Quantitation

was performed based on external calibration curve. Absolute quantitation of compounds

was performed by comparison of integrated peak areas with standard dose-response
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curves (0.07 to 2.5 mg). Compounds identified at 286 nm were quantitated using phytoene

standard curve. Compounds identified at 450 nm were quantitated using β-carotene

standard curve.

The following formula (1) was applied for the quantitation to µg/mg:

(1) Quantity= AreaC / AreaS x ConcentrationS

Where ”C” stands for Compound found in the sample and ”S” is Standard. In addition,

metabolite recovery was calculated as described in section 2.7.4. Initial weight of the

weighted freeze dried homogenate was recorded and adjustments were considered in the

calculations. Quality control sample replicates were used for every run in order to check

and/or correct the obtained data from different variation parameters.

2.7.2 GC–MS Data analysis and quantitation

Further identifications were performed using NIST 98 MS library. Identification of hy-

drocarbons and fatty acids was confirmed by comparing retention times and classical

fragmentation patterns to known authentic standards (Sigma-Aldrich). A list of metabo-

lite confirmation levels is available in Chapter 6.4.4 Appendix A.

Relative quantitation of compounds was performed based on internal standard present in

each sample. Internal standards were added as described in section 2.4.9. The following

formula (2) was applied for the relative quantitation of the compounds identified:

(2) Quantity= AreaC / AreaIS x QuantityIS / (QuantityDE x extract volume)

Where ”C” stands for Compound found in the sample, ”IS” is Internal Standard and

”DE” is Dried Extract Volume (initial weight of weighed freeze dried homogenate). In

addition, metabolite recovery was calculated as described in section 2.7.4.

Absolute quantitation of compounds was performed by comparison of integrated peak

areas with standard dose-response curves (0.07 to 2.5 mg), constructed from authentic

standards (n–hentriacontane). Excel was used to calculate means and standard errors of

the means (SEM). In addition, metabolite recovery was calculated as described in section
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2.7.4. Quality control sample replicates were used for every run in order to check and/or

correct the obtained data from different variation parameters.

2.7.3 Data Normalisation

Metabolite data acquired by GC-MS was typically normalised using ID-Align programme.

The data was normalised on an internal standard, global scale (material weight) and an

excel output was generated for further data analyses as described in sections 2.7.4 and

2.7.5.

2.7.4 Metabolite recovery

Metabolite recoveries were calculated based on quenching and extraction methods as

ratios of internal standards (ribitol for polar metabolites, D27–myristic acid for non–

polar, and Nonadecane for hydrocarbons) and displayed in the equation (3) as previously

described in Canelas et al. (2009):

(3) Recoveryx,i= Efficiencyx,i= [x] iAQ / [x] i BA

Where ”x” is metabolite, ”i” is the quenching method, while upper indexes BA and AQ

stands for internal standard being added Before analysis and After Quenching respec-

tively. Three biological and three technical replicates or four biological and two technical

replicates were analysed.

2.7.5 Statistical analyses and data visualization

Normalised data was analysed using principle component analysis (PCA) that is a statisti-

cal tool to visualise the variance occurring in the data based on principle components. The

score plot (based on statistical score awarded during the analysis) was produced to show

the distribution of the samples based on their similarities or differences in correlation with

the loading plot, where the the variable distribution show the cause of the separation.

Statistical analyses were performed for a minimum of 3 to a maximum of 9 replicates, de-

pending on the experimental set up. For all metabolite analyses, a replicate of 9 was used
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throughout the study. For the remainder data, at least 3 replicates were used. Depending

on experiment, the following statistical analyses were used (mentioned where relevant

in figure/table legends): i) post hoc t-tests followed by sidak corrections; ii) Anova sta-

tistical interpretation was used followed by post hoc tests with sidak corrections when

appropriate. Data that returned p value < 0.05 was considered statistically significant.

Anova statistics were calculated using GraphPad Prism 5 Software Inc., while student

t-tests were calculated using Microsoft Excel 2012 software. Statistically significant data

was overlaid on a pathway diagram using BioSynLab (Enfissi et al., 2010) or converted

to visualising graphs/tables/figures. Heat maps were designed based on statistical score

awarded using paired t-test using Bonferroni corrections.

2.7.6 Protein extraction methods

Extraction methods of LTP proteins were evaluated for the efficiency of leaf surface

extractions using the methods described below.

Extraction Method 1

Two whole leaves, 5 mm disks from two leaves or 10 mg homogenised powder of Nicotiana

glauca were subject to protein extraction with 4 % SDS respectively. SDS buffer was

prepared with 4 % w/v SDS (ThermoFisher Ltd), 2 % w/v thioglycerol, 20 % w/v glycerol

and 2 mM phenylmethylsulfonyl in 100 mM Tris−HCl (pH 8.5). The samples were

resuspended with SDS buffer (2 ml/0.5 ml/0.5 ml respectively) and heated for 3 minutes

at 80 °C. The samples were then centrifuged for 10 min. at 21,100 x g. Four volumes of ice

cold acetone was added and further incubated overnight at -20 °C. The samples were again

centrifuged and the pellet was washed with ice cold acetone followed by centrifugation

at the same specifications. The action was repeated again and the pellet was dried

and solubilised in freshly made 7 M urea buffer (7 M w/v urea, 2 % w/v thioglycerol

and 0.1 % SDS). The samples were incubated at RT for 1 hour and centrifuged again to

remove insoluble protein (aggregate). The soluble fraction were subject to visualisation

as described in section 2.7.7.
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Extraction Method 2

Two whole Nicotiana glauca leaves or their leaf disks were incubated with chloroform (1

ml) for 20 min. at RT with constant shaking. H2O was added (500 µl) and the sample

was vortexed, then centrifuged at 21,100 x g for 5 minutes. The top phase and bottom

phase were then removed and the pellet was dried in a GeneVac Ez-2 plus personal rotary

evaporator. The samples were resuspended in 7 M Urea buffer (7 M w/v urea, 2% w/v

thioglycerol and 0.1% SDS) and incubated at RT for 1 hour and centrifuged again to

remove insoluble protein. The soluble fraction were subject to visualisation as described

in section 2.7.7.

Extraction Method 3

Two whole Nicotiana glauca leaves or their leaf disks were incubated with methanol (1

ml) for 20 min. at RT with constant shaking. H2O (500 µl) was added and vortexed, then

centrifuged at 21,100 x g for 5 minutes. The the top phase and bottom phase were then

removed and the pellet was dried in a GeneVac Ez-2 plus rotary evaporator. The samples

were resuspended in 7 M Urea buffer (7 M w/v urea, 2 % w/v thioglycerol and 0.1 % SDS)

and incubated at RT for 1 hour and centrifuged again to remove insoluble protein. The

soluble fraction was subject to visualisation as described in section 2.7.7. Alternatively,

the samples were resuspended in 5x loading buffer as further described in section 2.7.7.

Extraction Method 4

Two whole Nicotiana glauca leaves or their leaf disks were incubated with 10 % SDS (300

µl) with constant rotation for 1 hour. The leaves were extracted and an aliquot of the

solution was taken and mixed with 5x loading buffer as further described in section 2.7.7.

Extraction Method 5

Two whole Nicotiana glauca leaves or their leaf disks were incubated with 1:1 ratio of

chloroform:methanol (300 µl) on ice for 20 minutes. H2O was added (500 µl) and the
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samples were vortexed and centrifuged at 21,100 x g for 5 minutes. The top and the

bottom layers were discarded and the white pellet was resuspended in 5x loading buffer

as further described in section 2.7.7.

Extraction Method 6

Two whole leaves, 5 mm disks from two leaves or 10 mg homogenised powder of Nicotiana

glauca were subject to protein extraction with 2:1 ratio of chloroform:methanol respectively

(total volume of 1 ml) and incubated for 20 min. with constant rotation. H2O (500 µl)

was added and vortexed, then centrifuged at 21,100 x g for 5 minutes. The top phase

and bottom phase was then removed and the pellet was dried in a GeneVac Ez-2 plus

rotary evaporator. The samples were resuspended in 7 M Urea buffer (7 M w/v urea, 2%

w/v thioglycerol and 0.1% SDS) and incubated at RT for 1 hour and centrifuged again to

remove insoluble protein. The soluble fraction were subject to visualisation as described

in section 2.7.7. Alternatively, the samples were resuspended in 5x loading buffer as

further described in section 2.7.7.

2.7.7 Protein visualisation by SDS–Polyacrylamide gel electrophoresis

Prepared protein extracts as described in section 2.7.6 were loaded to the prepared SDS

gels.

Sample preparation

Protein samples were mixed with 5x loading buffer (10 % w/v SDS, 10 mM Dithiothreitol

(DTT), 20 % v/v Glycerol, 0.2 M Tris−HCl, 0.05 % Bromophenolblue) and heated at 100

°C for 3 minutes. The samples were then loaded into wells. Low range Amersham

pre-stained protein marker RainbowTM was used (GE life sciences).
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Gel casts

The gels were casted using 1mm thickness plates (20 x 20.5 cm) (PROTEAN TM) according

to manufacturer’s instructions. Resolving gel of 15 % was prepared using H2O (1.15 ml),

30 % Bis-acrylamide Bioreagent (Sigma) (2.5 ml), 1.5M Tris (pH 8.8) (1.25 ml),10 % SDS

(50 µl), 10% ammonium persulfate (APS) (Thermofisher) (75 µl) and TEMED (Sigma) (2.5

µl). Stacking gel of 5 % was prepared using H2O (675 µl), 30 % Bis-acrylamide Bioreagent

(Sigma) (167.5 µl), 1M Tris (pH 6.8) (125 µl),10 % SDS (13 µl), ammonium persulfate (APS)

(17.5 µl) and TEMED (Tetramethylethylenediamine) (1.2 µl).

Electrophoresis

Electrophoresis tank was filled with the Running buffer (25mM Tris−HCl, 200mM Glycine

and 0.1 % w/v SDS) and ran at 120 V for approximately 160 minutes or until the down-most

marker reached the foot line of the glass plate.

Protein detection by staining

Electroporated SDS Polyacrylamide Protein gels were stained in two ways depending on

further needs. For quick and simple visualisation, protein gels were stained by coomasie

staining, while for proteomic analyses (as described in section 2.7.9) silver staining was

used (as per directions in ProteoSilverTM Silver stain kit technical bulletin and procedure

directions). Coomasie staining was performed using staining solution (described below)

for 2 min. at 800 W microwave power followed by agitation at RT for 1 hour. Staining

solution was removed and destaining solution was added to cover the gel that was further

left overnight agitating at RT.

Staining solution: 0.1% coomasie blue R-250, 10% acetic acid and 40% EtOH.

Destaining solution: 40% EtOH and 10% acetic acid.
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2.7.8 Measuring protein molecular weight

Molecular weight of identified proteins was measured using relative migration. A total

length of a stained SDS–Polyacrylamide gel electrophoresis gel as described in 2.7.7 was

measured. RF (Relative migration) of protein standards was logged on a graph according

to these measurements based on the distance from the top of the SDS gel. The mass of

the proteins were calculated based on the log values of protein standards plotted.

2.7.9 Protein destaining and In–gel digestion

Destaining and In–gel protein digestion was adapted from Shevchenko et al. (2006) pro-

tocol. Protein bands of interest were isolated by cutting them out from the SDS Protein

gel using a sharp disposable knife. protein gel pieces were incubated with acetonitrile

(300 µl) for 10 min. or until shrank. The liquid was removed and 10 mM DTT (50 µl) was

added, followed by 20 min. incubation at 56 °C. The tubes were chilled to RT and 50 µl

was added following 10 min incubation and removal of the liquid. 55 mM Iodoacetamide

(50 µl) was added and incubation of 20 min at RT. The liquid was then removed and

acetonitrile ( 300 µl) was used to shrink the gel pieces twice. Trypsin buffer at 13 ng/µl

in 10 mM ammonium bicarbonate with 10 % vol/vol acetonitrile was used (30–50 µl).

Incubation of 90 min. at RT for 90 min. and of 100 mM ammonium bicarbonate was

added (20 µl). The incubation was executed at 37 °C overnight. The tubes were chilled

to RT and spun down using a microcentrifuge. Aliquots of peptides were recovered and

gel pieces discarded. The peptides were zip tipped using C18 ZipTip TM pipette tips as

directed in the manufacturer specifications (Milipore). The analysis was executed using

LC/MS/MS or MALDI as described in sections 2.7.10 and 2.7.11.

2.7.10 Protein identification by LC/MS/MS

Cleaned up peptides as described in section 2.7.9 were subject to nano–LC/MS/MS anal-

ysis. A Dionex Ultimate 3000 RSLC nano system (Thermofisher) coupled to an amaZon

ETD ion–trap mass spectrometer with nano–electrospray ionisation source (ESI) (Bruker
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Daltonik) was used. Samples were dried using GeneVac Ez-2 plus rotary evaporator and

resuspended in 0.1 % TFA (10 µl). Sonication was performed for 10 mins. The samples

were then injected to the Dionex Acclaim PepMap 100 column (100 µmx 2 cm, C18, 5 µm,

100 Å) (Dionex Corporation) for pre–concentration. The sample was pre–concentrated

for 3 min. at 4 µl/min. and mobile phase was 0.1 % v/v TFA (phase A). In–line Dionex

Acclaim PepMap RSLC nano column (75 µmx 15 cm, C8, 2 µm 100 Å) was then activated.

Chromatographic separation was performed using linear gradient using mobile phases A

and B (0.1 % formic acid in acetonitrile). The gradient was run from 95 % A 5 % B to 60 %

A 40 % B over 45 min. at 0.25 µl/min at 30 °C. Mass spectrum was recorded by a directly

coupled nano–ESI source with a mass range of 300–2000 m/z. Three most intense peaks

were scanned by MS/MS. Nitrogen was used as a collision gas and ion spray voltage was

2.5–3.0 kV. The ion trap was set to Ultrascan mode with a maximal time accumulation (200

ms) and an average time of 5 ms. The automated spectral processing and peak list gener-

ation was performed using Mascot Distiller software v 2.4.2.0 (Matrix, Science). Database

search was performed using Mascot Daemon and Mascot interface v 2.2 (Matrix, Science).

The search parameters were set to MS/MS ion search with trypsin specificity. Fixed mod-

ifications were set to carbamidomethyl and variable modifications were set to oxidation.

Peptide and fragment mass tolerance was ± 0.3 Da. Maximal amount of missed cleavages

was set to 1. Proteins were identified using detected peptides via NCBInr for Arabidopsis

thaliana or Viridiplantae taxonomy sequences.

2.7.11 Protein identification by MALDI–TOF–MS

Cleaned up peptides as described in section 2.7.9 were subject to matrix assisted laser

desorption ionisation – time of flight mass spectrometry (MALDI–TOF MS). The samples

were dried using GeneVac Ez-2 plus rotary evaporator and resuspended in of 0.1 %

TFA (10 µl) and sonicated for 5 minutes. The samples were spotted on a Anchorchip

600/384 MALDI plate (Bruker Daltonik GmbH). The Matrix and standards were prepared

using Starter Kit for MALDI–TOF MS (Bruker Daltonik GmbH). For the Matrix, 10 mg

of α-Cyano-4-hydroxycinnamic acid (HCCA) was resuspended in acetone (LCMS grade)

(1 ml) and sonicated for 10 minutes. The solution was then aliquoted and mixed with
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ethanol (LCMS grade) at a ratio of 1:2 v/v. For the standard preparation, 0.1 % TFA in

LCMS grade H2O (125 µl) was mixed with the Peptide calibration standard from the kit

and aliquots of 5 µl were flash frozen and stored at -80 °C for further use. 1.5 µl of sample

and 2 µl of matrix (Starter Kit from Bruker Daltonik was used to make the spots on the

plate. A standard solution was spotted at 0.5 µl with 0.5 µl of matrix and all the spots

were air dried. The Bruker Autoflex MALDI–TOF MS with a nitrogen pulse laser (377

nm) was set up in a positive reflecton mode. The ion sources were set as follows: 1–19.1

kV; 2–6.74 kV; Lens voltage–8.85 kV. Reflecton voltages: 1–21.11 kV and 2–9.7 kV; laser

power and frequency 14 and 200 Hz respectively, while matrix suppression at 400 Da.

The collection of mass spectra was between 500–4500 m/z. Random points of the sample

were targeted with laser shots between 20 and 100. The obtained mass spectra of peptides

were analysed in Flex Analysis 3.3 (Bruker Daltonik GmbH).

2.7.12 Protein quantitation

Proteins were quantitated using densitometry programme Image Quant TL version 8.1.

Three protein gels having the same protein load were visualised as described in section

2.7.7 in triplicates. Stained protein gels as described in section 2.7.7 were scanned with

Epson perfection V37 scanner at 300 DPI. The image acquired was evaluated using IQTL

and the Analysis toolbox module using the Line approach as described in GE healthcare

handbook Imaging (2012). Signal to noise calculation followed 1D gel analysis module

to acquire data in the following workflow: (i) manual lane detection; (ii) background

subtraction by rolling ball at radius 200; (iii) band detection by automation; Band slope

set at 243 nm with a median filter at 4; Gel maximum peak measure, automatic edges wth

edited band position; and (iv) normalisation and calibration. The result was used to plot

the data and calculate the quantity accordingly as further described in the handbook in

detail. Each gel triplicate was uploaded three times and three independent calculations

were executed.
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2.7.13 Gene candidate identification

Translation of nucleic acid sequences was carried out using transeq 6.6.0 tool (EMBOSS).

The transcriptome of Nicotiana glauca sequenced by Max Planck Institute of Molecular

Plant Physiology was obtained from a database and a selection of transcripts were trans-

lated. The translations were performed by reading nucleotide sequences and writing the

corresponding protein sequence translations in 3 forward and 3 reverse sense frames.

The translated nucleic acids were matched to the protein peptide sequences that were

identified as described in sections 2.7.10 and 2.7.11. A highest match of the genes were

determined and described in section 5.4.



Chapter 3

Metabolite changes occurring over the

leaf developmental stages in wild type

compared to a transgenic genotype pro-

ducing ketocarotenoids

3.1 Introduction

Biosynthesis of secondary metabolites in leaves plays an important role in their devel-

opment. Metabolites in general actively change over the development of the leaf, which

means that at different developmental stages the accumulation of a metabolite of interest

may be higher or lower. Molecules such as carotenoids play important photosynthetic

and photoprotective roles in vegetative tissues. Meanwhile, fatty acids play a role as a

central building block for cell membranes, while their derivatives and waxes are plant

surface protectors from biological and environmental stress. Many of these molecules

are also a desirable target for different industries of the biorefinery. For instance, fossil

fuel combustion being the number one reason for the global CO2 accumulation (Olivier

et al., 2012) it is the primary reason for the exploration of different sources of fuels such as

biofuels as well as the intent to replace chemical refineries with more sustainable sources.

The drawback of the biofuel market is that it: i) competes with the food crops (IEA, 2014);

ii) is not economically efficient (Energy, 2013); and iii) is too expensive.

This chapter of the thesis covers the study of Nicotiana glauca secondary metabolism over

the ten leaf developmental stages in order to determine: i) what key secondary metabolites

65
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are naturally present in this species and are potentially of industrial value; ii) whether

these naturally occurring valuable metabolites vary in quantity over the development of

the leaf; and iii) does genetic engineering of high value ketocarotenoids (Mortimer, 2010)

add value through: a) the availability and quantity of naturally occurring metabolites

comparable to the wild type; and b) the availability of high value ketocarotenoids. As

a result, a Systems Biology approach was explored. In the present chapter the analysis

performed by metabolite profiling will be described. This level of omic analysis was

carried out over the leaf development and through a comparison between Nicotiana glauca

in this chapter for the wild type (wt) and transgenic ketocarotenoid producing line ge8

(for more details please see section 2.1). Assessment of the value and application of the

metabolites was carried out and their abundance over the leaf development is described.

The rationale behind this approach is to understand the biochemical composition of N.

glauca as well as assessing the suitability of this crop for the biorefining industry.

3.2 Results

3.2.1 Identification of industrially valuable secondary metabolites naturally

occurring in Nicotiana glauca

Nicotiana glauca metabolite profiling was performed for non–polar compounds in order

to identify the metabolites naturally present in Nicotiana glauca that could pose an in-

terest to different industrial markets as discussed in section 3.1. For this, a non–polar

extraction and carotenoid extraction methods were used as described in section 2.6.2 and

section 2.6.1. A total of 65 compounds were found (for details see 6.4.4, Appendix A).

Major metabolites found in N. glauca though non–polar extractions were identified using

the Nist 08 library and clarified with authentic standards via GC–MS analysis. A typical

non–polar chromatogram is shown in Figure 3.1. From visual inspection of the total ion

current (TIC), it is clear that Nicotiana glauca non–polar profile is simple in composition

from metabolite analysis point of view, therefore relatively easy to analyse. As a result,

easy separation using a locked retention time (RT) could be achieved. High and well

defined peaks particularly of three fatty acids were observed along with a hydrocarbon
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and fatty alcohol presence (for details see Section 3.2.7).

Consequently, vegetative tissue sample sets from N. glauca were analysed for determining

carotenoid abundance in Nicotiana glauca. Carotenoid and chlorophyll data and analysis

was acquired using HPLC–PDA. All compounds of interest were identified using the

absorption spectra followed by authentic standard (AS) identification. For compounds

identified at 450 nm, β-carotene was used as authentic standard for relative quantitation

(Figure 3.2 panels a) and b) ), while compounds found at 286 nm spectrum were quantified

to phytoene (Figure 3.2 panels c) and d) ).

Figure 3.1 – A typical chromatogram of non–polar extracts from Nicotiana glauca
obtained by GC–MS analysis. Each sample was spiked with an internal standard D27
C14:0 and is at retention time 32.75 to which all non–polar compounds were relatively
quantified.

Analyses of the extracts were reproduced as closely as possible to keep the accuracy of the

results throughout the entire project. Using these standardised techniques as described

above, a list of majority of compounds in N. glauca has been identified. The list for all

compounds found in detailed manner can be found in the section 6.4.4, Appendix A. Since

one of the focus of the thesis was to identify high value metabolites naturally occurring

in the tobacco tree Nicotiana glauca, the demands of industrial markets were researched

and analysed.
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Figure 3.2 – A typical chromatogram of isoprenoid extracts from Nicotiana glauca obtained by HPLC–PDA analysis. Each peak was
identified using absorption spectra and confirmed by authentic standards. Panel a) shows a typical chromatogram quantified at 450 nm
absorption rate to a calibration curve of β–carotene, where panel b) displays spectra corresponding to the peaks in chomatogram from
panel a) , where: Peak 1 is Neoxanthin; Peak 2 – Violaxanthin; Peak 3 – Antheraxanthin; Peak 4 – Chlorophyll b; Peak 5 – Lutein; Peak
6 – Chlorophyll a; Peak 7 – β–carotene; Peak 8 – cis β–carotene. Panel c) displays a typical chromatogram at 286 nm absorption rate
quantitated to a calibration curve of phytoene. The peak spectrum is displayed in the panel d) , where phytoene peak is shown.
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Table 3.1 displays high value and most abundant compounds present in the non–polar

extracts of mature green leaf from N. glauca. All compounds displayed were identified

by authentic standards and quantified relatively to an internal standard D27 C14:0. Some

compounds, even though at low abundance were identified as being of high importance

to a variety of industrial sectors. For example, α-Tocopherol, Squalene, and Solanasol

(marked in bold) were reported at 0.04, 0.7 and 0.2 mg/g DW (dry weight) respectively.

Meanwhile, most abundant compounds such as C16:0 Palmitic acid, C18:2 Linoleic acid,

n-Hentriacontane, Phytoene and Lutein were also identified as high value to different

industries, such as green chemistry, biofuel, cosmetic and nutrition industries respectively.

These compounds were reported at relative abundance as high as 8, 16.5, 35.1, 12.3 and

19.7 mg/g DW respectively.
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Table 3.1 – List of high value metabolites present in N. glauca leaf material. Retention time (RT) was identified under GC–MS method
that was locked to Ribitol. The compounds were confirmed by authentic standards and quantified relatively to an internal standard
(deuterated Myristic acid, D-27–C14:0) using average dry weight leaf harvest quantities. Most important compounds marked in bold.

Class Metabolite Retention time Relative abundance (mg/g DW) Potential application

Phytol 40.54 5.23±0.86 Precursor for Vit. E and K1, Fragnance industry

α–Tocopherol 58.4 0.04±0.001 Nutritional supplements

Solanasol 65.1 0.74±0.02 Precursor for quinones

Sterols Squalene 53.1 0.20±0.08 Sustainable vaccine adjuvant

Campesterol 60 0.41±0.02 Precursor for boldenone

Stigmasterol 60.4 0.22±0.01 Precursor for vitamin D3 and progesterone

Sitosterol 61.3 0.5±0.02

Fatty acids C14:0 Myristic a. 32.8 0.09±0.01


Cosmetic, nutraceutical applica-

tions, sustainable detergents, toi-

letries, nonionic surfactants

C16:0 Glycero-1 49.1 1.07±0.06

C16:0 Glycero-2 48.4 0.03±0.01

C16:0 Palmitic A. 37.7 8.0±0.6

C18:0 Stearic a. 42.1 2.8±0.1
 Rubber compounding and poly-

merisationC18:0 Glycero-1 52.6 0.7±0.1

C18:2 Linoleic acid 41.4 16.5±2.6 Paints, varnishes, bioplastics
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C20:0 Arachidic a. 46.2 0.5±0.09 Lubricants

C22:0 Behenic a. 50 0.2±0.01 Biodiesel

C24:0 Lignoceric a. 53.6 0.02±0.01 Aviation fuel

C26:0 Cerotic a. 56.9 0.02±0.01

Fatty alcohols C24H50-1-ol 0.16±00.04


Co-emulsifiers, emollients and

thickeners in cosmetics and food

industry.

C26H54-1-ol 55.4 1.2±0.28

C28H58-1-ol 58.6 0.2±0.04

Hydrocarbons n-Hentriacontane 58 35.1±1.6 Aviation fuel, waxes

Carotenoids Phytoene 20.8 12.3±1.8 Cosmetics and Therapeutics

Neoxanthin 11.14 5.1±0.6 Nutrition

Violaxanthin 11.63 2.7±0.4 Food additive

Antheraxanthin 13.51 0.9±0.09 Nutrition

Lutein 15.5 19.7±2.13 Nutrition

β-carotene 28.06 11±1.37 Anti–cancer

cis β-carotene 29 1.3±0.15 Anti–cancer
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3.2.2 Determination of changes in non–polar metabolites over the leaf devel-

opment of Nicotiana glauca

Followed by the identification of high value metabolites present in Nicotiana glauca (sec-

tion 3.2.1), this study further performed non–polar metabolite analysis across ten leaf

developmental stages (DS) to evaluate how leaf development impacts the availability

of these compounds. The stages were defined by observation of plant growth in the

greenhouse as described in growing conditions in section 2.2 and assigned into three

developmental categories as follows: emerging leaf tissue (stages 1–3), expanding leaf

(stages 4-8) and mature green leaf tissue (stages 9–10). A visual representation of N. glauca

leaf developmental stages for wt and ge8 varieties is displayed in figure 3.3. In order to

answer questions ii) and iii) mentioned in the section 3.1, a wild type (wt) and transgenic

line producing ketocarotenoids ge8 of Nicotiana glauca was analysed and compared to

each other.

3.2.3 Metabolite changes over leaf development

The metabolite data of Nicotiana glauca showed significant changes in the amounts of

metabolites as an increase or decrease in relative quantity over the leaf developmental

stages defined in sections 2.2 and 3.2.2. It has been found that gradual metabolite changes

in wt Nicotiana glauca over leaf development is relatively stable (not significantly different),

only a transition from stage 2 to 3, 4 to 5 and 8 to 9 has shown a significant increase

in compounds such as squalene, C18:2 and C26:0 (see section 6.4.4, Appendix B). A

comparison of how metabolites change in relation to the quantities found in the emerging

leaf developmental stage 1 is described in figure 3.4. It was found that the majority

of compounds (with exception to monomethyltryptamine, C14:0, C16:0 glycero-1, n–

hentriacontane and phosphate) had a high fold increase (denoted by dark green color).

Carotenoids were found to show an increase from stage 2, while the rest of the compounds

showed an increase from stage 3 onwards. Out of the high value compounds identified in

section 3.2.1, all displayed an increase over leaf development but not significantly different

when comparing stage by stage. The significant changes were seen when comparing to
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Emerging leaf︷       ︸︸       ︷
1 2 3

Expanding leaf︷                                       ︸︸                                       ︷
4 5 6 7 8

Mature green leaf︷                                    ︸︸                                    ︷
9 10

a)

b)

Figure 3.3 – N. glauca leaf developmental stages were defined in three leaf develop-
ment groups for metabolite analyses in a) wt and b) ge8: Emerging leaves ranging
from 1 to 3 cm; Expanded green leaves ranging from 4 to 9 cm; and Mature green
leaves from 11 cm to to 14+cm. A visible colour distinction was visible throughout
the leaf development of ge8 variety.

leaf developmental stage 1. The most important compounds were marked in bold in

figure 3.4. Meanwhile, it was found that n–hentriacontane fold change comparison

showed a decrease in stage 3 and 5, however further analyses of this compound is

described in section 3.2.7 in more detail.

To compare the transgenic ketocarotenoid producing ge8 line of N. glauca, a heat map

of fold change between the lines was designed. The heat map display in figure 3.5

demonstrates some interesting changes in the metabolite profile for the ge8 line. Marked in

red, four compounds (e.g. astaxanthin) have been found in the ketocarotenoid producing
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line ge8 as unique (as previously described by Mortimer (2010)) and bringing added

value to the plant. These metabolites have been marked as infinite increase over the leaf

development in comparison to the wt since they do not occur naturally. Compounds

marked in bold and described earlier in section 3.2.1 have shown a variable profile over

the leaf development. Out of them n–hentriacontane and lutein showed decreases in

emerging young leaf and mature green leaf stages, while the most abundant fatty acid

C18:2 found in wt showed an increase in stage 1, but a decrease by over 10 fold from

stage 3 onwards. A lot of fatty acids (e.g. C21:0, C22:0) showed an increase in quantity

either for all leaf developmental stages, or an increase from stage 4 (e.g. C24:0, C26:0),

or an increase from stage 1 to 5 (e.g. C16:0, C18:0). Meanwhile, C14:0, C16:0 glycero-

1 and C18:2 fatty acids were the only fatty acid that showed a significant decrease by

over 10 fold from stage 3 and onwards. Moreover, primary an increase of squalene was

observed till stage 4, but a decrease followed onwards throughout the stages. Major

carotenoids downstream phytoene biosynthesis were also decreased at least till stage 5

(e.g. violaxanthin, β-carotene) or throughout all/almost all leaf developmental stages (e.g.

neoxanthin, canthaxanthin).
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Class Metabolite Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 Stage 9 Stage 10
Amines Monomethyltryptamine 1 0.41712 1 0.134775 0.50055 1 0.50462 0.001129 0.001084

Putrescine 1 1 1 9.64406 17.67691 17.54733 22.3654 26.17774 19.33982
Phytol and products Phytol 1 2.237752 2.728408 3.588906 3.87609 4.365656 4.878622 5.648539 7.570201

α-Tocopherol 1 1 1 1 1 1 1 5.929395 0.403352
Sterols Squalene 1 1 1 1 1 226.7474 169.1045 419.3134 1

Campesterol 1 1 0.81965 0.799672 1 1 1 1.237199 1
Stigmasterol 1 1 1 1 1 1 1 1 1

Sitosterol 1 1 1 1 1 1 1 1.39483 1
Fatty acids C14:0 myristica. 1.306783 1.469386 1 1 0.138706 0.008346 0.006646 0.008965 0.008128

C16:0 Glycero-1 1 1 1 0.515125 1 0.789157 0.491764 1 0.485461
C16:0 Glycero-2 1 1.332798 1 1 1 1 1 1 1

C16:0 Palmitic a. 1 1.330868 1.564747 1.729459 1.793418 1.980829 1.969826 2.204441 2.287466
C18:0 Stearic a. 1 1 1.158807 1.265716 1.367483 1.206557 1.401807 1.385085 1.516603
C18:0 Glycero-1 1 1 1 1 1 1 1 1 1

C18:2 Linoleic a. 1 7044.808 8292.202 9719.947 10479.09 11421.3 12556.61 14925.54 13438.61
C20:0 Arachidic a. 1 1 1.241877 1.470092 1.719652 1.579402 1.651998 1.945412 2.000463

C21:0 Heneicosanoic a. 1 1 1 1 1 1 1 1 1
C22:0 Behenic a. 1 1 1 1.227213 1.424952 1.421406 1.335968 1.72415 1.565174

C24:0 Lignoceric a 1 1.161832 1 1 1 1 1 1.357465 1
C26:0 Cerotic a. 1 1 1 1.620229 4.025546 5.173871 1 5.912818 3.327567

Fatty alcohols Tetracosan-1-ol 1 1 1 5.750234 9.422675 13.0856 9.997987 15.08181 11.20002
Hexacosanol 1 2.161421 2.117229 4.532553 7.94748 11.67729 8.691665 13.19759 9.308453

Octacosan-1-ol 1 1.613021 1 2.777343 5.847168 8.63559 5.755695 9.313427 6.156228
Hydrocarbons Hentriacontane 1 0.734476 1 0.635063 1 1 1 1 1
Carotenoids Phytoene 2.014845 3.167748 3.199686 3.599883 5.664505 1 1 1 1

Neoxanthin 1 1.591253 1.489582 2.033759 2.819991 1 1 1 1
Violaxanthin 1 1 1.879346 2.593883 2.850385 1 1 1 1

Antheraxanthin 1.883293 2.162764 2.979941 3.728272 3.255025 1 1 1 1
Lutein 1 1 1.347131 1.840062 1.931541 1 1 1 1

ß-carotene 1 2.196182 2.117065 3.06982 3.186563 1 1 1 1
cisß-carotene 1 2.199635 2.1862 3.318154 3.443051 1 1 1 1

Canthaxanthin 1 1.884373 1.912117 2.771141 3.157285 1 1 1 1
Echinenone 1 1.25 1.25 1.25 1 1 1 1 1
a-carotene 1 1 1 1 1 1 1 1 1

Alizarin 1 1 1 1 1 1 1 1 1
Legend: Others Phosphate 1 1 0.674681 1 1 0.584335 0.326545 0.384714 0.129131

Pentane 1 1 1 17.62642 1 1 1 1 1
Phopanoic a. 1 2.259429 2.13816 2.457471 3.197839 5.796726 5.429793 2.833907 4.44637

Figure 3.4 – Non–polar metabolite changes over the leaf development in wt Nicotiana glauca. A comparison of fold changes relative to
stage 1 is displayed. The legend displays color change where values correspond to: grey (1) is no change, red (<1) decrease/infinite
decrease and green (1>) is increase/infinite increase. Compounds in bold in the metabolite list shows top most abundant compounds of
high value. Statistics were performed using paired sample t tests with the adjustment (see methods section 2.7.5). All data displayed is
statistically significant.
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Class Metabolite Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 Stage 9 Stage 10
Phytol and products Phytol 1 1 1 1 1 1 1 1 1 0.536188

α-Tocopherol 2.782013 3.065891 2.94728 3.604601 1 1 3.431171 2.513312 0.348713 1
Sterols Squalene 2.946501 1 3.807782 25.34199 0.276405 0.025066 0.013278 0.013263 0.007577 0.085132

Campesterol 1 1 1.464293 1.92094 1.708618 1.51004 1 1 1 1
Stigmasterol 100.0996 212.6388 1 154.5652 1 1 1 1 1 1

Sitosterol 1 1 1.415608 1.478979 1.4752 1.406053 1 1 1 1
Fatty acids C14:0 myristica. 0.003529 0.002997 0.003044 0.007231 0.002878 1 1 0.527656 0.558882 1

C16:0 Glycero-1 0.078504 0.171817 0.236554 0.154889 1 1 0.150714 0.179475 0.188775 0.380624
C16:0 Glycero-2 0.504488 1 0.403759 1 1 1 0.527181 0.563952 0.596467 0.613439

C16:0 Palmitic a. 1.528102 1.763957 1.435994 1.397784 1 1 1 1 1 1
C18:0 Stearic a. 2.206855 2.353127 1.967462 1.535592 1.296666 1 1.363767 1 1 1
C18:0 Glycero-1 567.437 796.2903 965.7701 179.9539 624.6966 375.9929 420.4196 23.82769 402.676 31.06483

C18:2 Linoleic a. 2.946501 1 0.000337 0.000479 0.000304 0.000265 0.000264 0.000179 0.000213 0.000234
C20:0 Arachidic a. 2.15484 2.666585 2.134954 2.111228 1.753783 1.4591 1.742365 1.378418 1.621143 1.366788

C21:0 Heneicosanoic a. 4.711753 1 15.57695 12.29922 13.04497 6.480271 1 1 1 4.439797
C22:0 Behenic a. 1.537285 2.093886 1.92207 2.524995 2.139349 1.917679 1.795196 1.471769 1.667937 1.606128

C24:0 Lignoceric a 1 1 1 2.182571 1.903845 1.785354 1.53016 1.502392 1.92246 1.989069
C26:0 Cerotic a. 1 1 1 10.34838 5.30823 2.918296 1 1 1 2.816161

Fatty alcohols Tetracosan-1-ol 2.566947 2.580236 3.279432 6.771007 1 1 1 0.522589 1 1
Hexacosanol-1-ol 1.5896 1 2.453245 5.302804 1 1 1 0.424808 1 1

Octacosan-1-ol 0.434294 1 1 6.047438 1 1 1 0.292128 1 1
Hydrocarbons Hentriacontane 0.033184 1 1 0.394501 0.496401 0.34116 0.366159 1 0.513466 1
Carotenoids Phytoene 3.396403 2.930942 1.700028 1 2.353869 1 1 1 1 1

Neoxanthin 0.038375 0.10119 0.081887 0.102752 0.102615 0.098281 0.100444 0.109865 0.133459 1
Violaxanthin 0.151434 0.083031 0.112361 0.218786 0.194679 0.378346 1 1 1 1

Antheraxanthin 0.273576 0 1 4.17565 6.890274 7.950829 1 10.50381 12.16608 1
Lutein 0.336005 0.584715 0.569875 0.589357 0.667607 1 1 1 1 1

ß-carotene 0.473021 0.340076 0.33556 0.466987 0.403977 0.492304 1 1 1 1
cisß-carotene 1 0.569379 0.493139 1 1 0.486963 1 1 1 1

Canthaxanthin 0 0 0.0179 0.072611 0.049748 0.036202 0.024154 1 0.120113 0.150216
Zeaxanthin 100 100 100 100 100 100 100 100 100 100

3-oh' Echinenone 100 100 100 100 100 100 100 100 100 100
Astaxanthin 100 100 100 100 100 100 100 100 100 100

Legend: echinenone 100 100 100 100 100 100 100 100 100 100
ß-cryptoxanthin 100 100 100 100 100 100 100 100 100 100

a-carotene 100 1 1 100 1 100 100 100 100 100
Alizarin 3109.177 4960.466 4749.171 3602.279 2766.577 2265.643 2813.937 2421.294 3355.848 2920.466

Figure 3.5 – Comparison of metabolite changes in N. glauca ge8 line compared to the wt for non–polar metabolites. The legend displays
color change where values correspond to: grey (1) is no change, red (<1) decrease/infinite decrease and green (1>) is increase/infinite
increase. Compounds in red in the metabolite list denotes compounds unique to ge8 line, while bold shows top most abundant
compounds of high value. Statistics were performed using paired sample t tests with the adjustment (see methods section 2.7.5). All
data displayed is statistically significant.
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Class Metabolite Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 Stage 9 Stage 10
Amines Monomethyltryptamine 1 1 0.001146 0.000853 0.0008 0.000868 1 0.000916 0.000907
Phytol and products Phytol 1.670738 1.912827 2.784782 2.678901 3.131655 3.246872 3.544918 5.052821 3.817437

α-Tocopherol 1 1 1 1 1 1 1 1 1
Sterols Squalene 1 1 1 1 1 1 1 1 1

Campesterol 1 1 1 1 1 1 1 1 1
Stigmasterol 1 1 1 1 1 1 1 1 1

Sitosterol 1 1 1 1 1 1 1 1.723962 1.434915
Fatty acids C14:0 myristica. 1 1 1 1.341059 1 1 1 1 1.660068

C16:0 Glycero-1 1 3.58438 1 1 8.359754 1 1 1 1
C16:0 Glycero-2 1 1 1 1 2.459421 1 1 1 1

C16:0 Palmitic a. 1 1 1 1 1 1.414575 1 1.686382 1
C18:0 Stearic a. 1 1 1 1 0.681526 0.745614 1 1 0.65664
C18:0 Glycero-1 1 1 1 1 1 1 1 1 1

C18:2 Linoleic a. 1 1 1 1 1 1 1 1 1
C20:0 Arachidic a. 1 1 1 1 1 1 1 1.463585 1

C21:0 Heneicosanoic a. 1 1 1 1 4.078621 1 1 1 4.111319
C22:0 Behenic a. 1 1 1.838616 1.707841 1.77755 1.659876 1 1.870683 1.635266

C24:0 Lignoceric a 1 1 2.533368 2.425441 2.748509 2.31833 1.963182 3.029321 2.635461
C26:0 Cerotic a. 1 1 4.607228 5.649388 7.716661 1 1 1 6.155449

Fatty alcohols Tetracosan-1-ol 1 2.79545 5.982336 5.121594 6.45897 6.036715 2.03543 6.628529 5.955721
Hexacosanol 1 3.335741 7.062941 6.682165 7.840192 7.575469 2.322776 7.247453 7.309863

Octacosan-1-ol 1 8.016271 18.11167 17.28613 21.16949 17.21657 3.871571 18.46917 17.18716
Hydrocarbons Hentriacontane 14.81684 23.77023 11.53688 9.499841 10.7328 14.07977 24.50821 18.09258 20.26283
Carotenoids Phytoene 1.73872 1 1 2.494891 3.145714 1 1 1 1

Neoxanthin 1 3.395553 3.988515 5.438357 7.222276 1 1 1 1
Violaxanthin 1 1 1 1 7.121466 1 1 1 1

Antheraxanthin 1 1 45.48352 93.90016 94.59955 1 1 1 1
Lutein 1.818795 1 2.362888 3.656015 4.356969 1 1 1 1

ß-carotene 1 1 1 1 3.31647 1 1 1 1
cisß-carotene 1 1 1 1 1 1 1 1 1

Canthaxanthin 1 1 1 1 1 1 1 1 1
Zeaxanthin 1 1 1 1 1.3 1 1 1 1

3-oh' Echinenone 1 1 1 1 1.3 1 1 1 1
Astaxanthin 1 1 1 1.25 1.3 1 1 1 1
echinenone 1 1 1 2.543359 3.066041 1 1 1 1

ß-cryptoxanthin 1 1 1 1 1 1 1 1 1
a-carotene 1 1 1 1 1 1 1 1 1

Alizarin 1 1 1 1 1 1 1 1 1
Legend: Others Phosphate 1 1 1 0.321427 0.367685 0.35135 0.193057 0.218942 0.16929

Glycerol 1 1 22.94014 30.41295 1 1 17.95689 36.6804 42.45123
Pentane 1 1 1 1 2.511706 1 1 2.729337 2.761634

Figure 3.6 – Comparison of non–polar metabolite changes over the leaf development relative to stage 1 in the ge8 line. The legend displays
color change where values correspond to: grey (1) is no change, red (<1) decrease/infinite decrease and green (1>) is increase/infinite
increase. Compounds in red in the metabolite list denotes compounds unique to ge8 line, while indicated in bold displays top most
abundant compounds of high value. Statistics were performed using paired sample t tests with the adjustment (see methods section 2.7.5).
All data displayed is statistically significant.
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When looking into the changes solely in the ketocarotenoid producing ge8 line, it was

noted that gradual metabolite fluctuations (stage to stage) occur relatively gradually (no

significant difference), however key transition stages where significant difference occurred

were defined for stages 3 to 4, then 7 to 8 and 8 to 9 for some but not all compounds

(see section 6.4.4, Appendix A. Figure 3.6 displays metabolite changes occurring in the

transgenic line ge8 in comparison to leaf developmental stage 1 of the ge8 line. A decrease

was observed in monomethyltryptamine as well as phosphate over the leaf development.

Other changes observed showed unpredictable occurrence of decrease or increase at

random leaf developmental stages (e.g. sitosterol, C16:0), while the majority of most

significant changes happened around the fatty acids and alcohols. For example, n–

hentriacontane showed an increase over all leaf developmental stages, while some of the

carotenoids showed an increase over the first half of mature green leaf stages. Major

increase was observed from stage 3 in all fatty alcohols found. Some fatty acids (C22:0,

C24:0, C26:0) showed an increase from mature green leaf that sometimes carried into the

senescing leaf stages (see figure 3.6).

The PCA (Principal Component Analysis) data was displayed as scatter and loading plots

where a clear separation between metabolites of leaf developmental stages as well as plant

lines (wt and ge8) was shown (figure 3.5). The plant line separation is marked by green

(wt) and red (ge8) circles in figure 3.7a are directly correlate to the coefficient of compounds

displayed in the loading plot in panel b) . The metabolites detected excert an influence

towards a clear separation between the the plant lines as displayed in figure 3.6b. A

cluster of wt on the right side showed influences by n–hentriacontane, C18:2, C16:0 and

C14:0 fatty acids, while on the left side of ge8 cluster other fatty acids such as C26:0,

C22:0 and C20:0 were found. Also each leaf developmental stage was found to cluster

close by when analysing the results between the biological replicates for both lines. It

was also found that a trend of leaf developmental stage for wt was scattered from bottom

right starting from stage 1 and moving towards the top left of the graph as the leaf stage

increases (displayed by the arrow in figure 3.7a. This was particularly evident for C14:0

fatty acid that clustered where stage 1 and 2 was displayed in the scatter plot. Meanwhile,

the ge8 line showed a small separation cluster of stage 1 that was influenced by phosphate.
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Legend: 

(a)
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(b)

Figure 3.5 – PCA of metabolites analysed for wt and ge8 leaf development in Nicotiana glauca. PCA displayed as a scatter plot in a) and
loading plot in b) for non–polar metabolites. Clustering of two plant lines shows a clear separation marked in green (arrow displays leaf
development direction) (wt) and red (ge8) in a) , where the legend displays a color code for each developmental stage 1–10.
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The other stages of ge8 did not show the same pattern as in the wt and seemed to cluster

together. Overall, there was no clear separation seen between the leaf developmental

stage within the plant lines, however the data confirmed a clear profile of slow changes in

non–polar metabolites when comparing between both plant lines. Referring to figure 3.5

and figure 3.5, it can be summarised that the major changes between the plant lines occur

due to: i) decreases in C14:0, C18:2 and ii) increases of C18:0 Glycero-1, although data

from figure 3.5 suggest changes in other fatty acids too.

3.2.4 Determination of metabolic pathway changes in the ketocarotenoid pro-

ducing transgenic line ge8

In finding that there were changes in non–polar metabolites and their quantities, it was

beneficial to analyse polar metabolites too. Due to some logistical experimental limitations

such as the analysis of polar and non–polar data was conducted for key leaf developmental

stages from each leaf category: three (emerging young leaf), six (mature green leaf) and

nine (senescing leaf). Out of this data, metabolite changes in the transgenic line ge8 were

compared to the wt and put into a biosynthetic pathway (see figure 3.3).

In the figure 3.6 the pathway is displayed, where the data signifies a clear decrease of

precursor fatty acid C14:0 for lipid biosynthesis. However, all the other fatty acids showed

an increase and only fatty acids such as C18:2 and C16:0 glycero 1 and 2 were decreased.

Following the pathway, it was found that some polar compounds are affected too. For

example, an infinite decrease was observed in β-alanine consistent throughout all three

key leaf developmental stages that also subsequently was linked to compounds such as

aspartic acid, lysine and 2-ketoglutaric acid. Ultimately, this showed a connection to the

Urea cycle, where glutamine is also decreased. 2-ketoglutaric acid decrease also followed

to glucaric acid and d-glucuronic acid that connects to the reduction of glucuronic and

ascorbic acid and eventually the sugar pathway where the ribose and some other sugars

were also affected by a decrease.

The analysis of the pathway also gives a good insight onto the sterol biosynthesis. It was

found that a sterol precursor squalene was reduced throughout all key developmental
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Legend:

3  6  9
Leaf stage position:

Colour coding:

Figure 3.6 – A pathway diagram representing polar and non–polar metabolite changes over key leaf development occuring in ge8 line
of Nicotiana glauca metabolites in comparison to the wt. The legend displays colour change where values correspond to: grey (1) is no
change, red (<1) decrease/infinite decrease and green (1>) is increase/infinite increase. Statistics were performed using two tailed t tests.
All changes displayed are statistically significant.
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stages, however downstream sterols had an increase or no change (stage dependent, see

figure 3.6). Looking at the carotenoid pathway and the changes for the ge8 line it has

been found that phyoene accumulation occurs in developmental stages 3 and 6. To add,

in the downstream carotenoid pathway, at the cost of the decrease of β-carotene and its

downstream compounds (such as violaxanthin and neoxanthin) the accumulation of the

ketocarotenoids occur formed by the Crt Z/W gene products.

The PCA of the polar and non–polar key stage metabolites was routinely analysed. The

figure 3.5 displays a score scatter plot in figure 3.7a and loadings plot in figure 3.6b. A

defined cluster separation between the lines was found, where the ge8 was separated to

the left side of the scatter plot (marked in figure in red) and wt to the right side (marked in

figure in green). Even though only three key stages of leaf development were analysed,

the patterns of stage separation within both lines showed the same trend as in the previous

leaf developmental stage analysis (see figure 3.5). The leaf developmental stages of the

transgenic ge8 line again clustered more together and close-by while in the wt it could be

seen that developmental stages were clustering more apart from each other. The impact

of the metabolites confirmed the separation due to changes in fatty acids especially with

C18:0 glycero fatty acid for the ge8 line (figure 3.6b). It was also seen that changes in the

carotenoid profile brought this separation. To add, other metabolites that had changes

in the pathway display shown in figure 3.6 could also be identified as the influential

compounds that pose the difference between the lines (e.g. b-alanine, lysine, glutamine).
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Legend: 

	
	

(a)
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(b)

Figure 3.5 – PCA of polar and non–polar metabolites analysed for wt and ge8 leaf development in Nicotiana glauca. PCA displayed as a
scatter plot in a) and loading plot in b) , where clustering of two plant lines shows a clear separation marked in green (wt) and red (ge8)
in a) . The legend displays a colour code for key leaf developmental stages 3, 6 and 9.
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3.2.5 Determination of free fatty acid availability in Nicotiana glauca

Further evaluation for fatty acid composition was carried out. Free fatty acid presence

is a typical occurrence in higher plants, however a high percentage of these unesteri-

fied so called ’free’ fatty acids is not a desirable trait for the use of industries oriented

towards biofuel production. To investigate further changes between the lines, key leaf

developmental stages were selected for further investigation for fatty acid composition

in Nicotiana glauca wt and ge8 to further evaluate fatty acid potential for desired markets

(see section 3.3).

Table 3.2 displays changes in fatty acid composition for wt and ge8 N. glauca lines in

key leaf development. A determination between total amount of fatty acids and free

(unesterified) fatty acids has been made. Almost all fatty acids found in N. glauca were

found to be present in the unesterified form in both plant lines. The profiles of the wt

and ge8 fatty acids are displayed in table 3.2a and table 3.2b respectively. Fatty acids

containing C14 and C16 backbone had a significant change in stage 9 esterification profiles.

Over 2 fold increase was found in C14:0 quantities as unesterified fatty acid, while all

C16:0 glycero-2 was found to be in esterified form in the wt, while 41% of unesterified

existed in the transgenic ge8. In the wt, C18:0 glycero-1 was at trace value without any

unesterified form found, while in ge8 an increased amount of this fatty acid was found

only in esterified form. Relatively small percentages of C18:2 unesterified fatty acids were

found in the wt. The transgenic line ge8 contained only esterified form of this fatty acid,

however overall at trace levels. Significantly increased quantities of C20-C26 fatty acids

were found for most key leaf developmental stages in the ge8, while the percentage these

fatty acids that turned out to be unesterified was either similar or lower in the transgenic

line (e.g. stage 3 C20:0, stage 6 C22:0, stage 9 C24:0). All C26:0 fatty acids were found

only in esterified form in both plant lines.
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Table 3.2 – Determination of the content of free fatty acids in key stages of leaf development in a) wt and b) ge8 lines of Nicotiana glauca.
Total relative amount of each fatty acid is presented together with the percentage of which occurs as free fatty acids. Items marked in
bold are statistically significant between the plant lines (p <0.05, t test).

(a)

Stage 3 Stage 6 Stage 9

wt Total amount (SEM) % of which free Total amount (SEM) % of which free Total amount (SEM) % of which free

C14:0 16.97 (0.35) 0.33% 1.6 (1.37) 3% 0.1 (0) 46%
C16:0 6.35 (0.3) 38% 8.55 (0.31) 16% 10.51 (0.77) 14%
C16:0-2 1.42 (0.13) 0.44% 1.12 (0.05) 0.2% 1.15 (0.04) 0%
C18:0 2.31 (0.1) 67% 3.13 (0.04) 23% 3.18 (0.26) 20%
C18:0-1 trace 0% trace 0% trace 0%
C18:2 12.16 (0.7) 14% 18.08 (0.5) 4.5% 25.76 (1.91) 2%
C20:0 0.37 (0.02) 33% 0.58 (0.06) 15.6% 0.65 (0.03) 17%
C22:0 0.19 (0.01) 36% 0.24 (0.03) 23.3% 0.29 (0.01) 25%
C24:0 0.06 (0) 38% 0.07 (0.01) 32.7% 0.08 (0) 38%
C26:0 0.01 (0) 100% 0.03 (0) 100% 0.04 (0.01) 100%

Total bound (esterified): 85% 90.5% 93%

(b)

Stage 3 Stage 6 Stage 9

ge8 Total amount (SEM) % of which free Total amount (SEM) % of which free Total amount (SEM) % of which free

C14:0 0.05 (0.01) 100% 0.05 (0.01) 100% 0.06 (0) 100%
C16:0 9.11 (1.12) 45% 9.84 (0.53) 35% 12.29 (0.76) 21%
C16:0-2 0.57 (0.03) 100% 1.32 (0.09) 31% 0.69 (0.01) 41%
C18:0 4.54 (0.28) 51% 3.45 (0.28) 53% 3.94 (0.26) 35%
C18:0-1 1.04 (0.06) 0% 0.88 (0.1) 0% 0.8 (0.23) 0%
C18:2 trace 0% trace 0% trace 0%
C20:0 0.8 (0.06) 17% 0.84 (0.04) 17% 1.06 (0.08) 9%
C22:0 0.36 (0.05) 17% 0.46 (0.05) 16% 0.49 (0.07) 11%
C24:0 0.08 (0.02) 34% 0.13 (0.01) 25% 0.14 (0.02) 17%
C26:0 0.02 (0.01) 100% 0.09 (0.03) 100% 0.06 (0.03) 100%
Total bound (esterified): 56% 64.5% 77%
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3.2.6 Analysis of individual lipid classes in glycerolipid composition

Separation of glycerolipid classes in Nicotiana glauca leaf material was conducted for key

stages of leaf development 3, 6 and 9. A separation of the glycerolipid classes was per-

formed using TLC plates followed by chromatographic analysis as described in section

2.5. Figure 3.6 displays a typical separation of the glycerolipids in the wt and ge8 lines

observed on a TLC plate. The TLC bands identified were Triolein, MGDG – monogalac-

tosyldiacylglycerol, DGDG – digalactosyldiacylglycerol, SQDG – sulfoquinovosyl dia-

cylglycerol (three bands), PG – phosphatidylglycerol, PE – phosphatidylethanolamine,

PC – phosphatidylinositol and PS – phosphatidylserine. Each glycerolipid group was

identified with an authentic standard separately (not displayed), then grouped together

in a mastermix defined as C–control (see section 2.5 for details). To obtain a good sepa-

ration for all glycerolipids was a challenge, therefore there are some unidentified groups

remaining that were present in the samples of N. glauca used. Interestingly U2, U3 and U4

bands (shown with red arrows in figure 3.6) were only present in the ge8 line of Nicotiana

glauca.

C   WT  ge8
PS
PC ?

PE

PG

U4

SQDG-3

SQDG-1

DGDG

MGDG
U3
U2
U1

SQDG-2

Triolein

Figure 3.6 – Identification of glycerolipid classes using TLC system (as defined in
section 2.5.1) in the wt and ge8 lines of Nicotiana glauca. Visualisation was performed
by staining with iodine vapour. The arrows display unidentified lipid groups whose
presence differ between the plant lines. C - control, U - Unknowns 1 to 4.
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Each glycerolipid band was analysed by GC-MS and the composition was presented.

Table 3.3 shows the composition of fatty acids in each galactolipid group. Observations

showed that following development of the leaf healthy wt leaves showed accumulation

of longer chain fatty acids. For instance, changes observed in Triolein band showed

appearance of C20:0 and C22:0 in stage 6 followed by presence of C24:0 and C26:0 at

stage 9. Notably, more accumulation of saturated fatty acids seemed to be the case in

most galactolipid groups over the leaf development. For instance, SQDG–2 (band 2) had

C20:0 through C26:0 at stage 6 of leaf development. Decreases of specific fatty acids were

mainly observed at stage 9, for example C18:0 was recorded having a significant decrease

in SQDG-2 and SQDG-3.

The changes occurring in glycerolipid composition were also observed in the transgenic

ge8 line of N. glauca (table 3.3). In comparison to the wt, the appearance of fatty acids

(marked as infinite increase with two green arrows in the table) that normally were not

present in the wt was recorded for all glycerolipid bands identified except for MGDG (for

example, appearance of C26:0 in Triolein band at stages 3 and 6). On the contrary, the

absence of certain fatty acids (marked as infinite decrease with two red arrows) was also

present throughout different glycerolipid classes identified, for example, no C24:0 and

C26:0 were present in Triolein class at leaf developmental stage 9. Overall, the analysis of

Triolein class showed significant increase in the amounts of C12:0, C14:0, C20:0 at stage

6, but stage 9 showed significant decreases of the amounts in C12:0, C16:0 and C18:0.

MGDG had a loss of C18:2 and C20:0 fatty acids at leaf developmental stage 6. DGDG

had appearance of C18:2 in stage 3, but no C12:0 present there. Significant increases in

C16:0 and C18:0 were found at leaf developmental stage 6. Unlike in the wt, the presence

of C18:2, C20:0 and C24:0 was recorded at stage 9 in the ge8. Meanwhile, some absence of

fatty acids was noted in the SQDG bands. For instance, a lack of C12:0, C14:0 and C16:0

was noted at different stages. Some newly appearing fatty acids were seen at stage 3 in

SQDG–2, Stage 6 and 9 in SQDG–1 (e.g. C22:0 to C26:0 at stage 9).

Analysis of phospholipids fatty acid composition is displayed in table 3.4. In the wt

there were very little changes recorded at stage 3 and 6 of leaf development, for example

appearance of C20:0 fatty acid in PE. Meanwhile, stage 9 exhibited most changes, where
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Table 3.3 – Composition of fatty acids in galactolipid groups for key stages of leaf development of Nicotiana glauca lines. Marked with � are
fatty acids appearing/dissapearing throughout the leaf development of the wt plant in a glycerolipid group. ∗ - p<0.05, ∗∗ - p<0.01 and ∗ ∗ ∗ -
p<0.001 denote significant changes in the amount of one fatty acid compared to an earlier leaf developmental stage if in wt and compared to
wt if in ge8. ↑ and ↓ show an increase or decrease respectively. ↑↑ – infinite increase, ↓↓ – infinite decrease. Statistics performed using paired
sample t tests. MGDG – monogalactosyldiacylglycerol, DGDG – digalactosyldiacylglycerol, SQDG – sulfoquinovosyl diacylglycerol.

Triolein MGDG DGDG SQDG-1 SQDG-2 SQDG-3
wt ge8 wt ge8 wt ge8 wt ge8 wt ge8 wt ge8

Stage 3

C12:0 C14:0 C12:0� C12:0↓↓ C12:0� C12:0↓↓

C14:0 C16:1↑↑ C14:0 C14:0 C14:0 C14:0 C14:0 C14:0 C14:0 C14:0↓↓ C14:0 C14:0
C16:0

C16:0 C18:2 C16:0 C16:0 C16:0 C16:0 C16:0 C16:0 C16:0 C16:0 C16:0 C16:0∗∗↑

C18:2 C18:1↑↑ C18:2↑↑ C18:2 C18:2 C18:2 C18:2 C18:2↑↑

C18:0 C18:0 C18:0 C18:0 C18:0 C18:0 C18:0 C18:0 C18:0 C18:0 C18:0 C18:0∗∗↑

C20:0↑↑ C20:0 C20:0 C20:0↑↑

C22:0↑↑

C26:0↑↑ C26:0↑↑

Stage 6

C12:0 C12:0∗↑ C12:0� C12:0↓↓

C14:0 C14:0∗↑ C14:0 C14:0 C14:0 C14:0 C14:0 C14:0 C14:0 C14:0↓↓ C14:0 C14:0
C16:1� C16:1↓↓

C16:0 C16:0 C16:0∗↑ C16:0 C16:0 C16:0∗∗↑ C16:0 C16:0∗↓ C16:0 C16:0 C16:0 C16:0∗↑

C18:2 C18:2 C18:2� C18:2↓↓ C18:2� C18:2 C18:2 C18:2 C18:2 C18:2 C18:2� C18:2
C18:1↑↑

C18:0 C18:0 C18:0∗↑ C18:0 C18:0 C18:0∗↑ C18:0 C18:0∗↓ C18:0 C18:0 C18:0 C18:0
C20:0 � C20:0∗↑ C20:0 � C20:0↓↓ C20:0 � C20:0 C20:0↑↑ C20:0� C20:0 C20:0� C20:0↓↓

C22:0 � C22:0 C22:0� C22:0
C26:0↑↑ C26:0� C26:0

Stage 9

C12:0 C12:0∗↓ C12:0↑↑

C14:0 C14:0 C14:0 C14:0 C14:0 C14:0 C14:0 C14:0 C14:0 C14:0 C14:0 C14:0
C16:1 C16:1↓↓

C16:0 C16:0∗↓ C16:0 C16:0 C16:0 C16:0 C16:0 C16:0 C16:0 C16:0 C16:0∗↓ C16:0
C18:2 C18:2 C18:2↑↑ C18:2∗↓ C18:2 C18:2 C18:2 C16:1 C18:2
C18:0 C18:0∗∗↓ C18:0 C18:0 C18:0 C18:0 C18:0 C18:0∗↑ C18:0∗↓ C18:0 C18:0∗↓ C18:0
C20:0∗ ∗ ∗↓C20:0 C20:0↑↑ C20:0 C20:0 C20:0 C20:0 C20:0 C20:0↓↓

C22:0 C22:0 C22:0↑↑ C22:0 C22:0
C24:0� C24:0↓↓ C24:0↑↑ C24:0↑↑ C24:0↑↑

C26:0� C26:0↓↓ C26:0↑↑ C26:0 C26:0
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PG composition showed a significant decrease of C16:0 and C18:0. In addition, an ap-

pearance of C22:0 fatty acid was recorded in PC and PS composition. Interestingly, in the

ge8 line of Nicotiana glauca showed an increase in C16:0 and C18:0 fatty acid in either or

all three key leaf developmental stages in PG, PC and PS. Majorly, all phospholipids in

ge8 were seen to have some increases in predominantly

Table 3.4 – A table displaying changes in phospholipid fatty acid composition for key
stages of leaf development in wt and ge8 Nicotiana glauca. ∗ - p<0.05, ∗∗ - p<0.01 and ∗ ∗ ∗

- p<0.001 denote significant changes in amount of one fatty acid compared significant
changes in the amount of one fatty acid compared to an earlier leaf developmental
stage if in wt and compared to wt if in ge8. ↑ and ↓ show an increase or decrease
respectively. ↑↑ – infinite increase, ↓↓ – infinite decrease. Statistics performed using
paired sample t tests. PG – phosphatidylglycerol, PE – phosphatidylethanolamine,
PC – phosphatidylinositol and PS – phosphatidylserine.

PG PC PE PS
wt ge8 wt ge8 wt ge8 wt ge8

Stage 3

C12:0� C12:0↓↓

C14:0 C14:0 C14:0 C14:0 C14:0 C14:0 C14:0 C14:0

C16:0 C16:0∗↑ C16:0 C16:0 C16:0 C16:0 C16:0 C16:0∗↑

C18:2 C18:2 C18:2 C18:2 C18:2↑↑

C18:1 C18:1 C18:1↑↑

C18:0 C18:0 C18:0 C18:0 C18:0 C18:0 C18:0 C18:0
C20:0 C20:0 C20:0� C20:0 C20:0 C20:0

C22:0↑↑

Stage 6

C12:0↑↑

C14:0 C14:0 C14:0 C14:0↑↑ C14:0 C14:0 C14:0 C14:0
C16:1↑↑

C16:0 C16:0∗∗↑ C16:0 C16:0 C16:0 C16:0 C16:0 C16:0
C18:2 C18:2 C18:2 C18:2 C18:2↑↑

C18:0 C18:0∗↑ C18:0 C18:0 C18:0 C18:0 C18:0 C18:0
C20:0 C20:0 C20:0↑↑ C20:0 C20:0

C22:0↑↑

Stage 9

C12:0↑↑

C14:0 C14:0 C14:0 C14:0 *↑ C14:0 C14:0 C14:0 C14:0
C16:1↑↑ C16:1↑↑

C16:0∗↓ C16:0∗↑ C16:0 C16:0 *↑ C16:0 C16:0 C16:0 C16:0∗ ∗ ∗↑

C18:2� C18:2↓↓ C18:2 C18:2 C18:2 C18:2 C18:2� C18:2
C18:1↑↑

C18:0∗↓ C18:0∗∗↑ C18:0 C18:0∗∗↑ C18:0 C18:0∗↑ C18:0 C18:0∗ ∗ ∗↑

C20:0� C20:0↓↓ C20:0 C20:0 C20:0↑ C20:0 C20:0
C22:0� C22:0 C22:0� C22:0

C24:0↑↑
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non–saturated fatty acids, such as C16:1, C18:1, C18:2. Only PG composition showed a

decrease of C18:2 and C20:0 fatty acids at stage 9 of leaf development. Moreover, a new

fatty acid was found at stage 6 (C14:0), while both stage 6 and 9 had C16:1 present that

wasn’t observed in the wt.

Table 3.5 – Composition of fatty acids in unknown (U) glycerolipid groups for key
stages of leaf development of Nicotiana glauca. Marked with � are fatty acids appear-
ing/dissapearing throughout leaf development of the plant in a glycerolipid group.
∗ - p<0.05, ∗∗ - p<0.01 and ∗ ∗ ∗ - p<0.001 denote significant changes in amount of one
fatty acid compared to an earlier leaf developmental stage if in wt and compared to
wt if in ge8. ↑ and ↓ show an increase or decrease respectively. ↑↑ – infinite increase,
↓↓ – infinite decrease. Statistics performed using paired sample t tests.

U1 U2 U3 U4
wt ge8 wt ge8 wt ge8 wt ge8

Stage 3

C12:0� C12:0↓↓ C12:0↑↑ C12:0� C12:0↓↓

C14:0 C14:0 C14:0 C14:0 C14:0 C14:0 C14:0 C14:0
C16:1↑↑ C16:1� C16:1↓↓

C16:0 C16:0 C16:0 C16:0 C16:0 C16:0 C16:0 C16:0
C18:2 C18:2 C18:2 C18:2 C18:2� C18:2 C18:2� C18:2
C18:0 C18:0 C18:0 C18:0 C18:0 C18:0 C18:0 C18:0

C20:0↑↑ C20:0 C20:0 C20:0↑↑ C20:0� C20:0↓↓

C22:0↑↑ C22:0 C22:0↓↓

C24:0↑↑

C26:0 C26:0

Stage 6

C12:0� C12:0↓↓ C12:0� C12:0↓↓

C14:0 C14:0 C14:0 C14:0 C14:0∗↑ C14:0 C14:0 C14:0
C16:0 C16:0∗∗↑ C16:0 C16:0 C16:0∗ ∗ ∗↑ C16:0∗↑ C16:0 C16:0∗ ∗ ∗↑

C18:2 C18:2 C18:2 C18:2 C18:2↑↑

C18:1� C18:1↓↓

C18:0 C18:0∗↑ C18:0 C18:0 C18:0∗∗↑ C18:0∗↑ C18:0 C18:0∗∗↑

C20:0� C20:0 C20:0 C20:0 C20:0� C20:0
C22:0� C22:0 C22:0� C22:0↓↓

C24:0↑↑

C26:0 C26:0 C26:0� C26:0↓↓

Stage 9

C14:0 C14:0 C14:0 C14:0 C14:0 C14:0 C14:0 C14:0
C16:0 C16:0 C16:0 C16:0 C16:0 C16:0 C16:0∗∗↓ C16:0∗↑

C18:2 C18:2 C18:2 C18:2 C18:2↑↑ C18:2 C18:2
C18:0 C18:0∗↑ C18:0 C18:0 C18:0 C18:0 C18:0∗↓ C18:0∗∗↑

C20:0 C20:0 C20:0 C20:0 C20:0 C20:0 C20:0 C20:0
C22:0 C22:0
C26:0 C26:0

Four unidentified glycerolipid bands U1 to U4 were also observed (see table 3.5). As

presented in the figure 3.6, U2, U3 and U4 bands did not show a distinct mark in the TLC
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plates for the wt, however the presence of fatty acids were found (see table 3.5). In the wt,

significant changes were observed for fatty acid appearance over development of the leaf.

For instance, U1 had most fatty acid changes in leaf developmental stage 6, where C12:0,

C18:1, C20:0 and C22:0 were present. In the analysis of transgenic ge8 line, appearance

(marked as infinite increase) for fatty acids that normally were not present in the wt was

recorded for all unknown bands except for U2 and U4. For example, C16:1, C20:0, C22:0

were recorded at stage 3 in the ge8 but not in the wt. Some fatty acids were not present in

the ge8, such as C18:1 at stage 6 in U1 band; C16:1, C22:0 at stage 3 and C22:0 and C26:0

at stage 6 in U2. Overall, there were more fatty acids found in the ge8 compared to wt.
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3.2.7 Cuticular wax composition of Nicotiana glauca

Cuticular wax analysis of Nicotiana glauca was carried out by using simple extraction

method by leaf dip for mature leaves in order to determine the composition of the sur-

face of the leaf by hexane dip extraction. The extracts of leaf dip had a very simple

profile mainly consisting of hydrocarbons and alcohols. Figure 3.7b shows a typical

chromatogram retrieved by GC-MS analysis of these samples, where one major peak of a

compound is present (peak 8). When looking at the profile in more detail (Figure 3.7a),

it has been determined that hydrocarbons in fact make up over 99% of the composition.

Out of this, it has been determined that 96% is n–hentriacontane. Nonacosane was found

at 1.7%, while the rest of the compounds were bellow 1% of abundance. All the hydro-

carbons were confirmed by AS (authentic standards), however a hydrocarbon at peak 3

was not able to be identified. The numbers of the compounds in figure 3.7a correspond

to the peaks in figure 3.7b.

The composition of the hydrocarbon content was high throughout all ten leaf develop-

mental stages analysed. Interestingly, in addition to hydrocarbons, it has been observed

that the quantities of methyl esters have decreased in the transgenic line ge8 when com-

pared to the wt. Figure 3.9 displays a profile of methyl esters observed in the leaf surface

extraction fraction of Nicotiana glauca. Even though very small amounts of methyl esters

were found, the amounts were significantly smaller at leaf developmental stage 2, stage

4 – 5 and 7 – 9 stages.

Since the quantities of n–hentriacontane were so high compared to other compounds

found, the analysis over the leaf developmental stages and absolute quantitation was car-

ried out for both plant lines, wt and ge8. Figure 3.8 displays the profile of n–hentriacontane

absolute abundance over the leaf development. Overall, a decrease of around 2 fold has

been found to be consistent throughout the leaf development as described in section 3.2.3.

Stage 1 showed the highest difference in the amount n–hentriacontane was present in the

leaf between wt and ge8 plant lines. Meanwhile, Stage 2 had no significant differences in

the quantities of n–hentriacontane between the lines. Over the rest of the leaf develop-

mental stages, the trend in both lines was similar, however ge8 showed consistent reduced

quantities of n–hentriacontane (between 1-2 µg/mg DW), while the wt was between 2.4-3

µg/mg DW.
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Peak# Compound Retention
time (min)

Molecular
formula

Molecular
Ion (m/z)

Presence

0 Nonadecane (IS) 34.32 C19H40 268 n/a
1 Undecane 24.3 C11H24 156 0.04%
2 Octadecane 31.64 C18H38 281 0.04%
3 Unknown 46.9 - 362 0.68%
4 Hexacosanol 53.65 C26H52O 380 0.5%
5 Nonacosane 54.74 C29H60 408 1.7%
6 Triacontane 57.06 C30H62 421 0.1%
7 Octacosanol 50.02 C28H58O 414 0.1%
8 n-Hentriacontane 58.03 C31H64 436 96%
9 Dotriacontane 59.3 C32H66 450 0.2%
10 Tritriacontane 61.2 C33H68 464 0.5%

Note: Hydrocarbons make up 99.24% of the wax composition in mature leaf

(a)

(b)

Figure 3.7 – Cuticular wax composition of Nicotiana glauca is made up over 99% of
hydrocarbons. a) Shows the abundance of hydrocarbons in the extracuticular leaf of
N. glauca. The most abundant metabolite was found to be n–hentriacontane (marked
in bold). Peak numbers correspond to the Total ion current (TIC) chromatogram from
GC–MS analyses in b) , where a typical metabolite profile of N. glauca leaf surface
analysis is shown. Peak 0 corresponds to IS (internal standard) and peaks 1 through
10 – hydrocarbons found in Nicotiana glauca. The profile of presence was worked out
using the average abundances of hydrocarbons in the leaf tissue from 3 biological
and 3 technical replicates.
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Figure 3.8 – A profile of the most abundant hydrocarbon, n–hentriacontane in Nico-
tiana glauca over the leaf development. The compound was quantified using external
calibration curve of an authentic n–hentriacontane standard. Statistics were per-
formed using student t–tests, Error bars display SEM. Stars denote: ns - p>0.05; * -
p<0.05; ** - p<0.01; *** - p<0.001; .

Figure 3.9 – A profile of methyl esters present in the leaf surface of Nicotiana glauca
over the ten leaf developmental stages. Quantitation was performed using internal
standard (Nonadecane). Statistics were performed using student t–tests, Error bars
display SEM. Stars denote: ns - p>0.05; * - p<0.05; ** - p<0.01; *** - p<0.001; .
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(a) Fatty acids in wt

Figure 3.10 – Continued on the next page

3.2.8 Evaluation on harvesting implications on the availability of high value

metabolites based on two seasons – summer and winter

To increase robustness of the results, the analysis of key metabolite stages were selected

for replication at a different harvesting time. Determination of seasonal implications was

considered as an important attribute for industrial evaluation. Nicotiana glauca leaf tissue

material was compared between two different seasons defined as summer and winter,

where the summer harvest was taken during August month and the winter harvest was

in month of December (see section 2.2.4 for more details). These particular months were

used to observe metabolite changes when high temperature differences are in play at the

same geographical location (United Kingdom, Surrey) where the crop was grown. The

rationale behind this was the ability to evaluate valuable compound yield at different

timing and knowing that Nicotiana glauca can be harvested at least two times a year

due to its short rotation of the crop (see chapter 4). Additionally, this data will help to

determine the yield and which markets can be targeted at different growing periods. A

simplified version of profiling was incorporated into the experiment again using internal

standard quantitation methods (see section 2.7.2) for relative quantitation for key leaf

developmental stages 4, 7 and 10.
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Figure 3.9 – Continued on the next page
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Figure 3.8 – a) Analysis of valuable compound profile showing their changes at two
seasons, summer and winter in wt ( a) to c) ) and ge8 ( d) and e) ). a) and e) displays the
changes in Fatty acids. b) displays carotenoid changes in wt. No carotenoid changes
were observed in ge8. c) and d) displays sterols and phytol product changes. Statistics
were performed using t tests, where the Error bars display SEM. Stars denote: ns -
p>0.05; * - p<0.05; ** - p<0.01; *** - p<0.001; .
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Figure 3.8 displays the analysis of the compounds that were found to have changes in

quantities when compared between two seasons. It was determined that wt in winter

season has reduced quantities of three fatty acids: C16:0, C18:2 and C18:0 (figure 3.10a).

All of these fatty acids had at least a two fold decrease in winter in leaf developmental

stages 4, 7 and 10. Moreover, the data showed in figure 3.10c concluded that phytol and its

product α–tocopherol were significantly reduced in winter in the wt by 10 fold throughout

all key leaf developmental stages 4, 7 and 10. On the contrary, it was found that sterols

had an increase in winter compared to the summer season. In stage 4 and 7 campesterol

and sitosterol had a two fold increase, while stigmasterol had an increase in all key stages.

Only the wt of Nicotiana glauca showed changes in carotenoid profile between seasons in

figure 3.10b. A significant increase was noted for neoxanthin in winter in stages 4 and 10,

while stage 7 showed a decrease for this compound in winter. A significant increase was

found for violaxanthin and antheraxanthin in winter for all key stages. To add, lutein

had an increase in winter at leaf developmental stages 4 and 7. β–carotene amounts were

increased in winter at stages 4 and 7 and decreased at stage 10. Meanwhile, cis β–carotene

was increased in winter at stage 4 and with no changes at other leaf developmental stages.

wt wt ge8 ge8
0

10

20

30

40

Q
u

a
n

ti
ty

m
g/

m
g

D
W **

ns

Summer season
 Winter season

Figure 3.9 – Relative quantity for n–hentriacontane in mature leaf of Nicotiana glauca
in summer and winter season for wt and ge8 lines. Statistics were performed using
t tests, where the Error bars display SEM. Stars denote: ns - p>0.05; * - p<0.05; ** -
p<0.01; *** - p<0.001; .

Comparing ge8 line profile for summer and winter seasons, it was observed that sterols

exhibit an increase in winter (figure 3.9d). Squalene had a decrease at stage 4 in winter,

while other stages showed an increase by at least a two fold. Campesterol, Stigmasterol

and Sitosterol all showed a 2 fold or higher increase in winter in all key stages. Figure 3.9e

displays all fatty acids that were observed to have significant changes between summer

and winter seasons in ge8. C14:0 was found to have a decrease in winter by 20 fold in

all three key stages. C24:0 and C26:0 were decreased in winter at stage 4 but not other
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stages. On the contrary, the rest of fatty acids, such as C16:0 glycero-1, C16:0 glycero-2,

C18:0 glycero-1 and C18:2 were increased in winter by around 10 fold in stages 4, 7 and

10.

Furthermore, the analysis of leaf surface wax extraction has revealed the changes observed

in n–hentriacontane amounts. The comparison of n–hentriacontane quantities in mature

leaf at different seasons showed that the amount of the compound does vary in the wt but

not in the transgenic line ge8 (figure 3.9). The amount of n–hentriacontane between the

lines were significantly decreased in both seasons by almost two fold. For example, in

summer wt was 29 µg/mg DW while in winter n–hentriacontane increased to 35 µg/mg

DW. Meanwhile, ge8 remained at 18 µg/mg DW in both seasons.

This result was followed up by looking at the leaf development and changes in the

amounts at summer and winter seasons. In figure 3.10, a profile of n–hentriacontane

over the leaf development is displayed for the seasons. Previously, it has been mentioned

that wt quantities of n–hentriacontane vary between the summer and winter, while ge8

do not. This has been confirmed for stages 2, 4 and 5 in wt, while in the ge8 stages 4

to 9 showed no significant difference in quantities of n–hentriacontane found (based on

statistics between seasons for wt and ge8, not displayed). Additionally, it was recorded

that the major significant differences between the plant lines occur in stages 1 to 4 and

10 in the summer (figure 3.10a). Meanwhile, in winter the data displayed more changes,

where all leaf developmental stages (except stage 3) were significantly reduced in the ge8

line compared to the wt (figure 3.10b).

The PCA for seasonal changes were analysed. Figure 3.11 displays a score scatter plot in

figure 3.11a and loadings plot in figure 3.11b. Both seasons displayed a good separation

in wt as well as ge8 N. glauca lines. As displayed in figure 3.11, it was prominent that

stage 4 of wt line in the summer had a tendency to cluster closer to the ge8 line in the

summer unlike stage 7 and 10 that were clustering more apart . Considering this, the data

showed that the summer wt and the summer ge8 were more closely related in metabolite

trends. Meanwhile, wt in the winter clustered to the upper left panel from the summer

ge8. Winter ge8 data clustered to the right panel from the summer ge8. This pattern

showed larger separation of the clusters between the lines in the winter than summer.

The loading plot in figure 3.11a displayed the impact of the metabolites on the clustering

in figure 3.11b. The data displayed an impact of compounds such as violaxanthin and
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lutein to give a pull for the winter wt to the left panel. The wt in the summer showed

to be impacted by compounds such as C14:0 and squalene. Meanwhile, the changes in

β–carotene also show this compound clustering closer to the wt at stage 4 in the summer
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Figure 3.10 – Relative abundance of n–hentriacontane over the leaf development in
a) summer and b) winter for wt and ge8 lines of Nicotiana glauca. Statistics were
performed using t tests, where the Error bars display SEM. Stars denote: ns - p>0.05;
* - p<0.05; ** - p<0.01; *** - p<0.001; .
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season, while summer ge8 cluster was separated by antheraxanthin. Finally, winter ge8

cluster pull to the right panel was impacted by various lipids mainly and some sterols,

for example C16:0, C20:0, C22:0 and campesterol.
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Figure 3.11 – PCA of metabolites analysed for Summer and Winter seasons for wt
and ge8 key leaf developmental stages 4, 7 and 10. The PCA is displayed as a scatter
plot in a) and loading plot in b) for non-polar metabolites. In a) clustering by plant
lines and seasons is displayed in the legend by colour, where W stands for wt and G
stands for ge8.
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3.3 Discussion

To date Nicotiana glauca is not a well studied plant species. However, due to its versatile

growth and large biomass it is becoming a target crop that is being considered as new

feedstock for biorefinery pipelines. In this study, the determination and analysis of

metabolites found in N. glauca was carried out. The profile of high value compounds has

been established as well as a more detailed overview of metabolites and their changes over

the leaf development has been defined for the first time. This type of data will benefit to

improve the basic understanding for underlying biochemical processes in Nicotiana glauca.

Moreover, this data will be further exploited for establishing the industrial framework

in order to maximise the use of plant biomass through the Multinational European FP7

framework project MultiBioPro. On a broader perspective, this plays a large contribution

towards finding solutions for current global issues such as global CO2 emissions and

unsustainable chemical industry pollution.

3.3.1 Potential industrial application of N. glauca and its naturally occurring

high value metabolites

Profiling of non-polar compounds has shown that Nicotiana glauca has a comparatively

simple leaf metabolite composition in that relatively few intermediates are apparent. No

previous metabolite analyses of N. glauca as such has been found in the literature to date.

Zhu et al. (2007) has previously described carotenoid content in wt and ketocarotenoid

producing cyanobacterial crtO ketolase gene carrying transgenic line of Nicotiana glauca.

Mortimer (2010) has previously described carotenoid content in wt and ketocarotenoid

producing transgenic line ge8 that contains Brewudimonas crtZ/W ketolase and hydroxylase

genes. The same ge8 line is later used to describe additional metabolite changes in this

study (see section 3.3.3).

In this study, sample analysis by GC–MS and HPLC–PDA has enabled to show how sim-

ple and straightforward is to analyse this crop. A number of metabolites were described

in high quantities, but most importantly the ease of extraction and separation was high-

lighted. This could potentially bring value to the biorefining industry, since the majority of

crops considered (but not yet utilised) for biodiesel source typically have high extraction
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costs and have therefore been never implemented (Sani et al., 2013). These metabolites

were of great interest with the industrial partners of the MultiBioPro, FP7 framework

programme, and further emphasise the value of this feedstock. The metabolites focused

on in the present study for biofuel purposes were detected in the non-polar fraction. As a

result, a collaborative proposal of utilising N. glauca feedstock has been implemented to-

gether with industrial partners and is displayed in figure 3.12. The proposal is to employ

the entire feedstock including leaves, roots and stem for different commercial markets

thus increasing the selling cost of the extracted material. However, this study focused on

metabolites present in N. glauca leaves only and this will be discussed consequently.

Eight compound groups have been identified in the non–polar fraction of Nicotiana glauca.

The majority of metabolite fraction consisted of fatty acids and hydrocarbons. Fatty acid

and hydrocarbon fractions could be implemented in the industrial biodiesel production

if they reach desirable yields that are typically calculated based on oil percentage and

yield per hectare (Atabani et al., 2012) (discussed later). Additionally, fatty acids are also

suitable for nutraceutical and cosmetic applications such as cleaning agents, emollients

and thickening agents (Zielinska and Nowak, 2014). The same applies to fatty alcohols

that could also be applied as emollients in the food industry. Further analysis of N.

glauca has displayed high quantity of n–hentriacontane. Hydrocarbons could have three

market applications. Primarily, biodiesel production could be achieved via hydrocracking

processes that also posesses the same qualities of biofuel production as trans–esterification

(Mortimer et al., 2012; Mohan, 2015). The commercial interest in hydrocarbon–based fuel

production recently has been increasing due to the efficiency and cost related reasons in

hydrocracking (Friedman et al., 2008; Shirmer et al., 2010). Next, n–hentriacontane could

be used for jet biofuel production via same processes if higher performance requirements

can be achieved (Rand, 2010). Alternatively, Nicotiana glauca hydrocarbons could be

used as paraffin waxes or lubricating oils for numerous industrial, household and beauty

applications (Shirmer et al., 2010).

Additional pre-fractionation of Nicotiana glauca leaf material could potentially add eco-

nomical value through nutritional products and therapeutics industries. It is high in

nutritional carotenoids, phytol, solanasol and squalene. For example, an average of 0.5

metric tonnes of phytol is used annually in fragrance, detergent and cosmetic industry

(McGinty et al., 2010). In addition, it is also used in manufacture of synthetic vitamins E
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Figure 3.12 – A pathway diagram proposing plausible industrial applications of Nicotiana glauca.
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(Netscher, 2007) and K1 (Ehrlich, 2011). Vitamin E is an antioxidant and has neurological

function of human organism (Bell, 1987), while vitamin K1 plays an important role in

healthy bone function and blood clotting (Ehrlich, 2011).

3.3.2 Nicotiana glauca has a relatively good oil content composition

Oil content composition of N. glauca is calculated based on the information on this study

and provided data as part of MultiBioPro project. It was determined that an estimated

amount of 20 - 40 % of oil could be retrieved from this crop. Based on the trial by

MultiBioPro that was run in Madagascar, Nicotiana glauca could yield around 790 L per

hectare per year. Comparing this data to the literature, the oil content is comparable to

Rapeseed and Palm oil, but is higher than soybean and sunflower biodiesel feedstocks

(Table 3.6). Considering the annual oil yield, Nicotiana glauca seems to be somewhat lower

but still comparable to Rapeseed. More comparison and actual research is necessary to

confirm these stipulations, however should this be proven to be the actual case, N. glauca

could easily play a role in replacing or substituting soybean or even rapeseed that are vast

food crops, while N. glauca is a non food crop that could be grown on a marginal land.

Table 3.6 – Comparison of estimated oil content and yields in Nicotiana glauca and
other different biodiesel feedstocks based on literature and this study. Data referenced
from (Atabani et al., 2012).

Feedstocks Oil content (%) Oil yield (L/ha/year)

Jatropha curcas 50 - 60 1892
Soybean 15 - 20 446
Palm Oil 30 - 60 5950
Rapeseed 38 - 46 1190
Sunflower 25 - 35 952
Nicotiana glauca 20 - 40 764∗
∗ Estimated calculation based on MultiBioPro field trial in Madagascar.

Different literature sources highlight the importance of the fatty acid composition in

biodiesel feedstocks because it interferes with fuel properties and quality of the final

product (Ong et al., 2013). Typical major components of biodiesel have been found to be

C16:0, C18:0, C18:1, C18:2 and C18:3 fatty acids (Moser, 2009). Higher amount of saturated

fatty acids may increase fuel stability, bring better ignition quality and contribute to

good flow properties at lower temperatures (Pinzi et al., 2009). However, non–edible

oils typically have high levels of polyunsaturated fatty acids compared to the edible oils
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(Fattah et al., 2013). Table 3.7 shows fatty acid composition comparison of Nicotiana glauca

to edible and non–edible feedstocks from different literature sources. Most abundant fatty

acids in N. glauca were identified as C18:2, C18:0 and C16:0, which makes Nicotiana glauca

a potential target for use in trans–esterification processes of biofuel production (Leung

et al., 2009). This particular process shortens and simplifies the production of biofuel, as

a result also being more economical and more cost efficient (Ong et al., 2013). Compared

to other non-edible feedstocks like J. curcas and S. foetida, Nicotiana glauca has a better

saturated fatty acid profile. Compared to edible feedstocks, the saturation is higher in

N. glauca than in Soybean and Rapeseed. N. glauca has high amounts of C16:0 and C18:0

saturated fatty acids that are linked with high cetane numbers which contribute to better

ignition properties in the fuel (Knothe et al., 2003; Fattah et al., 2013).

Table 3.7 – Comparison of fatty acid composition (wt.%) in Nicotiana glauca and
comparable edible and non–edible biodiesel feedstocks based on literature and this
study. Data referenced from Ramos et al. (2008); Kale et al. (2011); Mofijur et al. (2012);
Ong et al. (2013).

Fatty acid Non–edible feedstocks Edible feedstocks
Nicotiana glauca Jatropha curcas Sterculia foetida Rapeseed Soybean

C14:0 0.3 0.1 0.2 - -
C16:0 27 13.5 20 4.9 11.3
C18:0 11.7 6 8 1.6 3.6
C18:1 - 44.6 2.5 33 25
C18:2 55 34 11 20 53
C18:3 - 0.3 1.2 8 6
C20:0 1.7 0.2 2.3 - 0.3
C20:1 - - - 9.3 0.3
C22:0 0.7 - - - -
C22:1 - - - 23 0.3
C24:0 0.1 - - - 0.1
C26:0 0.1 - - - -

However, a negative aspect of fatty acid composition in N. glauca is that it is high in C18:2.

Polyunsaturated fuel oils containing high levels of C18:2 and C18:3 have been associated

with decreasing cetane numbers and increasing degree of saturation in fuel (Knothe

et al., 2003). A minimum cetane number of 51 is required for good engine performance

and together with other properties are considered as European standards for biodiesel

(Knothe et al., 2003; Meher et al., 2006; Ramos et al., 2008). Despite this, Gerper (1996)

previously reported that increasing percentage of C16:0 increases the cetane number,

as in the example of palm biodiesel that is rich in C16:0 and C18:1 fatty acids (Ramos



3.3. Discussion 110

et al., 2008). In perspective, it would be important to further analyse the extracts of

N. glauca oils in order to determine physical and chemical properties in order to get a

more detailed comparable analysis between different available feedstocks for biodiesel

production. Therefore, a recommendation would be to investigate Nicotiana glauca oil

properties in order to determine how the fatty acid composition influences the quality of

biodiesel and whether it reaches physical and chemical properties of crude oils according

to biodiesiel test methods based on standard measures.

3.3.3 Metabolite changes over leaf development in Nicotiana glauca

Analysis of how metabolites are changing over the leaf development was conducted in

wt and ge8 lines of N. glauca for two reasons: i) To establish if the profile of naturally

occurring high value metabolites changes and if there is a desired time for harvesting

particular metabolites of interest; ii) To determine metabolite changes in the transgenic

ketocarotenoid producing ge8 Nicotiana glauca line in order to conclude if it is possible

to add value to the crop through genetic engineering of industrial ketocarotenoids. This

will further serve as an omic tool in the continuation of MultiBioPro FP7 framework

project by collaborating body in Max Planck Institute of Molecular Plant Physiology.

Subsequently, the transcriptomic data will be matched with metabolite changes over the

leaf development in order to determine the correlation between the genes and metabolites

of interest and identify expression patterns responsible for particular metabolites. As a

result, this metabolite data will be discussed with highlighting key changes in Nicotiana

glauca secondary metabolism.

Metabolic profile for the wt Nicotiana glauca over leaf development

A comparison of how metabolites change in relation to quantities over the leaf devel-

opment identified key transition patterns. These were between stages 2 to 3, 4 to 5 and

8 to 9 for the wt. This suggests the most active metabolism during these stages of leaf

development. Furthermore, when comparing how the quantities change over the leaf

development in relation to the first emerging young leaf stage in the wt, it has been found

that majority of downstream pathway compounds increase. For example, an accumu-

lation of C14:0 precursor fatty acids in earlier stages and then a severe decrease from
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stage 6 onwards is clearly linked to the increase of downstream fatty acids from stage

3, especially C16:0 and C18:2. This and similar changes in metabolites over the leaf de-

velopment is directly linked to the i) elevation of the precursor flux and ii) equilibrium

shift towards downstream product formation (Yadav et al., 2012). As a result, compound

accumulation with growing leaf development is observed for majority of compounds.

In the case of carotenoids, the wt line of Nicotiana glauca shows an increase for most

of these isoprenoids untill leaf developmental stage 6, and onwards leaf development

did not show any changes in quantities. It is clear, that younger leaf accumulates more

carotenoid content. This phenomenon is linked to active plastid development that is

often associated with organ formation and development (Fraser et al., 2007; Cazzonelli

and Pogson, 2010; Li and Yuan, 2013; Jarvis and López-Juez, 2013).

Metabolite adaptation in the transgenic Nicotiana glauca

Comparison of the metabolite abundance between the wt and ge8 N. glauca showed a clear

separation between the plant lines. Most major changes were observed for carotenoid

content and fatty acid content. Clearly, an accumulation of ketocarotenoids such as zeax-

anthin, and astaxanthin is at a cost of other carotenoids such as β-carotene, violaxanthin

and neoxanthin. The reduction of carotenoids in leaf tissue, especially β-carotene and

violaxanthin has previously been observed in this (ge8) and other crtZ/W constructs of

N. glauca by Mortimer (2010). The current data in this thesis is a follow up of one of the

lines constructed by Mortimer (2010), therefore a decrease in neoxanthin that previously

was not observed has been recorded. In addition, Mortimer (2010) observed no change in

antheraxanthin previously, however with an increase of a transgenic plant generation this

compound and others (e.g. cis β-carotene) seem to change and vary in quantities over the

leaf development compared to the wt. This could be linked to the negative feedback loop

as a result of the production of ketocarotenoids (Nogueira, 2013) as well as the fact that in

early tissue development more carotenoids are needed due to the higher photosynthetic

activity (Zhu et al., 2007).

Naturally, a successful engineering of ketocarotenoid biosynthesis does not come without

a cost of impacting the rest of the metabolism in the plant. Previous trials with bacterial crt

genes in attempt to produce astaxanthin in plant tissues were successful (Zhu et al., 2007;

Mortimer, 2010), but no evidence on the impact on the other metabolites were reported. In
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this thesis it has been demonstrated that the reduction of total fatty acid content especially

C18:2 seems to be a direct impact in this ge8 transgenic line producing astaxanthin. When

comparing metabolite changes over the leaf development in the ge8 on its own, an increase

of downstream C20 fatty acids that are naturally abundant in trace (bellow 0.5µg/mg DW)

occurs. What is surprising, Contrastingly, the C21:0 fatty acid that is previously not found

in the wt is appearing at certain leaf developmental stages in the transgenic ge8 line. These

findings implied changes of precursor metabolites and additionally prompted to find out

if any other changes occur at a polar metabolite level. Due to time constraints, further

comparison of polar and non–polar metabolites in three key stages of leaf development

was conducted between wt and ge8 lines of N. glauca. Analysis of the ge8 line showed

key transitions between stages 3 to 4, 6 to 7 and 8 to 9 with most changes occurring.

Changes in the polar compounds such as b-alanine, lysine, ketoglutaric acid, aspartic acid,

glucaric acid, and glucuronic acid were observed. These observations suggest that leaf

development in the ge8 is delayed by a single leaf developmental stage in younger leaves

untill late mature stage is reached. For instance, previous research using classical genetic

tools to increase/decrease lysine quantities in Arabidopsis demonstrated deleterious effects

on plant growth and development (Galili and Amir, 2013). Moreover, a change in TCA

cycle metabolites (for e.g. citric acid, isocitric acid) also observed in the transgenic ge8

line shows a link to photosynthetic deficiency. Previously documented experiments with

TCA cycle enzyme suppression showed direct or indirect photosynthetic performance

alteration (Carrari et al., 2003; Nunes-Nesi et al., 2007; Sienkiewicz-Porzucek et al., 2008;

Sweetlove et al., 2010). Such and other examples correlate to the changes in the pathway

in the transgenic ge8 line further suggesting distortion in the metabolite flux (Yadav et al.,

2012) due to the engineering of ketocarotenoid genes.

3.3.4 Free (unesterified) fatty acid determination in Nicotiana glauca for po-

tential biodiesel production

Biodiesel fuel specifications have high international standards that are defined by Amer-

ican standard for testing materials (ASTM 6751-3) and European Union (EN 14214)

(Atadashi et al., 2010). Numerous factors are considered such as feedstock quality, fatty

acid composition (as discussed in section 3.3.1), physiochemical properties, biodegrad-

ability, stability and lubrication (Ramos et al., 2008; Atadashi et al., 2010; Shahid and
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Jamal, 2011; Ong et al., 2013). One of the most important features for biodiesel is minimal

amounts of water and free fatty acids, because water reduces the catalytic effectiveness

and increases the price of conversion (Karaosmanoglu et al., 1996) while free fatty acids

lead to soap formation during trans-esterification reaction (Atadashi et al., 2010). High

amounts of free fatty acids decrease the yields of esters and is a major drawback that

inhibits commercial production of biodiesel (Atabani et al., 2013). As a result, the purity

or amount of esterified (bound) fatty acids is set to 96.5% (of total feedstock mass) as

an international standard. From a biodiesel viewpoint Nicotiana glauca does not reach

this standard. Analysis of leaf material over key leaf developmental stages showed an

increasing amount of bound (esterified) fatty acids over the leaf development. Mature

to senescing leaves had 91 to 93 % of esterification in the fatty acid profile present. That

is 3.5 – 5.5 % lower that international standards. The result shows that esterification is

increasing with leaf development in both plant lines. The presence of free fatty acids

suggests an increased prooxidation action and higher susceptibility to thermooxidative

degeneration in the oils (Frega et al., 1999).

A significant decrease in esterified fatty acids was present in the ketocarotenoid producing

transgenic ge8 line over key leaf developmental stages. 30 to 16 % reduction of esterified

fatty acids was observed over key leaf development compared to the wt of Nicotiana

glauca (depending on leaf developmental stage). From a biofuel perspective, this is an

undesirable feature due to the reasons mentioned above. However, from biochemical

viewpoint, this suggests that there is an adaptation mechanism operating in the ge8

in order to compensate for ketocarotenoid production biochemically. Plant composition

contains free (unesterified) fatty acids and are typically a minor but important constituent.

They provide components to plant vascular tissues for different purposes (Cristie, 2003)

because they are able to interact with different specific and non-specific enzymes (AOCS,

2012). For example, they can play a secondary messenger role for translational purposes

or mediators of the extracellular signals (AOCS, 2012). Additionally, free fatty acids

influence multiple processes through interaction with the components of the membrane.

Therefore, it is plausible that ketocarotenoid gene engineering into Nicotiana glauca alters

at least someof these interactive processes associated with free fatty acids. As a result,

increased free fatty acid activities are consequently associated with a decrease of fatty

acid esterification in the transgenic variety of the crop.
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Free fatty acids are also a sign of stress in the plant. For instance, stressed plants have been

shown to accumulate higher amounts of free fatty acids (Bilsen and Hoekstra, 1993), which

is the case for the transgenic Nicotiana glauca. This could be a consequence of increased

activities of phospholipases (Senaratna and McKersie, 1986) due to changes linked to

the ketocarotenoid biosynthesis. As a result, enhanced susceptibility of degradation of

phospholipids occurs (Barclay and McKersie, 1994) that subsequently is linked to altered

fluidity of liposomes in membrane bilayers (Nooden and Leopold, 1988; Senaratna et al.,

1987a). This is also suggested through significant decrease in amounts of unesterified

C18:2 fatty acid, because especially C18:2 and 18:3 fatty acids have been also linked to this

phenomena (Barclay and McKersie, 1994). To gain better understanding, further analyses

establishing lipid autoxidation via hyperperoxide products of C18:2 via HPLC should be

carried out (Porter et al., 1995).

3.3.5 Analysis of glycerolipids in Nicotiana glauca

Changes in photosynthetic galactolipids when the wt enters senescence

Changes in glycerolipid composition was performed for key stages of leaf development

for both plant lines of Nicotiana glauca. The observations noted changes between leaf

developmental stages 3 and 6 as well as stages 6 and 9 for the wt in each galactolipid

group found. It then additionally compared the changes occurring in the ge8 line to

the wt within each key developmental stage. This is the first documentation of the

Nicotiana glauca galactolipids over key leaf developmental stages to this date. Analyses of

MGDG and DGDG over the leaf development in the wt suggests changes occurring in the

composition of fatty acids. Galactolipids MGDG and DGDG are most abundant lipids

found in thylakoid membranes of the chloroplasts (Block, 1983; Jones, 2007). Although

no irregular changes between MGDG and DGDG in the fatty acid composition at stage 6

and 9 were observed, an addition of C12:0 was found to be present at leaf developmental

stage 3 in the DGDG group. This raises a question of why C12:0 is present in DGDG and

not in the MGDG that currently could not be stipulated.

No C12:0 was found in DGDG in the transgenic line, which suggests that some changes are

definitely going on in thylakoid membranes due to the introduction of crtZ/W proteins

and their products. This is further confirmed by the absence of C18:2 and C20:0 in
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MGDG, while DGDG has an increased production of these fatty acids (discussed later).

Previously, it has been demonstrated that DGDG levels can be altered for e.g. in phosphate

deprivation (Wada and Murata, 2009). However, this is not the case as phosphate has

not shown any changes over the leaf development between the lines. Additionally, fatty

acids over the leaf development indicated the degradation of for instance C18:2 and

C20:0 at leaf development stage 9 (In triolein and SQDG-1). As a result, no further

production in amounts was observed in any of the fatty acids. This confirms the fact that

a leaf entering and going through senescence may have an occurrence of the degradation

of chloroplastic membranes (Matile et al., 1989). This poses a discussion point for the

transgenic line, because on the contrary, fatty acid production is active and incorporation

into DGDG at stage 9 is apparent.

Ketocarotenoids production affects fatty acid abundance in thylakoid membranes in

the ge8 line

As mentioned, galactolipids MGDG and DGDG are most abundant lipids found in thy-

lakoid membranes of the chloroplasts (Block, 1983; Jones, 2007). Data presented in this

chapter in relation to the ge8 transgenic ketocarotenoid producing line suggests changes

in these two galactolipds as well as SQDG are occurring at different stages of leaf devel-

opment. For example, MGDG in ge8 showed absence of C18:2 and C20:0 in stage 6 where

normally in the wt is present. This and other similar changes in galactolipid composi-

tion suggest changes in photosynthetic activity, because MGDG, DGDG and SQDG are

essential for photosynthetic ability and are directly assembled into the photosynthetic ap-

paratus (Block, 1983; Jones, 2007). Decreased photosynthesis has been previously linked

to carotenoid biosynthesis inhibition via herbicides. For instance, metflurazone and nor-

flurazone increase the amounts of C18:2 and C18:3 in both galactolipds and phospholipids

(Rivera and Penner, 1979). In the case of this study, the changes occurring in the trans-

genic variety of Nicotiana glauca suggests that there could be a connection between the

photosynthetic activity and fatty acid synthesis. The fact that MGDG has a decrease

and DGDG has an increase of C18:2 suggests that the impact on fatty acids in thylakoid

membranes are in fact the case.

As a result, the appearance of variety of lipids could be a coping factor to stress response

in the transgenic line of N. glauca. Knowingly, plant lipids play a big role in the protection
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against ROS (reactive oxygen species) (Lichtenthaler and Burkart, 1999). The response

to different stress factors affect the saturation level of the membrane lipids in order to

maintain membrane permeability and fluidity (Zheng et al., 211). In fact, besides the

light harvesting role and structural role carotenoids play a crucial role in photoprotection

by scavenging singlet oxygen species as well as energy dissipation (Mimuro and Katoh,

1991; Shumskaya and Wurtzel, 2013). To add, previous research has proposed increased

tocopherol production under higher oxidative stress in order to protect Photosystem II

(Kobayashi and DellaPenna, 2008), which was demonstrated to be also the case in the

ge8 line. Therefore a response in changes in carotenoid content to accommodate newly

introduced ketocarotenoid pathway clearly becomes the reason for altered fatty acid

metabolism altogether.

Further changes in the ge8 phospholipids observed at three levels

Phospholipids (PC, PE and PS) together with sphingolipids and sterols are mostly con-

stituents of extrachloroplastic membranes formed in the ER (endoplasmic reticulum)

(Somerville et al., 2000; Dörmann and Benning, 2002). Tight regulation of lipid home-

ostasis is present at the subcellular level in the membrane therefore it should be relatively

constant (Wada and Murata, 2009). However, a number of compositional changes in the

transgenic ge8 have been observed suggesting lipid changes at three levels: i) the ER (En-

doplasmic reticulum), ii) inner membrane of mitochondria and iii) chloroplast envelope.

Predominantly, fatty acid composition has increased in PS with newly appearing fatty

acids such as C16:1, C18:1, C18:2. This further confirms the occurrence of bigger variety

of fatty acids at smaller quantities compared to the wt. Since PE relies on PS forma-

tion (Wada and Murata, 2009), increase and newly appearing fatty acids were observed

there too, but more towards later leaf development (stage 9). This also suggests possible

lipid synthesis changes in the inner membrane of mitochondria, since PE is also formed

there. Meanwhile, although the majority of PC is formed in the ER, there is evidence

of its presence in chloroplast surface as well as having a lipid precursor role from ER to

chloroplast (Andersson et al., 2007). Interestingly, although PG synthesis is present in all

three locations, only an increase of typically abundant fatty acids was observed (C16:0

and C18:0), while at a later stage, absence of C18:2 and C20:0 was recorded. Although

lipid remodelling under different conditions is an important mechanism that underlies
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the homeostasis of each membrane involved with these lipids, it is not well understood

to this date. In order to further investigate these plausible changes at the proposed three

subcellular levels it is important to perform an organelle separation and isolation analysis,

however some organelles such as the ER is not straighforward to isolate.

3.3.6 Wax content on the leaf surface of the transgenic Nicotiana glauca variety

The analysis of wax content of N. glauca revealed a simple composition of the leaf surface.

Hydrocarbon composition proved n–hentriacontane to be the most abundant compound

found on the leaf surface of the plant (over 96%). Previously, a simple composition of

Nicotiana glauca has been reported by Mortimer et al. (2012). In this study, the analysis

has additionally demonstrated a small percentage of methyl esters present too. Compar-

ing the two lines, wt and ge8, it has been prominent that there is a decreased content of

hydrocarbons, especially n–hentriacontane. For this reason, it was interesting to analyse

this over the leaf development as well as quantify the most abundant n–hentriacontane

to a calibration curve since this compound could be of high value to the aviation industry

as a biofuel source (Totten et al., 2003). A significantly stable hydrocarbon profile was

determined for both plant lines, however the transgenic line has a significant reduction in

n–hentriacontane in all stages apart from stage 3. This could be explained by the fact that

in early leaf development cuticle synthesis is more active, like for instance in Solanum ly-

copersicon, a common tomato whose cuticle is well studied over fruit development cuticle

synthesis plays a big role in fruit development (Lara et al., 2015). As a result the keto-

carotenoid containing ge8 line tries to compensate and make more hydrocarbons in stage

3, however the engineering of crtZ and crtW has clearly contributed to n–hentriacontane

reduction in all the other stages. In addition, it seems like the methyl ester synthesis to

the leaf surface have correlation in relation to the hydrocarbon quantities.

Repetitive analysis carried out at different seasons has displayed that indeed N. glauca is

season dependent for the abundance of many compounds as well as n-n–hentriacontane.

In wt the amounts of n–hentriacontane seemed to be decreased in most leaf developmental

stages as well as less stable in the summer. The transgenic ge8 line brings consistency in

the abundance of n–hentriacontane between the seasons as the quantities overall do not

vary. As a result, the wt seems to perform better in the winter. There is a link of cuticular

hydrocarbon deposition associated with the heat in Nicotiana glauca.
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3.3.7 Seasonal differences in Nicotiana glauca

Seasonal differences of N. glauca were evaluated via the non–polar metabolite analysis

of key developmental stages 4, 7 and 10. The plants were grown and harvested at the

same location in August and December respectively. Short rotation of 6 – 8 weeks allows

Nicotiana glauca to be harvested at least twice per year, therefore the implications of the

most different seasons were evaluated.

In the wt, the data suggested an increasing trend of fatty acid abundance over the key

stages of leaf development 4, 7 and 10. Along the side, phytol, squalene and majority of

the carotenoids that are present in the wt of Nicotiana glauca seem to have the increasing

quantities towards the developmental stage 10. This indicates that Nicotiana glauca would

be best to use at full maturity and senescence of the leaf material in order to increase the

quantities yielded of the compounds of interest. Interestingly, this trend is not as obvious

in the transgenic line ge8 (discussed later). In addition, looking at the quantitative aspects

of these compounds, the conclusions were drawn that wt of Nicotiana glauca has the

highest amounts of fatty acids in summer. Meanwhile in winter the quantities of majority

of carotenoids (e.g. Lutein, β–carotene) and sterols (but not phytol) are higher compared

to the summer which is in fact because less radical scavenge occurs. On the contrary,

the amounts of n–hentriacontane were reported higher in winter in the wt, which may

explain why fatty acid content has decreased in the winter for this crop.

The transgenic ketocarotenoid producing line ge8 showed no changes in the carotenoid

content between the seasons. This suggests a more stable line in comparison to the wt

and clearly is linked to the presence of ketocarotenoids and higher content of carotenoids

as discussed in earlier sections. Furthermore, the abundance of a higher fatty acid variety

produced in the transgenic line was confirmed by this data and leads to the earlier

discussion points of this chapter. Interestingly, unlike in the wt, the ge8 line showed

higher fatty acid content in winter and not in the summer. This was the case for the

commonly in high quantities found fatty acids (in the wt) such as C16:0, C18:0 and

C18:2. On the contrary, summer ge8 crop had remarkable quantities of C14:0 (a precursor

fatty acid) and reduced or trace quantities of other fatty acids which suggests that the

downstream fatty acid synthesis is in fact blocked as a response to the higher amount

of sun/hotter weather. It is surprising that the quantities of carotenoid compounds do
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not change between the seasons, which may lead to speculation that there is an indirect

mechanism that is responsible for the fatty acid alteration because as highlighted for the

wt, fatty acid quantities do not pose the same phenomena linked to the season. What is

more, that sterol quantities show significant increase in winter season for the ge8 too.

Analyses of this data has additionally showed that hydrocarbon quantities at both sum-

mer and winter harvests do not vary significantly unlike in the wt. This in fact additionally

confirms a more environment stable line. From the industrial viewpoint, the data inter-

pretation of seasonal changes in Nicotiana glauca concludes that the crop has: i) a higher

yield of compounds at leaf maturity; and ii) two seasons depending for purposes of

use. Due to the differences observed between the seasons in Nicotiana glauca, it has been

concluded that in order to exploit the full potential of the crop it is much more efficient

to harvest at both seasons. In the summer if the plant is to be exploited in multiple

biorefining processes for its oils (wt only), phytol and carotenoids (ge8 only) and hydro-

carbons (ge8 only). On the contrary, to gain the maximal abundance of oils (ge8 only)

sterols, carotenoids and hydrocarbons in the plant, the data suggests to use the winter

crop material.



Chapter 4

Biorefining and environmental stabil-

ity of Nicotiana glauca

4.1 Introduction

Pressing world issues such as running out of land resources, global warming, lack of

fertile land and its contamination has put the topic of biorefining at importance. The

humanity is looking for more sustainable industrial sources of materials for energy and

chemical industries. Since Nicotiana glauca is being evaluated as a potential multipurpose

crop for these industries as part of MultiBioPro FP7 framework project (see chapter 3), it

has become of great importance to assess and evaluate of how N. glauca changes in the

current biorefinery cascade when different environments are in play.

This chapter describes the assessment of the stability of the plant cultivation under differ-

ent environmental factors that are most commonly known to affect the yield of the crops.

In turn, Nicotiana glauca is assessed in these environments under the laboratory scale levels

in comparison to the typical greenhouse settings as described in section 2.2. For example,

drought is the most common reason for yield losses as majority of crops are unable to

withhold it (IPCC, 2007). Since we have stated that N. glauca does not compete with the

food crop land (see section 1.3), we wanted to assess its response to drought in terms of

the availability of metabolites of interest that are targeted for industrial use as described in

Chapter 3. Furthermore, heavy metal contamination is commonly seen spreading around

the radius of factories and thus contaminated fertile land becomes unusable for edible

crops since their resistance is typically low to such contaminants like nickel, zinc, etc. As a

result, apart from using Nicotiana glauca for extracting valuable market molecules, it could

be also used as a potential phytoremediation plant for such lands. Another common land

contaminant is salinity, that is caused mainly by agricultural irrigation. Evaluating N.

120
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glauca susceptibility to salinization, we can determine if its salt tolerant to be grown at the

land with high amounts of salinity. Next, the chapter looks into the scalability laboratory

to industry, where the yield of two field trials is assessed. Finally, metabolites of interest

present in field grown material will be evaluated in two geographical locations as well as

the comparison how the harvesting of the material affects their recovery rates.

4.2 Results

4.2.1 Physiological changes over the duration of stress induction to Nicotiana

glauca

The plants of Nicotiana glauca were tested in different environmental conditions: drought,

salinity and heavy metals. The experiment was conducted in order to assess i) the

tolerance of the plant to common land contaminants; and ii) determine metabolites of

interest and their changes when the crop is exposed or grown to atypical conditions.

Table 4.1 displays the summary of the mimicked water treatments for each Nicotiana

glauca plant for both wt and ge8 plant lines (for more detail see chapter 2, section 2.2.3).

Guidelines from literature were taken to determine concentrations for salinity and heavy

metal treatment that are typically not well handled by majority of crops grown (for details,

see section 2.2.3). However, no lethality was reached for both lines at two different

concentrations. Over the course of 20 days, plants treated with salinity showed some

loss of rigidity, while heavy metal treatment showed leaf browning. Moreover, drought

treatment showed gradual leaf wilting and eventually death of the plant at around 15

days post the initiation of the experiment.

Table 4.1 – Summary of the environmental experiment conducted under the green-
house settings in order to test the performance and growth of the Nicotiana glauca WT
and ge8 plant lines.

Concentration
(g/l)

Days to lethality Phenotypic changes

Salinity
12 (medium)

}
Not lethal Small loss of rigidity

24 (high)

Heavy metals
2

}
Not lethal Noticeable leaf browning

4
Drought n/a 15 ± 1.5 Wilting, followed by death
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Phenotype changes over the course of drought treatment are displayed in figure 4.1.

Compared to the control, wt at day 5 of drought showed higher wilting than the ge8

line. By day 10, both lines showed a similar amount of wilting, but the wt had a higher

observable wilting phenotype. By day 15, both lines were found to be completely wilted.

An attempt of plant recovery by introducing watering showed no recovery to either of

Nicotiana glauca plant lines. It was concluded, that severe drought affects Nicotiana glauca

in 15 days to no recovery.

(a) Control Day 1 (b) Control Day 10 (c) Control Day 15

(d) Drought treatment
Day 5

(e) Drought treatment
Day 10

(f) Drought treatment
Day 15

Figure 4.1 – Nicotiana glauca wt (left) and ge8 (right) plant lines were tested for drought
susceptibility. The plants were grown under 16 hour photoperiod, eight days into the
determined watering regime. a) to c) displays control wt (left) and ge8 (right) under a
normal watering regime. d) to f) displays wt (left) and ge8 (right) exposed to drought
conditions and show leaf drying in wt and wilting in ge8.

Further phenotypic analysis were performed for Nicotiana glauca plants watered with two

different saline solutions. Both plants were exposed to two different salinity concentra-

tions (see table 4.1) and showed the same effect. A small loss in observable turgor was

noted in both plant lines for both concentrations. Figure 4.2 displays plants watered
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with high salinity concentration compared to the controls. Watering with smaller con-

centration of salts showed somewhat smaller reduction in turgor loss, while doubling the

concentration increased the observable turgor for both lines. It was also noticed, that the

wt was more affected by salinity compared to the ge8 line of Nicotiana glauca. Moreover,

gradual loss of leaves was noted in wt and ge8, where at day 15 almost 50% of leaf loss

was observed in both treatments with saline water.

Treatment with water containing different heavy metals is displayed in figure 4.3. A

comparison to control did not show any major changes in both lined during the treatments.

Both concentrations of the treatment showed similar results. A loss of leaves was observed

after 10-15 days of the treatment initiation. The ge8 line visually retained somewhat higher

amount of leaves after day 15 compared to the wt. However, there was no much difference

observed between the wt and ge8 plant lines during the treatment.

(a) Control Day 1 (b) Control Day 10 (c) Control Day 15

(d) Salinity treatment
Day 5

(e) Salinity treatment
Day 10

(f) Salinity treatment
day 15

Figure 4.2 – Nicotiana glauca wt (left) and ge8 (right) was tested for susceptibility to
salinity. The plants were grown under 16 hour photoperiod, eight days into the
determined watering regime. a) to c) displays control wt (left) and ge8 (right) under a
normal watering regime. d) to f) wt (left) and ge8 (right) are exposed to salt conditions
and show leaf drying in the wt and wilting in ge8.
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(a) Control Day 1 (b) Control Day 10 (c) Control Day 15

(d) Heavy Metal treat-
ment Day 5

(e) Heavy Metal treat-
ment Day 10

(f) Heavy Metal treat-
ment Day 15

Figure 4.3 – Nicotiana glauca wt (left) and ge8 (right) was tested for heavy metal
susceptibility. The plants were grown under 16 hour photoperiod, eight days into the
determined watering regime. a) to c) displays healthy wt (left) and ge8 (right) under a
normal watering regime. d) to f) displays wt (left) and ge8 (right) under heavy metal
watering regime.

1 cm

(a) Control (b) Salinity treatment (c) Heavy metal treat-
ment

Figure 4.4 – Nicotiana glauca wt (left) and ge8 (right) leaf coloration as a result of
different water regime treatments after 20 days. a) shows control (healthy) leaves, b)
shows leaves affected by salinity treatment and c) displays leaves affected by heavy
metal water regime.
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In figure 4.4 the observed leaf phenotypes as a result to different watering regime (salinity

and heavy metal treatment) are displayed after 20 days of treatment. It was observed,

that both concentrations of saline water treatments used promote wilting leaves in both

lines of Nicotiana glauca (figure displays high salinity regime ). Meanwhile, heavy metal

treatment at both concentrations were also producing leaves that showed browning and

discolouration.

4.2.2 Evaluation of metabolite changes under the stress induction to Nicotiana

glauca

Plants that were exposed under three different watering regimes were routinely harvested

for non-polar metabolite analyses over the course of 20 days of the experiment. This was

directed at determining whether any of the metabolites of interest described in Chapter 3

are affected due to the drought, salinity or heavy metal watering regimes. The metabolites

were analysed at day 0 (initiation of the experiment), 5, 10, 15 and day 20. The plants

under the drought regime were measured up to 15 days and had no data for day 20

due to their death after day 15. An adjustment of the data was made against day 0

plants (controlling for day 0) to minimise the error based and biological variation impact.

As a result, only metabolites that were recorded as significantly different supported by

repeated measures and statistical analyses by Anova and post-hoc t-tests.

Figure 4.5 displays the changes in response to drought watering regime for Nicotiana

glauca wt and ge8 plants (panels a) and b) respectively). In the wt the data showed

two fatty acids and three carotenoids affected by the drought regime (figure 4.5a). The

upregulation of C18:2 was found at day 10, while on the other days there was no change

observed. Furthermore, a downregulation of C16:0 was observed at day 10 too. Three

carotenoids displayed in the graph showed a decrease at day 15 when compared to

the control watering regime. Meanwhile, in figure 4.5b metabolite data of the drought

regime and control was compared for the ge8 line of Nicotiana glauca. Only carotenoids

and ketocarotenoids were observed to vary over the treatment. An Increase of astaxanthin

and pheophytin was observed at day 5 compared to the control ge8. A decrease of 3-OH’

echinenone was noted from day 10 and onwards. Meanwhile, at day 15 all six compounds

that showed significant differences (e.g. astaxanthin and α-carotene) showed a decrease

compared to the control treatment.
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(a) wt
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Figure 4.5 – Metabolite fold changes in Nicotiana glauca for a period of 15 days under
drought watering regime compared to the control watering regime. a) Significant
metabolite changes observed in the wt compared to the wt control. b) Significant
metabolite changes in the ge8 line compared to the ge8 control. All data displayed
is significantly different unless falls under 1 (no change). Repeated measures Anova
was performed to adjust biological variation errors and t-tests with post-hoc analyses
for significant difference.
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Figure 4.6 – Metabolite fold changes in Nicotiana glauca for a period of 20 days under
saline watering regime compared to the control watering regime. a) Significant
metabolite changes observed in wt compared to wt control. b) Significant metabolite
changes in ge8 line compared to ge8 control. All data displayed is significantly
different unless falls under 1 (no change). Repeated measures Anova was performed
to adjust biological variation errors and t-tests with post-hoc analyses for significant
difference.
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Figure 4.6 displays the changes in salinity watering regime for Nicotiana glauca wt and

ge8 plants (panels a) and b) respectively). Figure 4.6a shows changes observed in the wt

treated compared to the control. An increase of various carotenoid esters were observed

at day 5 of the treatment, while neoxanthin was found to be decreased at day 15 and 20.

When the ge8 line was evaluated under the treatment, quantities of three ketocarotenoids

were altered. As displayed in figure 4.6b, antheraxanthin showed a decrease at day 20

compared to the control ge8. Meanwhile, an increase of astaxanthin and 3-OH’ echinenone

was observed at day 5. Further on, no changes in quantities of astaxanthin were observed,

while 3-OH’ echinenone had a decrease by 0.5 fold at day 10.

Figure 4.7 displays the changes in heavy metal watering regime for Nicotiana glauca

wt and ge8 plants (panels a) and b) respectively). The data showed changes in two

compounds in the wt (figure 4.7a). A decrease of C18:0 was observed at day 20 of the

treatment. Meanwhile, neoxanthin had a 2.5 fold increase at day 5, while on the other

days it showed no changes compared to the control wt. Figure 4.7b displays changes

in the heavy metal treated ge8 Nicotiana glauca line compared to the control ge8. The

data suggested 6 compounds to be affected due to heavy metal watering regime. An

increase of n–hentriacontane was observed at day 5 but not any other days. Meanwhile,

an increase of β-cryptoxanthin was found at day 10. 3-OH’ echinenone had an increase

at day 15. Finally, stigmasterol, antheraxanthin and unknown ketocarotenoid (λ468) had

a fold decrease by 0.5 at day 20 compared to the control ge8.

All the metabolite differences were routinely plotted as a PCA for each watering regime

against the controls of both plant lines. The scatter plot of metabolites for drought

watering regime observation showed an expected separation between the controls wt and

ge8 respectively. This is displayed in figure 4.8 panel a) . The wt plants that were under

the drought watering regime were clustering below and loosely associated together to

the wt control. This data was correlated to the loading plot that indicated phytoene to

be a major metabolite that suggested some variance between the control and treated wt

Nicotiana glauca plant line. Meanwhile, the transgenic ge8 whose clusters with and without

drought treatment fell above the wt also suggested minor variances. Although the entire

separation between the wt and ge8 remained due to carotenoids and ketocarotenoids, the

observation of small variance between control ge8 and drought watering regime ge8 was

suggested. This was linked majorly to squalene, solanasol, n–hentriacontane and C16:0
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Figure 4.7 – Metabolite fold changes in Nicotiana glauca for a period of 20 days under
heavy metal watering regime compared to the control watering regime. a) Significant
metabolite changes observed in wt compared to wt control. b) Significant metabolite
changes in ge8 line compared to ge8 control. All data displayed is significantly
different unless falls under 1 (no change). Repeated measures Anova was performed
to adjust biological variation errors and t-tests with post-hoc analyses for significant
difference.
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fatty acid as displayed in figure 4.8 panel b) .

PCA plots of metabolites for the salinity watering regime were compared to the controls.

The data displayed as a scatter plot and a loadings plot is displayed in figure 4.9. It again

suggested a clear separation between the Nicotiana glauca plant lines wt and ge8 that were

influenced mainly by metabolites clustering at the bottom left of the loadings plot (e.g.

Antheraxanthin, Neoxanthin, Violaxanthin). However, the wt showed a small cluster

separation between the treatment and control, while the ge8 clustering was interlinked

and together for both salinity watering regime and control. The data further revealed

the clustering pattern of the wt to be due to variances associated with metabolites such

as Solanasol, n–hentriacontane and Stigmasterol. Some replicates from day 5 from both

lines suggested a biologically induced variance by the metabolites that clustered to the

right of the loadings plot in the panel b) .

Heavy metal watering regime was subject to PCA analyses for the metabolite differences.

The scatter and loading plot displayed in figure 4.10 showed a separation of clusters

between the wt and ge8 plant lines but not between the control and treatment of the same

lines. Repetitively, carotenoid metabolites were shown to have the variance and be the

reason for this separation between the lines of Nicotiana glauca. There were some plants

harvested at day 5 that were falling out of the plots and therefore considered as data

outliers that were affected by a range of metabolites (for e.g. solanasol, tocopherol, stig-

masterol). Nonetheless, most replicates fell within the clusters of controls and therefore

suggested no metabolite changes occuring over the course of the treatment.
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(a)

(b)

Figure 4.8 – PCA of metabolites analysed for drought watering regime of Nicotiana
glauca wt and ge8 lines. Samples were taken at day 0, day 5 and 15. The PCA is
displayed as a scatter plot in a) and loading plot in b) for non-polar metabolites. W
stands for wt and T stands for transgenic ge8 line.
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(a)

(b)

Figure 4.9 – PCA of metabolites analysed for salinity watering regime of Nicotiana
glauca wt and ge8 lines. Samples were taken at day 0, day 5, day 15 and 20. The PCA
is displayed as a scatter plot in a) and loading plot in b) for non-polar metabolites. W
stands for wt and T stands for transgenic ge8 line.
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(a)

(b)

Figure 4.10 – PCA of metabolites analysed for heavy metal watering regimes of
Nicotiana glauca wt and ge8 lines. Samples were taken at day 0, day 5, day 15 and
20. The PCA is displayed as a scatter plot in a) and loading plot in b) for non-polar
metabolites. W stands for wt and T stands for transgenic ge8 line.
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4.2.3 Agronomic assessment of N. glauca wt and ketocarotenoid producing

transgenic line ge8 under UK polytunnel conditions

Nicotiana glauca growth specification assessment was conducted for a polytunnel trial

where a total of 208 plants were grown for an entire cycle (plant cutting to full maturity)

for 12 weeks over the winter/spring period. The comparison between wt and ge8 Nicotiana

glauca previously showed phenotype differences as described in Mortimer (2010). How-

ever, no yield changes were analysed and noted. In this study, in order to compare these

changes further, measurements of height and weight of different harvesting materials

were conducted. An average of 10 plants from each line throughout the entire polytunnel

were measured to evaluate their photosynthetic activity. This was based on the interest

on the up-scaling and evaluation of yield for the extraction of high value compounds by a

collaborating body PPM (Pilot Pflanzenltechnologie Magdeburg) as part of MultiBioPro

FP7 framework programme.

The polytunnel trial conducted is displayed in figure 4.14b. The Nicotiana glauca plants

grown on the left side of the image were the transgenic ketocarotenoid producing line

ge8, while plants grown on the right side were the wt of N. glauca. A small agronomic

assessment was conducted on the two lines and is displayed in table 4.2. The same

amount of both plant lines were grown (104 plants for each line) and their measurements

were recorded at the time of the harvest of the material. Compared to the wt, ge8 line

showed an overall loss in the yield. Firstly, the transgenic plant was on average 12.3%

shorter compared to the wt. There were no changes in average leaf height and width

observed (data not displayed), however a loss of 61% of harvested leaf weight was seen.

Table 4.2 – Agronomic assessment of the wt and ge8 Nicotiana glauca grown in the
polytunnel trial in the United Kingdom. Stars ∗ and ∗ ∗ ∗ denotes significant difference
(p <0.05 and p <0.001 respectively) for each specification listed, based on two-tailed
t-tests. Error bars display SEM.

Wild type ge8
Plant quantity grown 104 104
Plant height (cm)∗ 141.20 ± 6.33 123.90 ± 6.09
Leaf weight (kg)∗ ∗ ∗ 45.80 ± 0.50 17.70 ± 0.21
Stem weight (kg)∗ ∗ ∗ 56.60 ± 0.31 24.25 ± 0.41
Flower weight (kg)∗ 2.85 2.30

Moreover, an average of 57% of stem weight loss as well as significant reduction in flower
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Figure 4.11 – Chlorophyll fluorescence measurements of wt and ge8 Nicotiana glauca
plants in the polytunnel trial. Statistical analyses based on two-tailed t-tests. Error
bars display SEM.

weight was also recorded. Additionally, photosynthetic efficiency based on chlorophyll

fluorescence measurements was compared for 10 randomly picked plants from both lines

of N. glauca. As displayed in figure 4.11, no significant difference was observed between

the plant lines during the polytunnel trial.

Routine metabolite analysis was carried out for non–polar and carotenoid profiling from

a bulk harvesting in triplicates of Nicotiana glauca plants and is shown in figure 4.12.

This was carried out as part of up-scaling experiments for MultiBioPro collaboration

with PPM in order to determine the general changes of metabolites that can be seen

under the bulk harvesting. Carotenoid content changes for bulk harvesting have been

reported for two metabolites. Figure 4.12a displays the changes observed in phytoene

and antheraxanthin, where an increase of phytoene is seen by 4 fold in the ge8 line and

a decrease of antheraxanthin – by 2 fold respectively. In addition to carotenoids, two

unique ketocarotenoids have been identified in the bulk harvesting of the crop. Both of

them were recorded at high quantities (between 1.5 to 2 µg/mg DW for 3oh’ echinenone

and echinenone respectively). No other ketocarotenoids were identified for the bulk

extraction. Changes of quantities have been observed for other compounds and are

displayed in figure 4.12b. Decrease of the following compounds has been noted in the

ge8 line of Nicotiana glauca: phytol, solanasol and n–hentriacontane Ṡome of the fatty

acids were recorded to have a significant increase in the ge8 line compared to the wt. For

example, C16:0 and C22:0 were recorded to be significantly higher in quantity.
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The PCA analyses for the polytunnel samples were conducted in order to compare the

differences for bulk harvesting between the plants. Figure 4.13 displays the scatter and

loading plots. The data was clustered in two parts, where the wt was displayed at the

bottom left panel with higher scattering compared to the ge8 (figure 4.13a). Meanwhile,

the ge8 cluster was to the top right of the plot. Correlating this data to the loadings plot in

figure 4.13b, it was revealed that wt metabolite differences were based on the fatty acids

and carotenoids.
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Figure 4.12 – Metabolite changes based on mass harvesting of polytunnel trial for
wt and ge8 Nicotiana glauca plant lines. a) displays changes in carotenoid content. x

denotes ketocarotenoids unique to the ge8 line of N. glauca. b) shows changes for
non–polar fraction of metabolites. Statistical analyses based on two-tailed t-tests.
Error bars display SEM. Stars denote: ns - p>0.05; * - p<0.05; ** - p<0.01; *** - p<0.001;
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(a)

(b)

Figure 4.13 – PCA of metabolites analysed for UK polytunnel trial for the wt and ge8
Nicotiana glauca plant lines. a) PCA scatter plot and b) loadings plot for non-polar
metabolites.
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4.2.4 Field trial assessment of N. glauca

(a)

(b)

Figure 4.14 – Two trials of Nicotiana glauca. a) Field trial performed in United Arab
Emirates (UAE) and b) Polytunnel trial in United Kingdom (UK).

Part of the project MultiBioPro and consequently a collaboration with Neutral Consulting

Goup Nicotiana glauca was subjected to the field trial in United Arab Emirates (UAE)

(see section 2.2.6 for field trial specifications). The evaluation of the crop yield in mass

and a small agronomic assessment was performed at site and compared to the in-house

polytunnel trial of the back in United Kingdom (UK) (figure 4.14). The polytunnel setting

was used in order to comply with the GMO plant growth guidelines in the country.
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However, due to GMO constraints, it was not possible to grow ge8 plant line of N. glauca

in the UAE. As a result, the UK polytunnel trial was aimed at i) using the WT crop for

the comparison to the one grown in UAE for the agronomical assessment; ii) using the

WT crop for the comparison to the one grown in UAE for the metabolite abundance

comparison in two different locations.
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Figure 4.15 – Temperature range over the course of two field trials. United Arab
Emirates (UAE) field trial and United Kingdom (UK) polytunnel trial low and high
temperatures are dispayed.

To compare the performance of the crop in two different locations, a growth assessment

was performed on wt variety of Nicotiana glauca during the duration of two trials: UAE

field trial and UK polytunnel trial. Figure 4.15 displays the course of growth and the

range of temperatures at two different growth sites. As it is seen, the temperatures in

United Arab Emirates are relatively higher and more stable compared to the temperatures

in United Kingdom. Trial temperature records in the UK showed higher fluctuations

between high and low temperatures affected by the adverse weather change at that time

of the year. Additionally, it is important to point out, that the field trials were not run

parallel to each other. The period of UAE field trial was between January and March,

while the UK polytunnel trial was between February and May.

A total of 222 Nicotiana glauca plants of wt variety were grown across the two locations: 104

plants in UK and 118 in UAE. A small agronomic assessment was carried out in oder to

determine the growing characteristics based on these locations. Parameters such as plant

height, leaf width, length and total harvest weight were recorded. Table 4.3 displays a

summary of the assessment made. Although there was a difference seen in average plant
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height between the locations, it was not a statistically significant result. However, the

measurements showed a 1.3 fold increase in leaf width for the wt plants that were grown

in UAE compared to the wt plants grown in UK. Moreover, a 1.4 fold increase in leaf

length was also seen for the Nicotiana glauca grown in the UAE. Finally, a 1.2 fold increase

in total leaf weight was also observed for the plants grown in UAE. These calculations

were made in consideration of the unequal quantities grown at two trial sites.

Table 4.3 – Agronomic assessment of Nicotiana glauca grown in the polytunnel trial in
United Kingdom and field trial in UAE. ∗ ∗ ∗ denotes significant difference (p <0.001)
for each specification listed, based on two-tailed t-tests.

UK UAE
Plant quantity grown 104 118
Plant height (cm) 141 ± 6.3 131 ± 6.1
Leaf width (cm)∗ ∗ ∗ 11±0.6 14 ± 0.2
Leaf length (cm)∗ ∗ ∗ 17.4±0.85 24.3 ± 0.41
Leaf weight (kg/plant)∗ ∗ ∗ 0.44 0.46

The analysis of metabolites did not show much significant difference between Nicotiana

glauca grown in the UK and UAE. The data displayed in figure 4.16 shows two metabolites

found to be significantly different. Both C22:0 and C24:0 were significantly higher by 2

fold in Nicotiana glauca plant leaves that were harvested in UAE. No further changes in

non–polar metabolites were found based on geographical location.

µ

Figure 4.16 – Metabolite changes based on geographical locations. Mature leaves of
Nicotiana glauca from UK polytunnel trial and UAE field trial were analysed using a
non–polar extraction technique. Error bars display SEM. Stars denote: ns - p>0.05; *
- p<0.05; ** - p<0.01; *** - p<0.001; .
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4.2.5 Harvesting approaches and ramifications on metabolite recovery

Nicotiana glauca was assessed on two harvesting methods in order to determine how the

metabolites of interest are affected based on how the processing of the plant material

conducted following the harvest. In the UAE, there was a particular harvesting method

used that is referred to as Pilot scale field based procedure. This procedure proved to

be more efficient in terms of labour and cost (information based on the UAE field trial

as part of MultiBioPro FP7 framework programme). For this procedure, the leaves of

N. glauca that were harvested from the field trial were typically dried in the field in the

sun (see section 2.3.4 for more details). Meanwhile, a typical harvesting method that was

conducted throughout this project and in the polytunnel trial in the UK was completely

different. The leaves harvested were typically flash frozen using liquid N2 and stored

at -80 ° for longer term or -20 ° for immediate analyses. This procedure is referred to

as Laboratory scale based procedure (see section 2.3.4 for more details). This part of

the study used the two procedures described above for metabolite analyses of mature

leaves. Immediately following the harvest of Nicotiana glauca leaves, the samples from

both locations were subject to either Laboratory scale based or Pilot scale field based

procedures respectively.

The non–polar metabolite data of mature Nicotiana glauca leaves processed using the

Laboratory scale based and Pilot scale field based procedures in two countries were

routinely analysed. There were a number of metabolite differences found in both countries

between the methods. Fewer changes were observed in the leaves harvested in the UK

compared to the ones harvested in UAE . Figure 4.17 displays significant changes for the

mature wt leaves harvested from the UK polytunnel crop. Interestingly, an increase of

phytol by around 6 fold was found when the leaves were processed using Laboratory

scale based procedure. Moreover, a two fold increase (0.4 µg/mg DW to 0.8 µg/mg DW)

was found in the quantity of Solanasol using Pilot scale field based procedure. A number

of fatty acids were observed to decrease using the Laboratory scale based procedure,

however Pilot scale field based procedure displayed better quantities of these compounds

(for e.g. C16:0 glycero-1, C18:0 glycero-1, C22:0).

Figure 4.18 displays the changes observed between Laboratory scale based and Pilot scale

field based procedures used for the harvested N. glauca crop in UAE. Unlike in UK, UAE
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mature leaf samples showed higher numbers of compounds affected due to the process–

ing technique. A number of carotenoids were affected and are displayed in figure 4.18a.

Using the Pilot scale field based after harvesting leaf material showed a decrease in a

number of carotenoids, for example phytoene and lutein decreased by two fold com-

pared to when using the Laboratory scale based procedure. A decrease in quantities

of other carotenoids were observed, as well as a loss in the amount of chlorophyll b.

Furthermore, lower quantities were recorded in other compounds when Pilot scale field

based procedure was in use (figure 4.18b). Reduced amounts of phytol, squalene and a

number of fatty acids were noted. For example, the use of Laboratory scale based proce-

dure yielded 9.1 µg/mg DW of C18:2, while the use of Pilot scale field based procedure

recovered 4.1 µg/mg DW of the same compound. Similar observations were found for

other fatty acids too.

The routine PCA analysis for the two procedures used after material harvest is displayed

in figure 4.19. The scatter plot as shown in figure 4.19a suggested a clear cluster separation

between the Pilot scale field based and Laboratory scale based procedures in question.

The cluster formation on the left panel displaying mature leaf processing from UAE by

using Pilot scale field based procedure showed less variation compared to the mature

leaf processing from UK samples by using the same procedure. Consequently, on the

right side of the scatter plot the Laboratory scale based procedure is displayed, where the

processing for leaves harvested in UAE also showed less variation compared to when the

procedure was used for the leaves harvested in the UK. The impact of the clustering was

correlated to the loadings plot that is displayed in figure 4.19b. When the Pilot scale field

based procedure was used for the leaf material harvested in both geographical locations

the data was pulled to the left panel and seemed to be related mainly to fatty acids (for e.g.

C14:0, C24:0, C20:0). Meanwhile, leaf material that was processed using Laboratory scale

based procedure, the data showed a cluster of all the remaining non–polar compounds

normally found in the wt of N. glauca. The data displayed in the scatter and loading plots

confirms the changes that were described in the figures of this section comparing the two

methods to process harvested N. glauca leaves for metabolite extraction.



4.2. Results 144

µ

Figure 4.17 – Metabolite changes observed in Nicotiana glauca mature leaves occurring
due to the use of different processing methods. Laboratory scale based and Pilot scale
field based procedures in UK are displayed for the wt of Nicotiana glauca.
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µ

(a)

µ

(b)

Figure 4.18 – Metabolite changes observed in Nicotiana glauca mature leaves occurring
due to different processing methods. Pilot scale field based and Laboratory scale
based procedures in UAE are displayed for the wt of Nicotiana glauca. a) displays
carotenoid compounds and b) displays other compounds found that have a significant
change.
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(a)

(b)

Figure 4.19 – PCA of non–polar metabolites analysed using Pilot scale field based
and Laboratory scale based procedures in two countries: UAE field trial and UK
polytunnel trial for wt Nicotiana glauca. a) PCA scatter and b) PCA loadings plots are
displayed.
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4.3 Discussion

This chapter addressed some important considerations for MultiBioPro project and other

studies directed towards generating biomass for biorefining processing. The outlook of

this data was directed towards the common problems that occur due to change of location

or nutrient availability in the soil as well as the possible implications of upscaling were

assessed. Since the highlighted feature of Nicotiana glauca is a non-compete approach with

the food crop land, it was important to evaluate its growth and effects under different

environmental factors and compare the availability of the metabolites on such land.

First, the metabolite changes were described for Nicotiana glauca wt and ge8 varieties

grown under laboratory mimicked most common land contaminants: salinity and heavy

metal soil infestation. Additionally, a lack of water by drought induction and the response

of metabolite availability was assessed. Then, a small agronomic assessment on the wt

and transgenic ketocarotenoid producing line ge8 was carried out for the polytunnel trial,

where the final bulk material was harvested and sent to PPM for large scale extractions.

Samples were taken from this material and analysed. Finally, a metabolite comparison of

wt crops was performed in two geographical locations to evaluate two types of processing

of the material and its availability in high value metabolites. The discussion of these

results is presented in the following subsections.

4.3.1 Effects of drought stress on Nicotiana glauca

Is Nicotiana glauca a drought tolerant crop?

The ability to survive periodic drought conditions is crucial for biofuel crops. Particu-

larly because biofuel policy changes and implied penalties draws producers to using land

that has little to no economic value (T. Searchinger, 2008; Al-Riffai et al., 2010). Drought

length, severity and duration varies from season to season as well as soil texture and

water availability for the plant playing a role (Singh, 2013). Currently, the biggest chal-

lenge remains to select biofuel crops that are able to maintain water potential, and leaf

turgor with minimal interruptions of biochemical processes (Blum, 2006). The evalua-

tion of drought effects on Nicotiana glauca have concluded that an average of 15 days
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is needed to kill the plant for both wt and ge8 plant lines. Drought evaluation in this

study was aimed at determining drought lethality, plant survival and metabolite loss.

This finding is somewhat difficult to compare to current available literature due to vari-

ations in experimentations carried out for different biofuel crops. For instance, various

measurements under drought have been evaluated for 12 days in soybean (Porcel and

Ruiz-Lozano, 2004), but no lethality determined. In the case of Jatropha curcas effect on

drought stress was evaluated for 28 days including subsequent rewatering by Sapeta et al.

(2013). Although the focus of these and similar studies are somewhat different, this could

nonetheless indicate that N. glauca in fact is not a very drought tolerant crop compared for

example to Jatropha curcas feedstock for biofuel. As a result, a recommendation to identify

the lethality for other biofuel feedstocks and the availability of their metabolites should

be imposed. Nonetheless, the data acquired in this study will serve as an omic tool for

further identifying and utilising target genes for genetic engineering of biofuel crops as

well as creating more stable cultivars under such conditions (Urano and et al., 2009).

Does drought induce structural changes in thylakoid membrane of Nicotiana glauca?

Over the duration of drought stress a metabolite analysis was undertaken. The data

analysed for the wt of Nicotiana glauca under drought condition showed an increase of

C18:2 and a decrease of C16:0 that was observed at day 10 when the plants were already

severely affected by drought condition. Since drought induces oxidative stress, this could

be a result of lipid peroxidation and free radical production (Smirnoff, 1993; Noctor and

Foyer, 1998). Phospholipids overall play a role in stomatal closure under ABA (absicic

acid) regulation as a response to drought (Zhang et al., 2004). Possibly, an attempt to

protect the membrane against the oxidative damage as a response of drought stress is in

place. A hypothesis of microsomal membrane alteration via membrane phospholipid de–

esterification and consequent membrane disassembly due to dehydration stress induction

has been previously demonstrated by (Senaratna et al., 1987b). It is possible that some

structural changes in the thylakoid membrane occurred since both fatty acids C18:2 and

C16:0 are associated with its composition (Barber and Malkin, 1988). Eventually, at the 15

days the tolerance shown by Nicotiana glauca ’breaks down’ and degrades its carotenoid

reserves such as violaxanthin and β–carotene for antioxidant and protective role for

photosystem and other membrane systems until the conditions eventually become lethal.
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This proposed mechanism is displayed in figure 4.20.

The study showed that ge8 line of Nicotiana glauca sustains drought effects better by 5

days compared to the wt, however the plant death rate is the same. This effect clearly sug-

gests that engineered ketocarotenoids (produced via the xanthophyll cycle) and increased

amount of carotenoid compounds present in this line plays a photo-protective and an-

tioxidant role that allows better coping but not survival of the plant. Lipid peroxidation

prevention is a typical carotenoid feature because they play a photo-protective role by

dissipating excess of light energy as well as singlet oxygen and triple chlorophyll species

quenching (Boussiba, 2000; Inze and van Montagu, 2002). Similarly, research on trans-

genic carrot accumulating ketocarotenoids displayed better response to various oxidative

stresses and less injury to the plant compared to its wt (Jayaraj and Punja, 2007). This

was also confirmed in this study by the changes of ketocarotenoid quantities observed

in the Nicotiana glauca transgenic line under the drought. Upon drought induction, over-

production of astaxanthin and pheophytin were observed that were catabolised over the

course of the drought conditions. In comparison to the carotenoids, antioxidant activ-

ities of xanthophyll cycle compounds and of astaxanthin are somewhat higher because

of the keto group being present in these compounds. Therefore, it is feasible that higher

protective role is played through the preference of ketocarotenoid synthesis and use. As

a result, the presence of ketocarotenoids in N. glauca serves as an additional protector of

membrane lipid peroxidation as observed for the ge8 line under the drought conditions.

This proposed model is represented with the red arrows in figure 4.20.
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Figure 4.20 – A proposed mechanism of drought effects to Nicotiana glauca plants. Induced drought stress triggers ABA (absicic acid)
regulation that causes stomatal closure due to the occuring oxidative damage to the thylakoid membrane. The release of free radicals
causes degradation of carotenoids and results in the inability to protect the photosystem. As a result, this causes lipid peroxidation and
phospholipid de–esterification that ramificates in the thylakoid membrane disassembly and alteration. Red arrows display the effect in
the ketocarotenoid producing transgenic line ge8. Increased production of ketocarotenoids via the xanthophyll cycle slows down lipid
peroxidation and protects thylakoid membrane from microsomal alteration.
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4.3.2 Nicotiana glauca under salinity stress

Does Nicotiana glauca have tolerance to salinity?

Salinity stress is a major environmental problem that limits plant growth worldwide. It

has been estimated that up to 50% of crop land is salt stressed mainly due to agricultural

irrigation (Flowers and Yeo, 1995; Unesco, 2005). Tolerance to salinity depends on the

species and each crop responds to it differently. As a result, ratings of salinity vary greatly

(Bernstein, 1962). Although sufficient literature recommendations and directions were

considered, this study was unable to determine the margin of the lethality for Nicotiana

glauca under chosen salinity contaminations. The salinity levels during the experiment

was relatively high (12 g/L = 200 mM = medium saline water and 24g/L = 400 mM =

highly saline water, based on FAO (2013)). Because Nicotiana glauca showed little reaction

to the salinity stress over the duration of both experiments, it is likely that this crop falls

under highly salt tolerant crop. For example, most crop plants classified as glycophytes

can be killed by 100–200 mM of NaCl, while halophytes can survive salinity over 300 mM

NaCl (Munns and Termaat, 1986; Shanker and Venkateswarlu, 2011). Comparatively,

some of highly tolerant biofuel crops have been previously named, for instance palm tree

and sugar beet (FAO, 1999, 2013). Additionally, rapeseed has been rated as a salt tolerant

crop based on its seed yield rating (FAO, 1999). Since we have not been able to determine

the lethal quantities of salinity for Nicotiana glauca, it is difficult to pin point its difference

to other crops that were tested for salinity lethality.

Does ketocarotenoid presence prevent damage to light harvesting complex II during

salt stress in Nicotiana glauca?

The observation of turgor loss is a typical phenomenon related to salinity stress. Since

Nicotiana glauca was exposed to salinity not gradually but suddenly, it is reasonable

to have a ’sudden shock’ response that may be different to the gradual (Shanker and

Venkateswarlu, 2011). This signifies that there is some disturbance in water extraction

(Munns et al., 1995) due to high/accumulating concentrations of salts in the soil. The

observations based on PCA data also suggest higher biological variation in the wt com-

pared to the transgenic ge8 line. This observation remained the same throughout all
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three treatments. In addition to that, the observed leaf loss in both plant lines relates

to ion homeostasis disruption. The accumulation of Na+ ions is more toxic to the older

and non–expanding leaves (Munns and Tester, 2008) and the following result of that

will depend on the rate of new emerging young leaves. Further Na+ accumulation also

affects the rate of photosynthesis and increases the production of ROS (Davenport et al.,

2005). This is clearly displayed by the fact that an increase of esters occurs at day 5 in

the wt. The disruption of photosynthetic unit due to Na+ salts clearly tries to compensate

by making carotenoid esters, while eventually neoxanthin levels go down suggesting

changes in the energy transfer in the light harvesting complex II (Janik et al., 2010) or

actual disintegration of these complexes. In the case of Nicotiana glauca transgenic line

ge8, this does not seem to occur. Instead, the levels of astaxanthin and echinenone go up at

day 5, while antheraxanthin is decreased at day 20. This result suggests ketocarotenoids

accumulating due to salinity induction stress and playing an antioxidant role. This ev-

idence was previously first recorded in Haematococcus pluvialis where astaxanthin and

other ketocarotenoids occur naturally (Boussiba and Vonshak, 1991). To our knowledge,

this is a first record of astaxanthin accumulation in response to salinity in higher plants.

The limitations of this study was inability to determine the lethality of Nicotiana glauca

exposed to saline environment. Moreover, due to salinity exposure type used, we cannot

claim that Nicotiana glauca is actually tolerant to salinity as it might be in ’survival mode’

during the duration of 20 days the experiment was carried out. It is important to highlight

that N. glauca is a non–edible crop, therefore it is plausible that it can be grown in soils that

are not usable for edible crops. From a biorefinery perspective, it is important that the

crop can give high harvesting yields, or yields that are somewhat comparable to N. glauca

grown under normal conditions. This needs to be assessed by a field trial in a saline soil

and compared to the most suited growth conditions. Moreover, assessing the economical

growing cost on such land should be necessary by determining the access to high value

metabolites by i) ease of extraction; and ii) calculation of high value compound losses

under the circumstances of growing Nicotiana glauca under these stress conditions.

4.3.3 Heavy metal stress induction to Nicotiana glauca

Heavy metal effect on plants depend on soil characteristics, heavy metals used and

plant resistance to particular metals. Heavy metals can affect molecular and cellular
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plant interactions by causing oxidative damage, lipid peroxidation and eventually DNA

damage (Dring, 2006). In this experiment a mixture Copper, Nickel and Zinc sulfates

were used due to the availability and general toxicity level classifications of other metals.

Although sufficient literature recommendations and directions were considered, there

was no lethality of Nicotiana glauca observed for the specifications chosen. This could

be because not sufficient levels of toxicity was caused by the concentrations used, or

Nicotiana glauca having a higher tolerance to metal toxicity.

Changes in photosynthetic complexes occur under heavy metal stress induction

In the wt of Nicotiana glauca a small loss of leaves and browning was observed during

the treatment. There were metabolite changes of two compounds. Firstly, an increase

of neoxanthin was at 5 days of the experiment. For example, copper treated Rye plants

showed declined 9’-cis neoxanthin content but appearance and increase of 9-cis neox-

anthin suggesting changes in energy transfer between carotenoids and chlorophylls in

light harvesting complex II (Janik et al., 2010). In the case of Nicotiana glauca, it was

not determined which neoxanthin is present during the treatment, but an increase of

total neoxanthin suggests energy transfer changes as previously described in the section

4.3.2. In addition, the decrease of C18:0 suggests oxidative damage and initiation of lipid

peroxidation which is a common observation in stress induction to any plant species as

previously mentioned and elaborated in section 4.3.1. These phenomena are also linked

to the ABA regulation in response to stress resulting in stomatal closure and prevention

of damage to the photosystem. Clearly, observations of leaf browning and these small

metabolite changes suggests that N. glauca is affected by heavy metal watering for the

metals specified. Higher copper amounts affecting water balance via the disruption of

stomatal conductance (ABA signalling regulation) as well as disrupted mineral nutri-

tion (for e.g. Mg and Mn balances) due to Zinc quantities and overall changes in the

photosynthesis (Prasad, 2004) explains the phenotypic effects observed.

Although the transgenic ge8 line showed smaller loss of leaves and less browning, there

were more metabolites affected due to heavy metal watering. The presence of keto-

carotenoids already show changes on plant metabolites (Mortimer et al., 2012), therefore

heavy metal interaction showed different results to the wt. Interestingly, no changes

in neoxanthin were observed which could suggest that the energy transfer remains un-
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changed in the ge8 line due to the presence of ketocarotenoids. Subsequently, it is possible

that thylakoidal lipids remain unchanged in the ge8 and instead sterols and hydrocarbons

get affected. This indicates that carotenoids (for e.g. antheraxanthin) and ketocarotenoids

(such as 3OH’ echinenone) take up the quenching of ROS. This occurence is most likely

at a cost of other membranes that are composed of hydrocarbons and sterols are suffer-

ing from peroxyl-radical chain reactions. In addition to that, maybe the photosynthetic

apparatus is not as affected by heavy metal watering regime, but for sure the presence of

biosynthetic activity of cofactor modulation is in play.

Proposed phytoremediation model for Nicotiana glauca

A hypothetical dose–response curve to heavy metals was composed by Prasad (2004)

highlighting an overall importance of different heavy metals and the threshold of safety.

It is obvious that the imbalance of the metals in the plant such as Nicotiana glauca can cause

toxicity, nonetheless the biofuel industry is more focused at the benefits this could impose

on the biofuel crops grown in such lands. For example, experiments with edible biofuel

feedstocks such as sunflower and maize that were grown on heavy metal contaminated

agricultural soil have shown comparable soil remediation to solely phytoremediation

plants (Oh et al., 2013). For both lines of Nicotiana glauca the watering with select heavy

metals (Cu, Ni, Zn) did not seem to affect its overall key metabolites of interest that were

defined in Chapter 3. Contrastingly, this study does not imply that the result will not be

different under a long term heavy metal contamination that would subsequently end up

in toxicity and eventual death since heavy metals tend to accumulate in different parts of

the plant (Prasad, 2004). But it is possible, that Nicotiana glauca eventually adapts to the

environment it is exposed to (discussed later).

In figure 4.21 an initial phytoremediation model is proposed for Nicotiana glauca. This

model focuses towards the needs of the industry and the plausible profit is highlighed.

Planting Nicotiana glauca in contaminated soil could uptake non–essential metals and

nutrients from the ground (phytoextraction) resulting in soil phytostimulation and rhi-

zofiltration. Since this crop grows rapidly, the harvest could take place in 8–12 weeks in

average. As a result, rapid yield would be processed for biofuel and high value com-

pound extraction for different industries. Finally, it would be a short copy rotation model

where the plant is replanted in the same soil either from seed or from cuttings. This inte-
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gration of Nicotiana glauca would yield the reduction of running costs, land remediation

and feedstock for biorefinery markets. Although we were not able to determine Nicotiana

glauca limitations for heavy metals discussed, there is evidence that it could potentially

cope well with the metal toxicity. A further study is needed in order to establish a stable

and efficient system based of this model through field experiments in different areas.
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Figure 4.21 – A proposed profitable model for Nicotiana glauca use as a phytoremediation and biorefinery crop to remediate contaminated
soil and extract high value compounds.
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4.3.4 Transgenic and wt bulk assessment of Nicotiana glauca

Nicotiana glauca growth specification assessment was conducted for a polytunnel trial

where a total of 208 plants were grown for an entire cycle (plant cutting to full maturity) for

12 weeks over the winter/spring period. This was to demonstrate that Nicotiana glauca can

be grown in the UK with a sufficient availability of biomass yield. The material harvested

was provided for PPM (Pilot Pflanzenltechnologie Magdeburg) part of collaboration

through MultiBioPro FP7 framework project. The comparison of two lines has showed a

significant loss in plant height, leaf, stem and flower mass. This suggests that N. glauca

changes in metabolite profile in the ge8 line as described in Chapter 3 have a direct effect

on the yield of ketocarotenoid producing line. This observation was not recorded in

Nicotiana glauca by Mortimer (2010). On the contrary, most ketocarotenoid producing

lines including ge8 showed good health and yield of the plants (Mortimer, 2010). We did

not observe any chlorophyll changes between the lines in bulk growing that was also

previously reported by (Mortimer, 2010). This suggests good stability of the transgene,

since ge8 line is further generations away from primary testings.

The bulk harvesting and analysis of the metabolites allowed a confirmation of the results

found in Chapter 3. From an industrial point of view, there are benefits and drawbacks

occurring between the lines of Nicotiana glauca. For instance, increased amounts of phy-

toene and added value ketocarotenoids enhance its economical value to the growing of

the crop. The crop harvested can potentially yield higher return compared to the wt. For

example, annual turnover of astaxanthin is over 200 million (Martin et al., 2008). Although

no astaxanthin was found in the profile of mass harvesting due to general profiling of

carotenoids, it was previously identified in Chapter 3 and the only question remaining is

what would be a total yield of astaxanthin from bulk harvesting of transgenic Nicotiana

glauca crop. Although evaluation of this is being carried out subsequently in the Multi-

BioPro project by the industrial project partners, the final result is not concluded to this

date. Finally, other factors should be considered, such as the current ethical challenges in

transgenic plant growing and their limitations (Tarafdar et al., 2014).
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Geographical adaptation of Nicotiana glauca

Throughout this study there were only few differences in the metabolite quantities found

between the crops grown in UK and UAE. Interestingly, two fatty acids showed increased

quantities in the leaves of N. glauca grown in UAE. This suggests an increased activity

of VLCFA’s as a result of the growth conditions linked to the geographical location

of Nicotiana glauca. Accumulation of VLCFA’s is associated with thylakoid membrane

ultrastructure alteration (Millar et al., 1998). This in fact has been suggested to play a

role in altering curvatures in lipid bilayers (Hui et al., 1984; Scneiter et al., 1996). As

a result, this phenomenon could be a mechanism for Nicotiana glauca adaptation to the

harsh sun and heat of the middle eastern weather that was fluctuating between 18 and

35 degrees during the course of the experiment. It could potentially be a change that is

necessary for the structure of the chloroplast membrane that ultimately affects the entire

cell alteration for photosynthetic efficiency. Unfortunately, no photosynthetic efficiency

was measured to the plants grown in UAE due to time constraints and difficulties with the

equipment at the location. A recommendation would be to investigate this aspect further

in oder to confirm or reject this hypothesis. Firstly, a simple chlorophyll fluorescence

measurement could be carried out as earlier described in this study for polytunnel grown

plants (see section 4.2.3) as well as scanning electron microscopy analysis of wax changes

and thylakoid membrane structure between Nicotiana glauca grown at these different

locations.

4.3.5 Harvesting implications

The importance of leaf material processing following the harvesting was evaluated by

looking at two processing techniques. The observation that processing of Nicotiana glauca

leaves appears to be more practical when Pilot scale field based procedure is used com-

pared to the Laboratory scale based procedure. As a result, it was necessary to evaluate the

changes that occur due to the transition from laboratory to real world application. Based

on MultiBioPro FP7 framework programme industrial partners Nicotiana glauca leaves

were harvested and dried in the field in the UAE (described as Pilot scale field based

procedure), while a typical laboratory method for the leaves were involving metabo-

lite quenching technique by flash freezing the leaves with liquid N2 and lyophilisation
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(described as Laboratory scale based procedure).

The analysis between these two methods has shown a large difference in the metabolite

recovery. Firstly, it was established that less biological variation occur in metabolite

changes when using Pilot scale field based procedure when comparing the material from

two geographical locations (UK and UAE respectively). This is most likely due to the

metabolite losses observed in both locations that occur when the leaf metabolism is not

quenched. Substantial losses were recorded in metabolites such as phytol, squalene, fatty

acids and almost all carotenoids including chlorophyll. This suggests a high amount of

oxidation occurring during the leaf drying to carotenoids as well as lipid peroxidation

that is not prohibited due to loss of carotenoids occurring in the leaf (Davenport et al.,

2005; Janik et al., 2010). It is not an ideal scenario for the industry, but the Laboratory

scale based procedure is not applicable to large scale extractions due to the amounts of

solvents needed and subsequently an increase in cost related to that (MultiBioPro, 2015).

Should Nicotiana glauca be chosen as a biorefinery crop, industries in question should

consider to evaluate the losses and costs associated to the processing methods and make

their choises accordingly.



Chapter 5

Identification of Lipid transfer protein

and its potential applications

5.1 Introduction

Gene regulatory networks have been used to identify candidate genes involved in lipid

and/or hydrocarbon formation. Arabidopsis thaliana mutants and transgenic plants have

been generated (in collaboration with Colin Ruprecht, Max Planck Institute of Molecular

Plant Physiology) whereby the transcription of these genes of interest (GOI), have been

altered.

This chapter describes the changes in lipids and hydrocarbons found in these Arabidopsis

thaliana lines. The GOI (Genes Of Interest) included: (i) GDSL (enzymes containing a

pentapeptide consensus motif (Gly-Asp-Ser-(Leu) in which the active site Ser is located

near the N-terminus) esterases/lipases and (ii) a Lipid Transfer Protein (LTP). The lines

were characterised by metabolite profiling as described in the previous chapters and the

LTP protein isoforms isolated by SDS–page and identified by MALDI–TOF/MS and/or

nanoLC–MS/MS. Following the validation in Arabidopsis thaliana lines the approach was

translated to our crop plant N. glauca to evaluate how it fits biorefining properties. In Nico-

tiana glauca the abundance of LTPs over the leaf development was deduced. In addition a

quantitive comparison between the protein levels in the N. glauca wt and transgenic line

forming ketocarotenoids was made. The rationale behind this approach was to illustrate

how systems biology approaches can identify candidate genes, Arabidopsis used as a rapid

plant based validation method that is amenable to translation into bonified crop plants.

160
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5.2 Results

5.2.1 Modeling approach to create Arabidopsis thaliana mutants

Arabidopsis thaliana was used as a model organism in order to characterise potential wax

and cutin biosynthesis genes. In this section, the result is part of collaboration with

Colin Ruprecht, Max Planck Institute of Molecular Plant Physiology. Detailed project

breakdown can be found in table 2.1 in section 2.2.2.

Fatty acid synthesis enzymes 

GDSL motif lipases 

ABC transporters 

Lipid transfer proteins 

Conserved co-expression in 
Green: ≥7 out of 8 species 

Yellow: ≥4 out of 8 species 

Red: ≥2 out of 8 species 

Figure 5.1 – Comparative co–expression analysis for candidate gene identification.
Courtesy of Colin Ruprecht, Max Planck Institute of Molecular Plant Physiology.

Comparative sequence analysis is used to study genes sharing common ancestry and

is used to define ortholog gene function. The analysis of correlated gene expression

displays patters that identify relationships between genes transcriptionally (Movahedi

et al., 2012). This analysis therefore is used to gather additional information that helps

in studying gene function and regulation across species. In this case, comparative co–

expression analysis allowed the identification of a variation of families of genes under

the same cluster defined as cluster 31. The connection of the nodes of the genes were

determined to by the reciprocal rank and calculated using pearson correlation coefficient.

The genes that corresponded to have the highest reciprocal rank and were in ranked as



5.2. Results 162

the top 10 selection, were marked in green (figure 5.1). Colin Ruprecht and colleagues

reported to find fatty acid synthesis enzymes, LTP proteins, GDSL motif lipases and

ABC transporters falling under the cluster 31. The highest ranking was determined for a

number of GDSL and LTP coding genes. Out of six ABC transporters in Arabidopsis wax

co-expression cluster, three of them were found to be related to wax/cutin export, while

one of them was unknown and the remaining two were transport unrelated compounds

(malate and kanamycin respectively). Furthermore, out of GDSL lipase/esterase family

enzymes associated with the plant cuticle, MPI found eleven gene candidates, while for

the LTP proteins, they reported five genes. Table 5.1 displays the list of gene candidates

associated with the plant cuticle and subsequently subjected to cloning attempts. For

GDSL genes, ten candidates were cloned, however only two OE (overexpression) mutants

were successful (marked in bold). The same two genes were used for creating T-DNA

insertional mutants while another two genes were knocked down using RNAi against

shared sequences in order to overcome redundancy. For LTP proteins, only two of them

were successfully downregulated.

5.2.2 Lipid profiling of GDSL mutants in Arabidopsis

We have received a total of 16 Arabidopsis thaliana mutant lines corresponding to 6 genes of

GDSL and LTP (for detailed information please see table 5.1). All mentioned plant lines

were subject to two extraction methods as described in Chapter 2 section 2.2.2: non–polar

lipid analysis and simple hydrocarbon extraction by leaf–dip method.

In comparison to the wt the OE lines showed significant changes in five prominent non–

polar compounds. The quantitative levels of these compounds are displayed in figure 5.2.

The C18:2 fatty acid was the most significantly reduced. For example in the GDSL 8 OE3

line and GDSL 6 OE2 line decreases of almost 4 fold were found compared to the wt

(1.88 µg/mg DW). Lines GDSL8 OE5 and GDSL6 OE3 showed a two fold decrease – 0.93

µg/mg DW and 0.88 µg/mg DW respectively. Furthermore, a significant decrease in the

amount of Phytol was found in all lines except the line GDSL6 OE2. Compared to the wt

(1.96 µg/mg DW), more than 1.6 fold decreases were determined in lines GDSL8 OE3 and

GDSL8 OE5. GDSL6 line OE3 showed a 1.4 fold change in respect to the wt. The C16:0

fatty acid was significantly reduced only in GDSL8 OE3, while an unknown compound at

retention time (RT) 37.0 showed decreases in the GDSL8 OE5 and GDSL6 OE2 lines only.
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Table 5.1 – Arabidopsis thaliana genes identified by a collaborating partner Max Planck
Institute of Molecular Plant Physiology (MPI). Genes received for the metabolite
characterisation by RHUL are marked in bold. For these genes, names of the lines
that are used for metabolite analysis are given.

LTP gene candidates GDSL motif lipase gene candidates
gene Protein name

& line no.
gene Protein name

& line no.

T-DNA lines

at1g62790 at1G29660
at1g55260 at1g33811
at1g12090 at1g75900
at2G45180 at2g04570
at2g10940 at3g48460 GDSL6 line 8

and 9
at3g16370
at4g18970
at4g28780 GDSL8
at5g45950
At5g45670

OE lines

at1g55260 at2g04570
at2g45180 at3g48460 (OE7) GDSL6 line

OE2 and OE3
at1g12090 at3g16370
at2g10940 at4g18970

At4g28780 (OE5) GDSL8 line
OE3 and OE5

RNAi lines
at1g12090 (B4) ELP line 1

and 5
At1g29660 (13-1) GDSL13 line

1 and 5
at2g45180 (8-1) BTLP2 line 4

and 5
At1g29670 (B10) GDSL10 line

3 and 5

In addition to that, large error bars in the data suggest variation in biological samples as

well as evidence that material harvesting for metabolite analysis should be carried out

more systematically.

Further analysis of the OE lines using a simple hydrocarbon extraction by leaf–dip method

showed some dramatic changes in Arabidopsis thaliana mutant wax composition. Fig-

ure 5.3 shows a selection of most abundant compounds present in the wax fraction of

Arabidopsis thaliana. All OE lines displayed reduction in n–hentriacontane (C31H64) by at

least two fold, while the line GDSL6 OE3 had a 4 fold decrease in quantity (2.34 µg/mg

DW). Some other low abundance hydrocarbons were also affected. A decrease was ob-

served in the triacontane (C30H62) in GDSL6 OE2 and GDSL6 OE3 lines only (0.42 µg/mg

DW for OE2 and 0.42 µg/mg DW for OE3 respectively). Hydrocarbon triatriacontane
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Table 5.2 – List of selection of GDSL genes and their corresponding lines received in
collaboration with Colin Ruprecht, Max Planck Institute of Molecular Plant Physiol-
ogy. The table shows the mutation and locus of each plant line characterised. Plant
lines defined in this table were subject to metabolite analysis.

Type of mutation Locus Plant line

Overexpression
At4g28780

GDSL8 OE3
GDSL8 OE5

At3g48460
GDSL6 OE2
GDSL6 OE3

RNAi Knockdown
At1g29670

GDSL10 – 3
GDSL10 – 5

At1g29660
GDSL13 – 1
GDSL13 – 5

T-DNA insertion
At4g28780 GDSL8

At3g48460
GDSL6 – 8
GDSL6 – 9

(C33H68) displayed decreases in its quantities in all lines, where the line GDSL8 OE3 had

the highest decrease. The wt had 1.19 µg/mg DW, while the line GDSL8 OE3 showed a

reduction to 0.002 µg/mg DW). Furthermore, triacontane displayed an increase in the line

GDSL6 OE3 to 1.74 µg/mg DW. Also, some unknown fatty acid esters were found in the

wax fraction of Arabidopsis. Significant decreases were observed in two of those esters

(RT at 47.01 min. and RT at 47.40 min.) in the line GDSL6 OE3, while the GDSL8 OE3

had an increase at RT 47.01 min.
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Figure 5.2 – Non–polar metabolite profiling for wt and GDSL Overexpression (OE)
Arabidopsis lines displaying most abundant compounds found. The graph shows
average relative abundance of compounds in three biological replicates. GDSL8
lines correspond to At4g28780 locus ID, while At3g48460 represents GDSL6 lines.
For further information, please refer to table 5.2. Significant difference for each
compound was calculated relative to the wt using Two–Way Anova tests.
Error bars display SEM. Stars denote: ns - p>0.05; * - p<0.05; ** - p<0.01; *** - p<0.001;
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Figure 5.3 – Hydrocarbon profiling for wt and GDSL Overexpression (OE) Arabidop-
sis lines displaying most abundant compounds found using leaf–dip method. The
graph shows average relative abundance of compounds in three biological replicates.
GDSL8 lines correspond to At4g28780 locus ID, while At3g48460 represents GDSL6
lines. For further information about the lines, please refer to table 5.2. Significant dif-
ference for each compound was calculated relative to the wt using Two–Way Anova
tests.
Error bars display SEM. Stars denote: ns - p>0.05; * - p<0.05; ** - p<0.01; *** - p<0.001;
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Figure 5.4 – Non–polar metabolite profiling for wt and GDSL RNAi knock–down
Arabidopsis lines displaying most abundant compounds found. The graph shows
average relative abundance of compounds in three biological replicates. GDSL10
lines correspond to At1g29670 locus ID, while At1g29660 represents GDSL13 lines.
For further information about the lines, please refer to table 5.2. Significant difference
for each compound was calculated relative to the wt using Two–Way Anova tests.
Error bars display SEM. Stars denote: ns - p>0.05; * - p<0.05; ** - p<0.01; *** - p<0.001;

Analysis of the non–polar extracts from the GDSL RNAi knock–down in Arabidopsis

showed a reduction in several abundant fatty acids. As shown in figure 5.4, the fatty acid

C16:0 decreased by two fold in the GDSL13 – 5 line. Meanwhile, the fatty acid C18:1 and

an unknown compound with a RT 37.0 was reduced by four fold. One fold or higher

decreases were observed in the C18:2 fatty acid content of all lines with an exception of

one line (GDSL10 – 3, at 0.83 µg/mg DW). Phytol was also significantly reduced. Most

significant reduction was observed in the GDSL13 – 1 and GDSL13 – 5 lines.

Targeted analysis of the hydrocarbons found on the leaf surface showed a dramatic

decrease in the n–hentriacontane molecules present in the GDSL RNAi lines compared to

the wt (figure 5.5). The quantities of tetratriacontane (C34H70) also showed a decrease in

all of the GDSL RNAi lines. However, tritriacontane was significantly reduced only in the

GDSL10 – 5 line by almost three fold. Out of four unknown esterified fatty acids found,

the lines GDSL10 – 5 and GDSL13 – 5 showed increases only at RT 47.01 min. (2.19 µg/mg
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Figure 5.5 – Arabidopsis wax profiling for wt and GDSL RNAi knock–down Arabidopsis
thaliana lines displaying most abundant compounds found using leaf–dip method.
The graph shows average relative abundance of compounds in three biological repli-
cates. GDSL10 lines correspond to At1g29670 locus ID, while At1g29660 represents
GDSL13 lines. For further information about the lines, please refer to table 5.2. Signif-
icant difference for each compound was calculated relative to the wt using Two–Way
Anova tests.
Error bars display SEM. Stars denote: ns - p>0.05; * - p<0.05; ** - p<0.01; *** - p<0.001;

DW and 1.90 µg/mg DW respectively). Meanwhile, the line GDSL13 – 1 (0.62 µg/mg

DW) was significantly reduced compared to the wt (1.35 µg/mg DW). Furthermore, line

GDSL13 – 1 showed decreases in the unknown fatty acid esters with the RT at 47.40 min.

and RT at 50.86 min. by four fold, while the line GDSL13 – 5 was reduced only at RT 47.40

min. by almost three fold.

Analysis of the lipids in the T–DNA mutant lines are presented in figure 5.6. Most

compounds showed no changes in the T–DNA mutant lines, however, an observation of

significant decreases in fatty acid C18:2 was prominent in all three lines. The amounts

of C18:2 fatty acid were decreased by at least six fold in the GDSL6 line 8 and line 9

respectively. Meanwhile, phytol was significantly increased by two fold in the GDSL6 –
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Figure 5.6 – Non–polar metabolite profiling for wt and GDSL T–DNA knock–down
Arabidopsis lines displaying most abundant compounds found. The graph shows
average relative abundance of compounds in three biological replicates. GDSL8
correspond to At4g28780 locus ID, while At3g48460 represents GDSL6 lines. For
further information about the lines, please refer to table 5.2. Significant difference for
each compound was calculated relative to the wt using Two–Way Anova tests.
Error bars display SEM. Stars denote: ns - p>0.05; * - p<0.05; ** - p<0.01; *** - p<0.001;

8 and line 9 compared to the wt (1.96 µg/mg DW).

Hydrocarbon leaf surface analysis in the T–DNA mutant lines are displayed in figure 5.7.

n–hentriacontane had the most dramatic changes in all the lines compared to the other

compounds found. For example, GDSL6 – 8 had more than seven fold reduction in

this compound (1.32 µg/mg DW) compared to the wt. The lines GDSL6 line 9 and

GDSL8 were recorded to have over five fold decrease in quantity of n–hentriacontane

Ṁeanwhile, tritriacontane showed a significant decrease in all lines, but the GDSL6 – 9

had a highest five fold decrease compared to the wt. Compared to the wt, trace amounts

of the tetratriacontane were found in GDSL6 line 9 and GDSL8. Out of four unknown

fatty acid esters found in the analysis of the leaf surface metabolites, a reduction in the

component having a RT at 47.01 min. a reduction by two fold was observed in all mutant

lines, however the component at RT 50.86 min. was only reduced in GDSL6 – 8 compared
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Figure 5.7 – Analysis of hydrocarbons for wt and GDSL T–DNA knock–down Ara-
bidopsis lines displaying most abundant compounds found in the leaf surface. The
graph shows average relative abundance of compounds in three biological replicates.
Line GDSL8 correspond to At4g28780 locus ID, while At3g48460 represents GDSL6
lines. For further information about the lines, please refer to table 5.2. Significant dif-
ference for each compound was calculated relative to the wt using Two–Way Anova
tests.
Error bars display SEM. Stars denote: ns - p>0.05; * - p<0.05; ** - p<0.01; *** - p<0.001;

to the wt.
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5.2.3 Lipid profiling of LTP mutants in Arabidopsis

Lipid transfer Protein (LTP) targets were selected in an identical manner to the GDSL

mutants and is described in section 5.2.2. Out of a total of 59 loci matches and 70 distinct

gene models found, four of them were selected to create LTP knock–down mutants (Max

Planck Institute of Molecular Plant Physiology). As a result, a functional characterisation

was performed for these mutants and the results are described in this section. Table 5.3

shows the lines and information received from Max Planck Institute of Molecular Plant

Physiology. Out of all the created lines were tested for RNA expression levels relatively

to the wt and in that manner selected for functional characterisation.

Table 5.3 – List of LTP gene modifications in Arabidopsis col0 lines received in collab-
oration with Colin Ruprecht, Max Planck Institute of Molecular Plant Physiology.

Type of mutation Locus Plant line

RNAi Knockdown

At1g12090
ELP – 1

ELP – 5

At2g45180
BLTP2 – 4

BLTP2 – 5

The lipid analysis performed on the LTP knock–down (RNAi) Arabidopsis lines. Figure 5.8

shows the changes found in the metabolites. All ELP lines showed significant decrease

in C18:2 and C18:1 fatty acids by at least two fold. Meanwhile, only the line BLTP2 – 4

was most significantly reduced in C18:1 fatty acid compared to the wt (1.36 µg/mg DW).

Lowest C18:2 quantities were found in the line ELP – 5 and ELP – 1 and no significant

changes were seen in both BLTP2 – 4 and BLTP2 – 5 lines. In addition, changes in the

amounts of phytol were recorded only in the BLTP2 line 4 (1.16 µg/mg DW).

The hydrocarbons present on the leaf surface showed significant decreases in three hy-

drocarbons and four unknown esters as shown in figure 5.9. All lines showed major

changes in most abundant hydrocarbon the n–hentriacontane. BLTP2 line 5 had the high-

est decrease in quantity of this hydrocarbon (1.92 µg/mg DW). Meanwhile, both lines ELP

– 1 and 5 showed similar quantities of n–hentriacontane, 2.84 µg/mg DW and 2.92 µg/mg

DW respectively. Compared to the wt, the tritriacontane showed significant decrease in

the BLTP2 – 5 only (0.34 µg/mg DW). A significant decrease in all transgenic lines was
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Figure 5.8 – Non–polar metabolite profiling for wt and LTP knock–down RNAi Ara-
bidopsis lines displaying most abundant compounds found. The graph shows average
relative abundance of compounds in three biological replicates. ELP lines correspond
to At1g12090 locus ID, while At2g45180 represents BLTP2 lines. For further infor-
mation about the lines, please refer to the table 5.3. Significant difference for each
compound was calculated relative to the wt using Two–Way Anova tests.
Error bars display SEM. Stars denote: ns - p>0.05; * - p<0.05; ** - p<0.01; *** - p<0.001;

also recorded in the tetratriacontane compound. Trace amounts of it were found in all

lines compared to the wt (1.19 µg/mg DW). Unknown fatty acid esters at RT 47.01 min.

and 47.40 min. showed significant decrease in all lines. Compared to the wt (1.35 µg/mg

DW), unknown compound at RT at 47.01 min. was reduced by less than 1 fold in ELP line

1 and BLTP2 line 5 (0.7 µg/mg DW and 1 µg/mg DW respectively), however lines ELP –

5 and BLTP2 – 4 had a significant drop (0.26 µg/mg DW and 0.2µg/mg DW respectively).

At retention time (RT) 47.40 min. a similar trend was seen, where lines ELP – 1 and BLTP2

– 5 were reduced by 3.9 and 2 fold respectively. ELP line 5 and BLTP2 line 4 had trace

quantities of this compound remaining. Furthermore, unknown ester at RT 50.86 min.

had significant losses in quantities in three RNAi knock-down lines. Both ELP lines had

0.2 µg/mg DW of this compound present, while BLTP2 line 4 had 0.11 µg/mg DW. While

trace amounts of RT at 51.70 min. were found in wt, ELP line 5 had dramatic increase in
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Figure 5.9 – Non–polar metabolite profiling for wt and LTP knock–down RNAi Ara-
bidopsis lines displaying most abundant compounds found. The graph shows average
relative abundance of compounds in three biological replicates. ELP lines correspond
to At1g12090 locus ID, while At2g45180 represents BLTP2 lines. For further infor-
mation about the lines, please refer to the table 5.3. Significant difference for each
compound was calculated relative to the wt using Two–Way Anova tests.
Error bars display SEM. Stars denote: ns - p>0.05; * - p<0.05; ** - p<0.01; *** - p<0.001;

the quantity of this compound (1.36 µg/mg DW).

LTP protein abundance on the leaf surface of Arabidopsis was tested by SDS–page elec-

trophoresis. Figure 5.10a shows two LTP proteins identified by nanoLC–MS/MS at two

different masses – 7 kDa and 3.5 kDa approximately. Both proteins were identified as

non–specific LTP 1 from Arabidopsis (gi|15224899) (figure 5.10b). The main difference

between the identification was the the match score. Both proteins matched significantly,

however the bigger size LTP had a score of 37 and the lower size protein had a match

score of 90. In addition to that, the quantity loaded on the SDS–page gel for all the lines
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kDa

8.5

3.5

nsLTP 1

nsLTP 1

 wt    line 1  line 5  line 4   line 5
       ELP        BLTP2

(a)

Gene Match Score Nominal mass

gi|15224899 37 12317
gi|15224899 90 12317

(b)

Figure 5.10 – a) SDS–page electrophoresis result for Lipid Transfer Protein (LTP)
presence in wt and knock–down RNAi Arabidopsis lines. Bands highlighted were
identified by MALDI as nsLTP 1 from Arabidopsis. b) The table represents the result
of both protein bands identified using MALDI techniques for protein bands in a) .
The identification shows the difference in match score for each protein band (upper
and lower respectively).

shown was identical, however visually it was observed that ELP – 8 and BTLP2 had

smaller amounts of the proteins identified.

5.2.4 Isolation and identification of Lipid transfer protein (LTP) in N. glauca

Method comparison and adaptation

Identification of Lipid Transfer Protein (LTP) was performed in wt and ge8 plant lines of

Nicotiana glauca. The study first focused on protocol comparison and adaptation for the

extraction of the protein from the leaf surface of N. glauca. The issues that were aimed to

be addressed were: i) to aid the isolation of LTP; ii) to increase the yield of the protein

recovered; and iii) to find an easy and simplified extraction process in relation to N. glauca.

Detailed directions of the methods used are described in section 2.7.6.

Table 5.4 displays the proteomics approaches undertaken in order to determine the most

suitable extraction method for LTP from N. glauca leaf surface. Three different material

types were compared: i) fresh leaf tissue; ii) leaf disks from fresh leaf tissue; and iii)

homogenised and lyophilised leaf tissue material. A determination of how the processing

of the leaf affects the extraction of LTP proteins was carried out as well as comparison
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of the methods to find the one that is the easiest and simplest to extract high amounts

of LTP. Comparing within all methods, the result showed that homogenated lyophilised

leaves yield a lot of bands of unspecific proteins, that makes it complicated to isolate and

separate the LTP. Meanwhile, leaf disks seemed to reduce protein recovery or produce

no identifiable bands. Fresh whole leaves produced good distinct protein bands using

Method 6, that were easy to isolate and identify therefore this method has been chosen as

the main method for further protein work concerning N. glauca protein extraction. It has

also been determined that N. glauca LTP is most stable and can stay at 4°C for weeks in

7M Urea buffer.
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Table 5.4 – Comparison of different methods employed in order to isolate Lipid
Transfer Protein (LTP) from wt and ge8 N. glauca. Each method comparison was
performed using SDS–page technique. Detailed decriptions of methods can be found
in section 2.7.6. Ch3Cl – chloroform, MeOH – methanol LB – Loading buffer, UB –
Urea buffer.

Extraction

Method

Material Storage buffer Outcome

1) 4% SDS and

acetone

precipitation

Whole leaves

7M UB

Smearing, only few distinct bands

but not at expected size

Leaf disks Faint bands, Insufficient protein re-

covery

Lyophilised leaf

homogenate

Many bands, difficult separation

2) Extraction by

chloroform

Whole leaves
7M UB

No bands present at desired size,

severe smearingLeaf disks

3) Extraction by

methanol

Whole leaves
7M UB or LB Severe smearing, no bands present

Leaf disks

4) 10% SDS and

5x LB

Whole leaves

LB No bands presentLeaf disks

5) 1:1 ratio

CH3Cl : MeOH

Whole leaves
LB No bands present

Leaf disks

6) 2:1 ratio

CH3Cl : MeOH

Whole leaves

LB Severe smearing

7M Urea Good distinct bands

Leaf disks

LB Severe smearing, difficult recovery

7M UB Many faint bands, difficult separa-

tion

Lyophilised leaf

homogenate

LB Smearing, band overload

7M UB Band overload, difficult separation
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LTP Isolation and identification

Further experimentations were carried out using method 6 (see table 5.4 and section 2.7.6).

Protein extracts were ran onto SDS–page electrophoresis and a number of protein bands

were isolated. The isolated protein bands were subject to MALDI and LC-MS/MS mass

spectrometry systems as described in section 2.7.9.

Figure 5.11a displays six protein bands identified in N. glauca wt and ge8 plant lines

as potential LTP’s. The identification of LTP 1 was primarily performed using MALDI

analysis, where the protein identification source was matched against Arabidopsis with

62.2% protein sequence coverage to non–specific Lipid Transfer Protein GPI–anchored 2

(gi|75181273). The same protein band in nanoLC–MS/MS analysis showed 14.3% coverage

matching Nicotiana tabacum protein gi|6273GDSL804 that was identified as LTP 1 – Solution

Structure of a new LTP1, Chain A (figure 5.11b). Parallel band identification in the

transgenic Nicotiana glauca plant line ge8 was a match to a probable non–specific Lipid

Transfer Protein 2. This displayed a 10% sequence coverage to Hordeum vulgare protein

by using the data from MALDI analysis (displayed as a top band in figure 5.11a). The

rest of the bands in the ge8 were not able to be identified as LTP proteins. In addition, the

same bands from the wt were also analysed by the nanoLC–MS/MS system. The middle

band in the wt defined as pLTP (putative LTP DIR1-like) was matched to the Hordeum

vulgare by the coverage of 10%, while the bottom band defined as LTP A was matched

to a protein sequence identical to N. glauca in the database and described as LTP protein

(figure 5.11b).

The molecular weight of the bands was also determined. Band molecular mass using

relative mobility was calculated, where Rf (retention factor) data measures were logged

(figure 5.11c). There were small changes in relative migration between the lines of Nico-

tiana glauca. In the wt the molecular mass of LTP 1 was 0.2 kDa lower compared to ge8 (7

kDa and 7.2 kDa rfespectively). Meanwhile, the molecular weight of the pLTP proteins

differed by 0.1 kDa between the wt and ge8 lines of N. glauca (5.2 in wt and 5.1 in ge8 re-

spectively). For LTP A protein, it was determined that both lines had the same molecular

mass at 3.8 kDa.
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kDa

8.5

3.5

LTP 1
pLTP
LTP A

  wt         ge8

(a)

Protein Band Source Organism Gene Amino
acids

Sequence
coverage

Nominal
mass

wt LTP 2 Arabidopsis gi|75181273 193 62.2% 19675
wt LTP 1 Nicotiana tabacum gi|62738004 91 14.3% 9623
ge8 LTP 2 Hordeum vulgare gi|128377 102 10.0% 10806
wt pLTP Glycine max gi|571522022 112 6.3% 18205
wt LTP A Nicotiana glauca gi|49659945 117 22.2% 12378

(b)

(c)

Figure 5.11 – a) Isolation and identification of Lipid Transfer Protein (LTP). Protein
extract from Nicotiana glauca was subjected to SDS–page gel electrophoresis. pLTP
denominates for putative LTP DIR1-like. b) Identification of the bands at expected
LTP kDa range by MALDI and nanoLC–MS/MS. c) Determination of molecular mass
for two identified LTP proteins using relative mobility. LTP 1 also refers to LTP 2 in
b) . pLTP denominates for putative LTP DIR1-like.
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5.3 Quantitation of LTP over leaf development

Figure 5.12 – Abundance of two Lipid Transfer Protein (LTP) isoforms isolated from
a mature leaf of Nicotiana glauca in wt and ge8 plant lines. Significant difference was
compared and calculated using Student t–tests.
Error bars display SEM. Stars denote: ns - p>0.05; * - p<0.05; ** - p<0.01; *** - p<0.001;

Two LTP isoforms were quantified in mature leaf of N. glauca wt and ge8 lines. Figure 5.12

displays the abundance of LTP 1 and LTP A respectively. LTP A isoform did not have

any significant difference in quantity between the lines, while LTP 1 showed significantly

higher amounts of LTP 1 compared to the wt. In addition, total quantity of both LTP

proteins also had a significant increase in ge8 line, where in wt total LTP found is 54.75

µg, while in the ge8 it was 82.97 µg.

The changes in LTPquantities were assessed over the key stages of leaf development in

both Nicotiana glauca plant lines. Figure 5.13 displays the changes in the quantity in fresh

leaf tissue. In the wt stage 4 leaf development the highest quantity of both LTP isoforms

was found (6.55 ng/mg LTP A and 5.72 ng/mg LTP 1). Quantities of both isoforms showed

a significant decrease in stage 7 leaf development (1.02 ng/mg LTP A and 0.81 ng/mg LTP

1 respectively), while stage 10 showed no changes compared to the latter stage. In

the ge8 line of N. glauca there were no significant changes between stage 4 and 7 leaf

developments in both LTP isoforms. Meanwhile, in the ge8 stage 10 leaf development

a significant decrease was observed. In the meanwhile, stage 7 leaf development was

recorded to have 3.87 ng/mg of LTP A, while a 2.4 fold decrease was observed in the
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Figure 5.13 – Quantitation of Lipid Transfer Protein (LTP) in the wt and ge8 plant
lines of Nicotiana glauca over the key leaf developmental stages 4, 7 and 10. LTP
changes over the leaf development were assessed within and between the plant lines.
Significant differences for both isoforms was calculated within and between the key
stages and are displayed in the table below the graph. Statistical analyses were
performed using Two–Way Anova tests for the paired samples. Error bars display
SEM. Stars denote: ns - p>0.05; * - p<0.05; ** - p<0.01; *** - p<0.001;

stage 10 of leaf development (1.62 ng/mg). Additionally, LTP 1 quantity was recorded at

2.17 ng/mg in stage 7 and a significant decrease was observed in stage 10 to 0.97 ng/mg.

Comparing the changes between two plant lines, there was a significant decrease in LTP 1

and LTP A quantities in the ge8 stage 4 by 3.6 and 2 fold respectively. On top of that, stage

7 showed a significant increase in the ge8 by 1.2 fold in the quantity of LTP 1 compared to

the wt. LTP A also showed an increase in quantity in the ge8 by 3.8 fold compared to the

wt. Meanwhile, stage 10 showed no significant changes between the two lines.
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5.4 Identification of potential gene candidates associated with

the Lipid Transfer Protein

Transcriptomics data for N. glauca leaf developmetal stages provided by Max Planck Insti-

tute of Molecular Plant Physiology has been used to identify LTP transcripts as described

in section 2.7.13. A total of 49 transcripts identified were used to obtain protein transla-

tions from three positions in each direction, yielding six translations for each transcript.

All transcripts were aligned to the peptides identified by MALDI and nanoLC–MS/MS

(please see section 5.3). Using set selection parameters, the transcripts that represent the

highest match were chosen and linked to the genes of wt N. glauca. A total of five genes

were linked to LTP 1 and eight genes to LTP A respectively.

Figure 5.14 displays transcriptome changes over the leaf development associated with

the identified genes for two isoforms of LTP. Figure 5.14a displays LTP 1 protein quantity

and its correlation to the transcript levels in four genes associated with this protein

isoform. Gene XLOC 001932 (not displayed in graph) showed negative correlation of

-0.54, therefore it was excluded from the graph. All four genes displayed in the graph

showed a strong correlation, where XLOC 004244 had 80% of the shared variance in

LTP 1. A variance with LTP 1 in XLOC 017360 and XLOC 007779 was 97% and 95%

respectively. Meanwhile, XLOC 018323 had a perfect correlation of 1. For LTP 1 protein,

a higher transcript count was observed at leaf developmental stage 4, where the highest

count was recorded for XLOC 018323.

Out of eight gene transcripts from total of 5 genes identified, XLOC 035200 gene showed

a weak correlation (r2 0.07). Four genes displayed in figure 5.14b did not show a very

strong correlation with LTP A. For the LTP A protein the highest shared variance of 79%

was shared with XLOC 000231 gene. Meanwhile, the gene XLOC 001231 had a shared

variance of 17.3%. Genes XLOC 003372 and XLOC 035200 had a value of r2 at 0.12 and

0.14 respectively. For LTP A protein, transcript count was variable throughout the key

leaf developmental stages for each gene. The highest count was recorded for stage 10 leaf

development gene XLOC 035200.
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Figure 5.14 – Potential gene candidates associated with Lipid Transfer Protein (LTP)
abundance over key stages of leaf development in N. glauca. Transcriptomics data
provided by Max Planck Institute of Molecular Plant Physiology was used to identify
LTP transcripts that were translated into 6 possible protein sequences and matched
to the peptides identified by MALDI and nanoLC–MS/MS. Identified proteins were
selected according to score, identity and coverage percentage and subsequently linked
back to the genes associated. Transcript levels of the genes are displayed on the right
y axis. a) Four genes associated were matched to LTP 1 isoform. b) Four genes
associated were matched to LTP A isoform.
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5.5 Discussion

The aim of this chapter of work was to characterise potential gene products that could

increase the lipid content in plants, in this case specifically N. glauca. The high value

waxes could be enhanced using the LTP’s. Additionally, functional characterisation was

performed on a number of GDSL and LTP proteins in Arabidopsis mutants. Further work

of this chapter has focused on LTP isolation, identification and quantitation in Nicotiana

glauca.

5.5.1 Functional characterisation of GDSL in Arabidopsis mutants

GDSL esterases/lipases are a subclass of lipolytic enzymes with multifunctional properties

that are found in various plant species. For example, GDSL’s that are found in Arabidopsis,

maize and rice are associated with plant defence response and morphogenesis (Brick et al.,

1995). In Arabidopsis, there are 113 predicted members of this subclass. The understanding

to date of these enzymes is however limited, but some evidence suggests GDSL to be

involved in the metabolism of cuticle. Primarily, a lot of GDSL genes are expressed in

the leaf epidermis (Suh et al., 2005; Yeats et al., 2010) and transcripts corresponding to

GDSL lipases/esterases are highly abundant during cutin synthesis (Reina et al., 2007).

For example, certain GDSL gene accumulation has been reported to coincide with distinct

lipid components in cuticle in tomato (Petit et al., 2014) and Agave americana (Guerrero

et al., 2006; Reina et al., 2007). In this study, in order to find potential target genes

associated with lipid and wax deposition in Arabidopsis, a functional characterisation

of four epidermally expressed GDSL’s by creating Arabidopsis mutants were studied.

Overexpression, RNAi knock-down and T-DNA insertions of Arabidopsis thaliana mutants

were generated from the selection of cluster 31 co–expression analysis that were kindly

provided in collaboration with Max Planck Institute of Molecular Plant Physiology. The

aim was to study their lipid and hydrocarbon metabolite profile changes and determine

if the up/downregulation of GDSL affects their quantities.
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Plausible gene silencing observed in the OE lines of GDSL mutants

The contrary to the expectations, the OE lines showed a significant reduction in specific

lipid and hydrocarbon quantities. Even though the lines showed good relative overex-

pression values in previous generations, the expression was not checked in the metabolite

screening generation. As a result, this contingency could be due to the fact that OE lines

may have resulted in co–suppression that caused gene silencing in the current generation.

Aberrant behaviour as such can be caused, for instance by misfolding due to unphysio-

logical concentrations. To add, when certain genes are overexpressed or knocked down,

they can result in these gene alterations bringing similarities to which metabolites are

affected. This can particularly occur when, for example the overexpression of the gene is

too strong. If this is the case, that would only confirm the importance of GDSL enzymes

to be particularly crucial to the plant system. To further ratify these speculations, a titra-

tion of overexpression could be suggested in order to determine the correlation between

different levels of overexpression and the amounts of lipids thats are affected.

GDSL may have a role in the cuticular biosynthetic pathway in leaf epidermis

Further focus was taken onto the GDSL RNAi and T-DNA lines that displayed a clear

knock-down of the target transcripts (not displayed, based on the expression data pro-

vided by Dr. Colin Ruprecht). Overall the metabolite data suggests that GDSL may have

a role in the cuticular biosynthetic pathway in the leaf epidermal tissue. The loss of the

function of the GDSL in its mutants result in a decrease of up to three fatty acids, their

esters, hydrocarbons and phytol (result is variable to the GDSL mutant studied in this

study). Since all four of these genes have a classical alpha/beta–hydrolase (esterase and

lipase) activity acting on ester bonds, the explanation of the results is that GDSL could

be playing a role in plant defence mechanism via lipid regulation indirectly. In literature

to date, evidence of GLIP1 has been shown to play a protective role against A. brassici-

ola by disrupting and activating plant defence signals (Oh et al., 2005) through systemic

signalling that is a mediated positive and negative feedback of the ethylene signalling

pathway (Kim et al., 2013). Furthermore, Lee et al. (2009) further demonstrated GLIP2

to negatively regulate auxin signalling and thus have a function in pathogen resistance.

In this case, GDSL13 mutant has reduced prokaryotic (plastidial, C16) and eukaryotic
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(ER, C18) synthesised fatty acids, which gives a plausibility that this particular GDSL is

involved in both fatty acid synthesis pathways. Since the localisation of GDSL13 is found

in extracellular and apoplastic tissue, some kind of remote mechanism should be present.

Pulse chain labelling experiments could aid to evaluate if indeed this or any of the other

mutants alters the kitetics between the two pathways (Benning, 2008) and in turn results

in decreased predominant cuticular components (C31, C34 and some unknown esters).

GDSL may have a transfer precursor role between the ER and plastid

The result from metabolite analysis also suggests that GDSL may be having a transfer of

precursor to different organelles role between ER and chloroplast plastid. However, its is

also possible that some GDSLs act as cutin monomer precursor activators. An example

of such was really well demonstrated in Agave americana where it was shown that distinct

cuticular lipid components (mainly waxes and cutin) coincide with major accumulation

of a protein belonging to GDSL esterase/lipase family (Guerrero et al., 2006; Reina et al.,

2007). Even though hydrocarbon biosynthesis is not well elucidated to date, it is well

known that fatty acid biosynthesis in the ER is a precursor for the cuticular components.

Within all the organic waxes found within the cuticle, alkanes are the major components

of most plant species acting as a protective barrier (Burghardt and Riederer, 2006) and

playing a defence role against the outer world (Reina-Pinto and Yepremov, 2009). These

and similar evidences in literature show that GDSL esterases/lipases play a role in the

cuticle and we further can confirm that in Arabidopsis four GDSL genes play the same role.

GDSL actively participates in lipid synthesis

In this study, the finding show that T-DNA insertional mutation in GDSL6 lines reduces

C18:2 fatty acid amounts and increases phytol quantities. This suggests an active involve-

ment in lipid synthesis. The only question that could be raised based on the data of this

study, is if GDSL6 play a role in any of the particular glycerolipid classes, especially since

all fatty acids have to be exported to endoplasmic reticulum (ER) in oder to be assembled

into various glycerolipids (Wang and Benning, 2012). Most of the fatty acids are typically

associated with a particular glycerolipid class based on their abundance (Miquel and

Browse, 1992). For example, in Arabidopsis Phosphatidylinositol (PI) and Sulfoquinovo-
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syldiacylglycerol (SQDG) constitute a majority of C16:0. Meanwhile, C18:1 is associated

with Phosphatidylglycerol (PG) and SQDG, while C18:2 – Phosphatidylethanolamine

(PE) and Phosphatidylcholine (PC). In all four GDSL13, GDSL10 and GDSL8 and GDSL6

C18:2 was shown to be affected the most, which would suggest that all these GDSL’s play

a role in PE and PC synthesis and/or transport. Moreover, it is quite evident that C18:1 is

not as affected in GDSL mutants, since C18:1 is normally rapidly desaturated to 18:2 PC

(Stumph and Con, 1987).
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5.5.2 Functional characterisation of LTP in Arabidopsis mutants

Cuticular waxes make up a leaf surface layer that is derived from a series of homologous

compounds constituting of fatty acids, alkanes, esters, alcohols, aldehydes and cyclic

organic compounds. To date, it is not clearly known how exactly wax deposition occurs

in the cuticle, however it has been shown that Lipid Transfer Protein (LTP) plays a role

in cuticle deposition. For example, (Cameron et al., 2006) has shown that Nicotiana

glauca Lipid Transfer Protein gene family gets upregulated as cuticle wax load increases

under the periodic drought conditions. However, not all Lipid Transfer Protein families

react the same way in different species. Vignols et al. (1997) showed that different LTP

family member genes respond differently to environmental stress. Overall, not much LTP

analysis has been done for leaf development across the species. First nsLipid Transfer

Protein isolation and purification was performed in broccoli leaves (Brassica oleracea) (Pyee

et al., 1994). As a result, this study focused on functionally characterising two LTP proteins

in Arabidopsis thaliana using RNAi knockdown approach. Two epidermally expressed

LTP protein knockdown mutants ELP (Extensin–Like Protein) and BLTP2 (Bifunctional

inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein) were kindly

provided in collaboration with Max Planck Institute of Molecular Plant Physiology. The

aim for these mutants was to study their lipid and hydrocarbon metabolite profile changes.

Since Arabidopsis is not a great model organism for studying cuticular wax composition

because of it being a 16:3 plant (Frentzen et al., 1983; Xu et al., 2006), we have used Nicotiana

glauca to take the study further and identify and isolate Lipid Transfer Proteins available

on the leaf surface. Further to this study, identification of potential gene candidates

associated with easily extractable LTP proteins on the leaf surface are presented for the

first time.

BLTP2 effects on thylakoid membranes of Arabidopsis

This study has demonstrated that BLTP2 knock-down has C18:1 and C18:2 fatty acid

reduction. Since it is known that BLTP2 is localised in chloroplast thylakoid membrane

(TAIR, 2004), it is very plausible that this LTP plays a regulatory role at the thylakoid

membrane. Chloroplast is a photosynthetic organelle that contains thylakoid membranes

with the photosynthetic apparatus. Lipids associated with these photosynthetic mem-



5.5. Discussion 188

branes are galactoglycerolipids, such as MGDG (monogalactosyldiacylglycerol), SQDG

(sulfoquinovosyldiacylglycerol) and DGDG (digalactosyldiacylglycerol) (Dörmann and

Benning, 2002; Jouhet et al., 2007). Previously it has been demonstrated that LTP proteins

are able to move into the lumen of the ER (Bernhard et al., 1991; Madrid, 1991). The co-

ordination of lipid trafficking between lipid synthesis in the chloroplast and the delivery

of the ER is crucial for the assembly of various glycerolipids, however the mechanism

is not clearly known. The chloroplast and ER attachment has been observed to contain

reticulon-like proteins (Nziengui et al., 2007) as well as lipid droplets (Wang and Benning,

2012). This phenomenon also suggests a possible role of lipid metabolism and involve-

ment of proteins associated with the chloroplasts and the ER, especially because C18:1 and

C18:2 are plastidic lipids that gets exported to the ER for the glycerolipid synthesis. To

add, previous literature has been arguing whether any of the LTP proteins would actually

be able to transfer lipids through the ER to the outer surface because of their inability to

return back to the ER due to their stoichiometric properties (Post-Beittenmiller, 1996). To

counter argue that and further elaborate on our evidence, it would be crucial to follow

up this study. Looking into the cuticular composition via light microscopy as well as

whether there are any changes in the lipid synthesis sites in composition could aid to

further elaborate on these aspects.

Is there a role of LTP proteins in wax biosynthesis in Arabidopsis?

The expression of ELP (Extensin–Like Protein) gene is localised in a vast amount of

different Arabidopsis leaf cells. Assumptions can be made that ELP acts in different

locations, unlike BLTP2 which is acting from the site of thylakoids as discussed above.

This proposes two points – i) variety in LTP involvement with cutin formation; and

ii) the ability to move around. Considering that we have observed both ELP and BLTP2

mutants to have two hydrocarbon quantities reduced – C31 and C34, we may also propose

that signalling collaboration between certain LTP proteins is also possible. Although

hydrocarbon synthesis is not as well researched, it is already known that they are chain–

cleaved products from fatty acids as part of decarbonylation pathway (Bognar et al.,

1984). To add, the association of the ER and the cuticular wax synthesis come down

to the VLCFA wax precursors. To date, in all plant species investigated VLCFA’s have

been associated with the ER (Samuels et al., 2008). This raises a hypothesis whether LTP
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proteins could be big players not just in the wax export to the cuticle, but also active in

the synthesis of key fatty acids and long chain hydrocarbons (like in the case of BLTP2

postulation provided above).

The second LTP protein analysed – ELP showed reduction in lipids just in one mutant line

out of two, therefore the difference between the lines may invalidate the suggestion that

ELP plays a role in lipid synthesis. Nonetheless, both ELP and BLTP2 mutants showed

a reduction in two hydrocarbons as well as a number of unknown esters that at the time

it was not possible to identify further. As a result, it can be stipulated that both LTP

proteins BLTP2 and ELP analysed may be players in wax biosynthesis. Overall, out of

72 Arabidopsis thaliana genes annotated, it has been a challenge to verify the roles of a

variety of different LTP’s. However, due to LTP abundance in the epidermal cells of the

leaf (Thoma et al., 1993) as well as their biochemical properties (Kader, 1996), and also

the evidence that two LTP proteins (ELP and BLTP2) in fact affect particular hydrocarbon

quantities in Arabidopsis, can can suggest that there is an importance of these two LTP’s

playing a role in regulation of lipid and wax biosynthesis.

Localisation of LTP on Arabidopsis thaliana leaf surface

It was demonstrated that both ELP and BLTP2 has a role in hydrocarbon biosynthesis,

however more extensive research is needed to further specify this hypothesis and their

role. In the previous literature, for instance Sossountzov et al. (1991) found Lipid Transfer

Protein to be cell specific and highly expressed in outer epidermis and leaf veins. There-

fore, in order to associate ELP activity and its presence with the leaf cuticular waxes, we

aimed at localising it by leaf dip protein extraction methods.

Many potential LTP protein bands were found on the leaf surface of Arabidopsis that

were subject to MALDI and nanoLC–MS/MS systems. Out of all protein extracts, the

attempt to identify as many leaf surface LTP proteins abundant in Arabidopsis resulted in

localising two non–specific LTP1 proteins at two molecular masses. Interestingly, data

demonstrated decreased abundance of protein extracts in ELP line 5 and both BLTP2

mutant lines, therefore it could explain why it was quite difficult to obtain and identify

proteins from these lines. As a result, the identification of ELP on the leaf surface of

Arabidopsis thaliana was not possible. This could either mean that ELP does not reside at
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the leaf surface like other LTP proteins that were found, or the protein extracts were not

sufficient for the analysis thus further work and additional techniques are needed.

5.5.3 Isolation of three LTP isoforms in Nicotiana glauca wt and ge8 lines

In this study potentially three Lipid Transfer Protein isoforms were isolated from the leaf

surface of N. glauca: LTP 1, pLTP and LTP A. Prior to that, six protocols were compared

and adapted specifically for Nicotiana glauca LTP protein extractions from the leaf in order

to i) yield high amounts of protein; and ii) make sure that the extraction is straightforward

and simple for protein commercialisation for the time ahead. Best method was selected

and adapted and subsequently used for LTP isolation, where three distinct bands from

both wt and transgenic line of N. glauca ge8 were isolated and identified as LTP or putative

LTP (pLTP) proteins.

Not all LTP proteins found yielded good sequence coverage. Good sequence coverage

was achieved for LTP 1 and LTPA but not pLTP proteins. For LTP 2 protein, the sequence

coverage was higher in MALDI. Interestingly, peptide analysis of the same band from the

wt by nanoLC–MS/MS repeatedly resulted in a different protein (LTP 1) from Arabidopsis

and Nicotiana tabacum respectively. Since Nicotiana glauca has higher genomic similarity

to Nicotiana tabacum that also belongs to the Solanaceae family (Sierro et al., 2013), the

protein was assigned as LTP 1. Meanwhile, the result for the ge8 was not as great as for

the wt, where only an upper protein band was identified as Lipid Transfer Protein 2 and

none of the other ones that were found in the wt have been identified.

5.5.4 Quantitation of two LTP isoforms in Nicotiana glauca wt and ge8 lines

Higher LTP quantities are present on the surface of a young leaf of N. glauca

Protein quantitation was performed by densitometry technique for two LTP isoforms

– LTP 1 and LTP A. The results of LTP 1 and LTP A proteins in mature leaf showed

overall difference in the amounts of LTP between the wt and ge8 lines. Since ge8 has

quantitative differences compared to the wt, this suggests that it may have structural

or sequence changes in these proteins. This could be the reason for the difficulty of

identification of LTP proteins in the ge8 line compared to the identical bands in the wt of
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N. glauca. Moreover, the fact that relative mobility measurements suggested a difference of

molecular mass in the LTP between the plant lines additionally supports this hypothesis.

Alternatively, it suggests that another LTP protein is balancing out the involvement of

variety of LTPs in the ge8 due to the changes that occur in the lipid and hydrocarbon

metabolism as discussed in Chapter 3.

Additionally, LTP 1 and LTP A quantities were compared in key leaf developmental stages

4, 7 and 10. In the wt, there was a significant decrease of both LTP isoforms. At stage 4

of leaf development the highest quantities were found. Previously Sterk et al. (1991) has

demonstrated high LTP expression in developing cells. It was further confirmed that LTP

indeed is highly expressed in young vegetative tissue (Kader, 1996), therefore finding

higher quantities of LTP proteins is clearly associated with vegetative metabolism and its

activity. For instance, Nakamura and Hashimoto (1988); Sheen (1990) demonstrated that

young developing leaves have higher transcriptional and metabolic activity especially in

the photosynthetic tissues compared to mature leaves.

In the transgenic Nicotiana glauca line ge8 there was a difference in protein quantity

distribution. Firstly, the quantity in young leaf tissue (stage 4) was less than half compared

to the wt, while a mature leaf at stage 7 of leaf development had higher quantities. At

the same time, ge8 stage 7 leaf development had higher quantities compared to earlier

stage (although not significant) and the latter stage (significant) of the same line. This

suggests that ge8 could potentially have young tissue development distortion associated

with LTP abundance. Possibly, if LTP proteins are indeed mobile (Yeats and Rose, 2007),

in the young leaf tissue less of them are present at the leaf surface and more could be

incorporated at the sites of the fatty acid synthesis and transport. On top of that, currently

literature does not hold data that explains ketocarotenoid engineered effect towards LTP

proteins. However, the data from Chapter 3 showed an increase of majority of fatty acids

in the ge8 line, therefore increased LTP abundance could suggests a presence of LTP:fatty

acid positive feedback loop. This further confirms the hypothesis of LTP involvement in

the mechanism of fatty acid synthesis and deposition in the leaf of Nicotiana glauca.
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5.5.5 Potential gene candidates for two LTP isoforms

Two identified proteins have been matched to the N. glauca RNA sequencing.Based on

correlation on shared variance from all the gene candidates, it was concluded that most

likely XLOC 018323 codes for LTP 1 protein. No perfect correlation was found for LTP

A, however the most probable gene coding for this protein is XLOC 000231. This result

could be used to target these and the remaining gene candidates to i) further functionally

characterise LTP 1 and LTP A; and ii) increase the quantities of these particular LTPs.

This could aid to increase the cuticular wax content on the leaf surface for industrial

extractions as a genetically engineered added value feature to bonified crops of N. glauca.

As another potential option, these Lipid Transfer Proteins could be used to bind and carry

high value molecules (for e.g. drug target compounds or any other ligands that have

pharmaceutical or cosmetic application) (Pato and Douliez, 2001; Pedro et al., 2005) to the

leaf surface to simplify their extraction process and benefit to the industry by reducing

the costs of molecule extractions. Due to LTP being a ligand–binding protein (Kader,

1996), it is possible to genetically engineer these proteins to have drug specific binding

properties (Pato and Douliez, 2001). LTPs have already been shown to be accessible to

genetic modifications (Lullien-Pellerin et al., 1999) as well as their binding properties well

investigated (Kader, 1996; Yeats and Rose, 2007; Carvalho and Gomes, 2007) and shown

to have a potential in drug binding (Moindrot-Tassin et al., 2000), for example anti–cancer

drugs such as vidarabine and acyclovir (Tousheh et al., 2015) or anti–Leishmania drugs

(Tiuman et al., 2011).



Chapter 6

General Discussion

6.1 Aims and objectives

The overall aim of this project was to evaluate and develop the potential of Nicotiana

glauca as a renewable feedstock for biorefining. The second generation feedstocks that

are implemented to date are challenged by sustainability and ethical issues such as food

security or the costs of extraction processes. Nicotiana glauca challenges these issues and

one of the reasons to why Nicotiana glauca is of interest for second generation biofuel

production (see Chapter 1, section 1.3) is its ease being grown on marginal land and the

ability to yield a large biomass (CABI, 2016). As a result, the study particularly related

to the industrial application of Nicotiana glauca and its application as a second generation

feedstock through looking into the biochemistry and metabolite changes within the crop

by addressing to the four set out objectives of the set out aim.

• The first objective evaluated the metabolite composition of the wt Nicotiana glauca in

order to document the traits of this crop that have not been elucidated before (Chap-

ter 3). The determination of valuable small molecules (such as fatty acids, sterols,

carotenoids, etc.) allowed to analyse the suitability of this crop for the industrial

use. Through this, the identification of naturally occurring extractable compounds

that raise the economic value of Nicotiana glauca was shown. Elucidation of the

content of free fatty acids and seasonal harvesting implications were also described

and compared to currently implemented second generation feedstocks. The study

also evaluated the metabolism of Nicotiana glauca over the leaf development for two

Nicotiana glauca varieties. A comparison was made between the wt and the trans-

genic ge8 variety engineered using CrtZ and CrtW gene combination by Mortimer

(2010). The composition of cuticular wax was established and the most abundant

compound was quantified over the leaf development for both plant lines. In ad-

193
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dition, a detailed glycerolipid class analysis gave a good insight into the changes

of fatty acids occurring at different subcellular levels. These analyses allowed to

understand the impact of carotenoid sequestration and the adaptation of metabo-

lite processes to accommodate crtZ/crtW gene products. In addition, the metabolite

over the leaf development platform was aimed at being used for correlation with the

transcript data of Nicotiana glauca for the near future in order to find potential gene

candidates associated with the compounds of interest identified in this objective.

• The second objective further looked into the changes of metabolites established in

the first objective under three most commonly known induced stress environments:

drought, salinity and heavy metal contamination (Chapter 4). The response in

drought was important for evaluating the resistance of Nicotiana glauca to drought

that occurs in subtropical and tropical climates. Meanwhile, salinity was to eval-

uate how the crop deals with a typical phenomena common to marginal lands.

Heavy metal resistance evaluated the ability of this crop to grow on land requir-

ing phytoremediation. These evaluations were aimed at i) determining the lethal

concentrations to the crop as well as ii) to have an insight into the biochemistry of

the Nicotiana glauca wt and the transgenic ketocarotenoid producing variety ge8 by

metabolite analysis.

• The third objective was focused at agronomic and metabolite assessment in two

geographical locations (Chapter 4). The locations for this objective were set out

in United Kingdom and United Arab Emirates. A polytunnel trial performed in

the UK was aimed at understanding the availability of the metabolites (determined

in objective 1) when a bulk material harvesting is undetaken. A field trial was

carried out to compare the agronomical growth based on two geographical locations.

The photosynthetic activity measurements were undertaken for both plant lines in

one geographical location (UK). Ramifications of how the post–harvest processing

changes the availability of valuable compounds in two geographical locations was

also established. Alongside, an agronomic assessment of two plant lines wt and

ge8 was performed to evaluate the differences of the bulk harvest between the

two plant lines. Despite the limitations (the inability to grow ge8 in the UAE,

lack of photosynthetic measurements), this data helped to understand metabolite

changes occurring due to geographical location as well as allowed to set out the post
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harvesting changes occurring associated with the way the leaf material is processed

on the industrial (non-quenched material) and laboratory (quenched material) level.

• The fourth objective focused at potential gene characterisation associated with lipid

deposition. The idea behind this objective was to find potential gene candidates

in Nicotiana glauca that could be further genetically modified to enhance its current

lipid profile that was described in the result of objective 1 (Chapter 3). Further

enhanced feedstock was of interest to the biorefining industry as well as this work

contributed to understanding lipid regulation mechanism in this crop (Chapter 5).

To reach this objective, Arabidopsis thaliana was chosen to create genetic mutations by

a MultiBioPro partner (Max Planck Institute of Molecular Plant Physiology). In this

thesis, the analysis of Arabidopsis mutants looked into functionally characterising

LTP and GDSL genes associated with lipid metabolism by utilising metabolomic

tools. In addition, proteomic approaches were used to isolate these proteins on the

leaf surface, however no same proteins were found and other LTP were isolated on

Arabidopsis leaf surface. The study was taken further by an attempt to isolate LTP

in Nicotiana glauca and match this information to currently available transcriptomic

data. Proteomic approaches were undertaken in order to analyse Nicotiana glauca

vegetative material to find LTP and match the isolated proteins. Moreover, a LTP

abundance and comparison between the ge8 and wt lines of Nicotiana glauca was

explicated. This data contributed to further understanding how crtZ/crtW gene

products alter the mechanisms associated with lipid deposition.
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In brief, this study contributed to:

(i) Evaluating the application of Nicotiana glauca to second gen-

eration biorefining industry;

(ii) Understanding the metabolite processes occurring in Nico-

tiana glauca ;

(iii) Demonstrating that alteration of carotenoid pathway af-

fects the metabolism of fatty acids;

(iv) Revealing that ketocarotenoid sequestration contribute to

photoprotective and antioxidant role under different environ-

mental stresses;

(v) Functionally characterising six proteins associated with

lipid and/or hydrocarbon biosynthesis in Arabidopsis;

(vi) Identified potential gene candidates associated with wax

deposition in Nicotiana glauca.

The focus of the following sections will:

(i) summarise the findings of Nicotiana glauca in relation to its metabolite composition

and potential industrial applications;

(ii) stipulate on the biochemical mechanism of Nicotiana glauca and the changes occur-

ring in relation to the transgenic line ge8;

(iii) explain the association of proteins identified to lipid metabolism;

(iv) consider further important aspects to be researched.
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6.2 Summary of the findings

The findings of this project documented a thorough metabolite profile of Nicotiana glauca.

This section will present a summary and key findings that will be discussed in the

following sections.

As part of objective one, the results displayed naturally occurring metabolites in the wt

variety of Nicotiana glauca with a very simple and straightforward composition. Key fatty

acids such as C16:0, C18:0 and C18:2 were highlighted to be at high amounts (8, 3 and 17

mg/g DW respectively). Other high value compounds were also highlighted: Phytol (5

mg/g DW), Solanasol (0.7 mg/g DW), Squalene (0.2 mg/g DW), Phytoene (12 mg/g DW),

Neoxanthin (5 mg/g DW), Violaxanthin (3 mg/g DW), Lutein (20 mg/g DW) and β–carotene

(11 mg/g DW). High amounts of n–hentriacontane were found on the surface of Nicotiana

glauca leaves that constituted a total 96% wax extract composition and a quantity of 35

mg/g DW. Furthermore, the metabolite changes were recorded over the leaf development

of the crop and the metabolite profile of two varieties (wt and ge8) of Nicotiana glauca was

compared. The changes in metabolite profile were particularly prominent in carotenoid

and fatty acid content. More specifically, a decrease in precursor carotenoids were shown

(for e.g. lutein, β–carotene, etc.), while an abundance of ketocarotenoids was prominent.

In the fatty acid composition the changes showed an increase of long chain fatty acids

(for e.g. C22:0, C24:0, etc.) and precursor fatty acids C16:0 and C18:0. A significant

decrease of most abundant fatty acid C18:2 was recorded (overall from an average of

17 mg/g DW to trace amounts ≤0.1 mg/g DW) . Because of these changes, a total lipid

amount in the transgenic variety was recorded to be significantly smaller compared to the

wt variety (from around 27 mg/g DW to around 4 mg/g DW). It was found that esterified

fatty acid content additionally displayed higher amounts of free fatty acids present in

the ge8 variety. Furthermore, analysis of glycerolipid and phospholipid composition

highlighted specific changes across key leaf developmental stages, for instance MGDG

and DGDG showed an absence of C18:2 fatty acid. In addition to non–polar metabolite

changes, polar metabolites also showed alterations in quantities. Metabolites such as

lysine, aspartic a., etc. were infinitely decreased. Most prominently, an infinite increase

in some hexose sugars was recorded (e.g. glucose) as well as changes in quantities of

Citrate cycle metabolites (for e.g. decrease in 2–ketoglutaric a.) were seen.
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The results in fulfilment of objective two established the lethality of Nicotiana glauca to

drought conditions in 15 days which suggests that the plant is not very drought tolerant.

Lethality to other treatments (heavy metals, salinity) was not successful, but some phe-

notypic changes were observed (for e.g. leaf browning, leaf loss respectively). Changes

in metabolite profile under the stress exposure was recorded for both plant lines wt and

ge8 respectively. Under drought stress the wt showed changes in C16:0 and C18:2, while

the transgenic ge8 showed increased ketocarotenoid production (for e.g. astaxanthin).

Salinity stress results displayed an increase in carotenoid esters and a decrease in Neox-

anthin quantity in the wt, while the ge8 displayed ketocarotenoid activity throughout

the treatment. Heavy metal treatment which contained Copper, Nickel and Zinc sulfates

displayed a joint phenomena of drought and salinity – alterations in Neoxanthin and

C18:0 fatty acid were recorded in wt. In the transgenic ge8 line hydrocarbon and sterol

quantities were altered as well as increased ketocarotenoid abundance was recorded.

Part of the fulfilment of third objective, the agronomic polytunnel assessment conducted

in UK revealed significant reduction in yield in the transgenic variety of Nicotiana glauca

(for e.g. 61% leaf yield loss) compared to the wt. Seasonal metabolite assessment of

winter and summer crops recorded higher content of hydrocarbons, carotenoids and

sterols with a decreased amounts of fatty acids present in the wt harvested in winter. The

ge8 variety had a decrease in fatty acid content and an increase of sterols for the winter

crop. Additionally, a geographical assessment of wt Nicotiana glauca variety showed

shorter life cycle and higher leaf yield in crops from UAE compared to UK, while the

geographical metabolite adaptation favoured fatty acid accumulation (for e.g. C22:0,

C24:0) in UAE. However, the results highlighted the importance of harvesting procedure,

whereas a loss of small valuable molecules using a Pilot scale based procedure was

recorded in comparison to a Laboratory scale based procedure in both locations.

The results of the fourth objective covered functional gene characterisation of LTP’s and

GDSL’s in Arabidopsis thaliana. GDSL mutants displayed reduction in C18:2 fatty acid

as well as hydrocarbon n–hentriacontane at least by two fold. LTP mutants displayed

reduced amounts of C16:1, C18:2 and n–hentriacontane by 2-4 fold. The association of

LTP with wax/hydrocarbon deposition demonstrated two isolated isoforms present on

the leaf surface of Nicotiana glauca. The quantitation recorded higher abundance of LTP1

and LTP A in ge8 compared to the wt. Both of the isoforms were matched to Nicotiana
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glauca transcripts and candidate genes were identified for the wt variety (highest match

was correlated to XLOC 018323 for LTP1 and XLOC 000231 for LTP A respectively).
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6.3 General discussion

6.3.1 Discussion on Nicotiana glauca industrial application

The thesis evaluated the potential industrial application of Nicotiana glauca based on the

available tools over the duration of the study. It was confirmed that Nicotiana glauca is a

short rotation crop that grows easily and rapidly. Its biomass can be harvested numerous

times of the year when the crop is at full maturity (see section 3.2.8). The analysis revealed

Nicotiana glauca to be a crop possessing a potential second generation biorefining feedstock

features with an industrially interesting metabolite profile. In this project, a detailed

metabolite screening of the wt variety of Nicotiana glauca was documented for the first

time. Changes in the metabolites of leaf development displayed a precursor flux elevation

and equilibrium shift towards downstream product formation as the metabolism over

the leaf development progressed. As elaborated in Chapter 3 section 3.3.3, these are

the typical aspects displaying active organ formation in which plastid development is

occurring actively and that is necessary for healthy plant development. The expected

result confirmed that highest amounts of downstream metabolites of interest would be

available via straightforward extraction process when the plants are harvested at their

maturity. Industrially, harvesting of the mature leaves may bring additional benefits.

First, the leaf size and surface area is bigger when Nicotiana glauca leaves are mature

thus larger quantities of extracts will be yielded from large leaves. Second, majority

of downstream product accumulation in mature leaves is recorded to be higher that in

younger leaves. Overall, a ratio of quantity (leaf size) and quality (extractable metabolite

amount) gives Nicotiana glauca an advantage in the industrial market with a potentially

higher yield of total compounds of interest. The results also documented a simple but high

content composition of specific high–value compounds (for e.g. n–hentriacontane, fatty

acids, etc.) that were relatively easy to extract due to the simple metabolite profile and their

abundancy. When metabolite profile is less complex under a single extraction, it is easier to

analyse and separate single molecules since they possess higher purity within its content

(Happyana et al., 2012). Table 6.3.1 summarises most important compounds found in

N. glauca leaf tissue in this study that is important to specific industrial applications as

outlined. For example, squalene could be a source of sustainable vaccine adjuvant, while

high content of phytol could be used in fragrance and vitamin production industries. In
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Table 6.1 – List of industrially important high value metabolites and their applications present in leaf material of N. glauca. Compounds
that are high in quantity marked in bold. DW – dry weight. For a more detailed list please see table 3.1 in Chapter 3.

Class Metabolite Relative abundance (mg/g DW) Potential application

Phytol 5±1 Precursor for Vit. E and K1, Fragnance industry

α–Tocopherol 0.04±0.001 Nutritional supplements

Solanasol 0.7±0.02 Precursor for quinones

Sterols Squalene 0.2±0.08 Sustainable vaccine adjuvant

Fatty acids C16:0 Palmitic A. 8±0.6


Cosmetic, nutraceutical applications, sustainable de-

tergents, toiletries, biodiesel, aviation fuel, varnishes,

bioplastics, rubber compounding and polymerisation

C18:0 Stearic a. 3±0.1

C18:2 Linoleic acid 17±3

Hydrocarbons n-Hentriacontane 35±2 Aviation fuel, waxes

Carotenoids Phytoene 12±2 Cosmetics and Therapeutics

Neoxanthin 5±0.6 Nutrition

Violaxanthin 3±0.4 Food additive

Lutein 20±2 Nutrition

β-carotene 11±1 Anti–cancer
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addition to that, high pure form of n–hentriacontane at 35 mg/g DW from leaf surface

extractions was reported together with an estimation of good oil yields (average of 28

mg/g DW). In comparison to other currently used edible and non–edible second gener-

ation feedstocks that were stipulated in Chapter 3 section 3.3.2 Nicotiana glauca has high

quantities of compounds to use for conversion of biofuel collectively. As a result, the high

quantities of hydrocarbons as well as a high content and simple lipid profile, Nicotiana

glauca definitely could be a potential source of the second generation biofuel that has a

more economical production chain due to its availability for hydrocracking and trans–

esterification processes (Mohan, 2015). Hydrocarbons and lipids being a primary source

of biofuel production together with other readily available high value molecules within

Nicotiana glauca prompted the development of multi–fractionational cascade of the plant

material (see Chapter 3, figure 3.12). This model displays how the crop would increase

the economical gains through the extraction and use of valuable by–products for other

industries for instance such as biopharmaceuticals and fragrance industries. The idea to

follow a biorefinery model under sustainable and environmentally friendly conditions

has been previously proposed in various literature sources. It is important that future

society bases itself on sustainable materials from bio–based molecules through modern

and already proven technologies (Naik et al., 2010). To achieve that, it is important to

evaluate the biorefinery processes that Nicotiana glauca would go through in order to frac-

tion valuable by–products and resultatively reach different markets. Figure 6.1 displays a

biorefinery model adapted to Nicotiana glauca biomass based on the wt variety metabolite

information gathered throughout this study. It displays the theoretically worked out

biorefinery model specific to Nicotiana glauca that would be used in the currently avail-

able biorefining technologies to process the biomass (IEA, 2014) through which the end

products would be produced at a large scale. High value compounds listed in table 6.3.1

could be extracted via these biorefining processes by using pretreatment and separation

processes (such as pressing or chemical extractions) which would yield three fractions:

(i) oil or non–polar fraction; (ii) sugar/starch or polar fraction; and (iii) cake or cellulose

based residues. Each of the fractions would have downstream processes adapted to the

molecules found in the fraction. For example oil and hydrocarbon fraction would be

going through transesterification of fatty acids to yield biodiesel and glycerol, while hy-

drocracking of hydrocarbon fraction would yield end products such as diesel, jet–fuel,

asphalt and similar. Other majority of high–value chemicals of Nicotiana glauca that were
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Figure 6.1 – A proposed industrial biorefinery concept for Nicotiana glauca using the results of this study. The concept is based on
currently proven technology displaying the routes of Nicotiana glauca material utilisation.
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found in the non–polar fraction may go through different processing and purification

steps for high grade markets. For instance, a wide range of molecules can be selectively

extracted utilising supercritical CO2 and at the same time retaining the calorific value of

the crop residue for combustion purposes (Kazmi and Kraus, 2012). Molecules such as

lutein, neoxanthin, solanasol, etc. are highly desirable in pure form by pharmaceutical,

nutritional and therapeutic industries, therefore their sales price could lower the overall

costs of extraction, crop growth, harvesting and processing to end products.

Due to its simple chemical profile Nicotiana glauca should be relatively easily adapted to the

industrial needs of aviation fuel industries, not just of its simple profile and high amount

of hydrocarbon abundance, but also because it does not compete with the food supply.

However, the results discussed in this study are not conclusive in regards to the industrial

application of N. glauca as a biorefinery crop for a number of reasons even though the

metabolite profile of the crop has a number of interesting components. First, industrial

application requires a pilot bulk extraction and although attempts have been made to

contribute to that, not all resources were possible to be gathered as well as counter–

arguing conclusions were drawn from the results. As an example, estimation of free fatty

acid content of Nicotiana glauca shows a high content of esterification and therefore raises

a question whether this would not be an issue for biofuel production. Esterified fatty

acid content contributes to increased oil peroxidation from biofuel viewpoint, therefore

a cap of allowed esterified content has been added to which Nicotiana glauca does not

comply to (see Chapter 3 section 3.2.5). However, other result showed that the crop

has high quantities of C16:0 and C18:0 fatty acids and they contribute to increasing the

octane number (quality) of biofuel production. By doing so, these fatty acid constituents

contribute to decreasing production costs of biofuel which is certainly an advantage to

a second generation biorefinery crop. Another factor that was raised in this thesis is the

impact of unsaturated fatty acid content in Nicotiana glauca that could affect the processing

of the oil for biofuel industry and thus decrease the desirability of this crop. In comparison

to currently usable biorefinery crops such as Rapeseed or Jatropha curcas, Nicotiana glauca

showed a comparable or even smaller content of overall unsaturated fatty acids (such as

C18:1, C18:2) in the amount of total lipids (Nicotiana glauca 55 wt.%, Rapeseed 93 wt.%,

J. curcas 79 wt.%, Soybean 85 wt.%). As a result it could be postulated that this highly

abundant fatty acid in Nicotiana glauca crop would not impact the cetane number and

decreasing saturation and quality of bio–oil produced from Nicotiana glauca. Despite these



6.3. General discussion 205

postulations, this study lacked a detailed physico–chemical fuel property analysis which

is crucial for the industrial viewpoint. Evaluations such as ash levels, ignition properties,

viscosity, flash point, energetic value, etc. would be recommended to partake for future

research. Although sample fuels were analysed (not discussed in thesis), no sufficient

techniques were available to gather such information at the site of the analysis. Therefore,

the suitability of the crop being used for the second generation biofuel production was

further questioned via different strategies and result analyses. For instance, it was found of

concern that industrial Pilot scale field based procedure had a high metabolite loss in their

analysis. Although this result was expected, to the author’s point of view such losses must

be estimated and evaluated by relevant industries in order to calculate the implications

of the costs. This way it would be clear if it is economically feasible to carry out the

extractions using the industrial Pilot scale field based procedure. Moreover, seasonal

changes of the crop metabolite availability reveals that it is important to understand when

and which high value molecules have the highest recovery based on the seasonal changes.

This displayed that relevant industries should keep in mind seasonally variable product

availability from the biorefining processing of Nicotiana glauca. This requires again to

make relevant cost estimations and return on investment evaluation especially since the

major drawback of any sustainable fuel is the higher cost compared to a typical petroleum

industry based fuel sources (EU, 2007). Typically, industrial harvesting methods include

multiple harvests per annum, therefore the variation of seasonal metabolite availability

is an important data for biorefining industries. Since the highest annual yield from the

crop is important in response to the total annual product availability, by assuming that in

optimal conditions Nicotiana glauca could be harvested between 8 to 12 weeks from the

initiation of its growth cycle and then regrown from the cuttings (rotational harvesting), it

is feasible that 4 to 6 harvests would be an annual average. This is somewhat higher that

any other currently in the biofuel market used second generation biomass feedstock, for

instance compared to Jatropha curcas (Reuk, 2016). In addition, further understanding of

Nicotiana glauca composition and its industrial application was carried throughout testing

its environmental stability. It was determined, that mature crop dies within 15 days of

drought induction, however salinity and heavy metal stress was inconclusive in this study.

Plants exposed to saline watering had over 50% leaf loss which to industrial application

may be an undesirable trait especially since main biomass of Nicotiana glauca is vegetative

tissue. Moreover, a small loss of leaves was observed under heavy metal stress, however
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it was relatively insignificant because leaf regrowth was faster compared to the loss of

the leaves. As a result, a phytoremediation application of Nicotiana glauca was proposed

in Chapter 4, section 4.3.3. Figure 4.21 displayed and argued an additional application

of Nicotiana glauca to enhance its application in the biorefinery industry. If similar or

sufficient yields could be achieved and the crop could be applied to the biorefinery

cascade as suggested in figure 6.1 without significant losses of high value molecules, that

would mean that even additional cost reduction could be achieved for the production of

end products from this tobacco tree. Should these proposals be attractive for industrial

parties, they should carry out relevant feasibility tests and trials.

The potential industrial use of the transgenic ketocarotenoid producing line ge8 of Nico-

tiana glauca was also evaluated. Part of the study focused on determining if engineering

ketocarotenoids could add economical value through the extraction of the high–value

compounds and production of biofuels as outlined in figure 3.12 and figure 6.1. It was

found that the added value ketocarotenoids in compensation make a higher variety of

fatty acids and decreased quantities of hydrocarbons in comparison to the wt variety.

Although higher quantity of fatty acids were present, the result raised a question whether

the added complexity of fatty acid profile would not impact additional aspects in relation

to fuel quality and quantity. Unfortunately, there were no tools available throughout the

study to test that in order to answer this question. Nonetheless, the study revealed a

much higher esterified (free) fatty acid profile, whereas for the wt variety this was already

not up to European and American standards (EN 14214 and ASTM 6751-3 respectively).

Thus, in this case the transgene has even higher capacity to peroxidise oil/biofuel made

from the biomass of the transgenic ge8 variety. Ultimately this could mean that the oil is

potentially not even suitable for the biofuel industry. Despite that, the transgenic variety

proved itself to be more environmentally stable during the seasons. To the industrial

application this would mean less seasonal variety and more stable yield gains over the

seasons. This is a factor that also played in the environmental assessment where the

transgenic line showed somewhat higher tolerance for the stress induction of drought,

heavy metals and salinity respectively (Chapter 4). However, the agronomic assessment

in the polytunnel has documented a big loss in yield for this line that was not previously

reported by Mortimer (2010). For biorefinery plant this is not a very desirable trait es-

pecially if the main interest of the use of the crop is for biofuel production. The interest

in newly available ketocarotenoid compounds present in ge8 variety could shift this out-
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look and calculative economical costs need to be carried out. Putting these conclusions

together from the data gathered in this thesis, it seems that Nicotiana glauca transgenic

variety does not add value to the second generation biorefining industry. This study lacks

input that could be contributed by industrial application studies, such as fuel evaluation,

valuable compound extraction quality under larger scale and economical aspects such as

market demand, etc. As a result the evaluation outlined from this thesis and available

literature is not enough to make this a final statement. As to the author’s opinion, it is

crucial to look into the costs related to the production of the fuel, extraction of the added

value compounds and to have an outlook on end product materials and their commercial

applications.

In summary, the evaluation of Nicotiana glauca suitability for in-

dustrial application highlighted:

⇒ The benefits and drawbacks of the plant as a non–edible second

generation crop for biorefining;

⇒ High oil and hydrocarbon quantity;

⇒ Quantities and types of high value compounds of interest;

⇒ A proposed industrial biorefinery concept for the crop;

⇒ Concluded that transgenic ketocarotenoid producing variety

does not add value to the biorefining industry.

In conclusion, based on evaluations at a laboratory scale level Nico-

tiana glauca wt variety could be a potential feedstock for biorefinery

along with naturally occurring high value metabolites.
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6.3.2 Discussion on compensation mechanism in relation to lipid metabolism

The majority of metabolite analysis for Nicotiana glauca variety were focused on lipids

and hydrocarbons. This study has analysed and expanded the understanding of lipid

metabolism in relation to ketocarotenoid engineering. Genetically engineered keto-

carotenoid producing plants demonstrated metabolite stress throughout different studies.

Due to the occurring stress, a negative feedback loop was shown to be operating via the

reduction of carotenoids that commonly occur in the wt variety of Nicotiana glauca. Pre-

viously, this mechanism was described by Mortimer (2010) in tobacco tree and Nogueira

(2013) in tomato that were also engineered using crtZ/crtW genes. In fact, a ketocarotenoid

engineered N. glauca plant variety used in this study was chosen from a previous study of

Mortimer (2010). The line ge8 proved to be the most stable line and contained the highest

efficiency on the engineered products. Therefore, the results obtained throughout this

thesis was an expected biological compensation/adaptation mechanism that originated

due to the distortion in the metabolite flux in the transgenic ge8 variety. Clearly, rapid

and efficient metabolite regulation is a reactive system that provides good adaptation to

cellular processes (Jorgensen et al., 2005). Consequently, data revealed changes in lipid

composition and quantity that were hidden within these cellular processes. Since lipid

pathway is initiated via the sucrose, an increased quantities of hexoses (e.g δ-glucose)

were expectedly seen. It was expected that overall lipid processes vary greatly, especially

because some links with lipids of ketocarotenoid and carotenoid biosynthesis have been

elucidated before (Tranbarger et al., 2011; Cao et al., 2015). It was interesting to observe

that the adaptation mechanism under ketocarotenoid engineering works by producing

additional fatty acid components as well as different fatty acids. The changes displayed a

decrease in precursor fatty acid C14:0 which proposes more active downstream product

production. As a result, accumulation of many downstream fatty acids especially from

C20:0 to C26:0 was seen at a cost of C18:2 and C16:0 fatty acids. Explicatively, because

of the accumulation of longer chain fatty acids a record of alkane biosynthesis showed a

reduction. This was also seen phenotypically, since Nicotiana glauca wt leaves have a more

waxy feeling by touch and seem to be thicker compared to the transgenic ge8 variety. As a

consequence it came to no surprise that altered fatty acid metabolism observed through-

out the study also suggests delayed leaf development that correlates to the metabolite

distortion mechanism in connection to the carotenoid and fatty acid pathway.
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When looking into changes in fatty acid compositions in more detail via the analysis of

glycerolipid and galactolipid classes (see Chapter 3, section 3.2.6), plausible changes at

four sub–cellular levels were proposed: (i) thylakoid membrane; (ii) chloroplast envelope;

(iii) ER; and (iv) inner mitochondrial membrane. The proposed changes in thylakoid

membrane via the lipid composition alteration could be occurring. This was particu-

larly seen through the fatty acid alterations in galactolipids MDGD, SQDG and DGDG

that were suggested to be likely linked to the photosynthetic deficiency because these

three galactolipids are being directly assembled into photosynthetic machinery (Block,

1983; Boger and Sandmann, 1989). However additional photosynthetic measurements

(see Chapter 4, section 4.2.3) did not confirm any photosynthetic efficiency alteration.

Nonetheless, it is possible that some alterations within the apparatus are happening that

contribute to the adaptation/compensation mechanism in order to smoothly operate in

the metabolite processes of the transgenic variety of Nicotiana glauca. In this study, all the

results of metabolite changes lead to a hypothesis of interlinkage between the carotenoid

and fatty acid pathway. In literature, connections between carotenoid and lipid links

have been well documented only via herbicide inhibition, where quantity changes of

C18:2 were recorded due to desaturation between phytoene and ζ-carotene target sites

(Rivera and Penner, 1979; Boger and Sandmann, 1989). Having this in mind and looking

back to the results of the current study, the author further hypothesises that the result

of C18:2 reduction is a likely occurence because of the phytoene quantity levels being

altered due to the negative feedback loop via ketocarotenoid biosynthesis pathway. This

hypothesis is graphically represented in part of figure 6.2, where both of the pathways

and the mechanism changes due to ketocarotenoid biosynthesis are marked. Similarly,

recent study by Nogueira et al. (2013) showed crtB+I bacterial genes to alter the compo-

sition of MGDG in tomato fruits, but no significant affects of total fatty acid content were

seen. In addition to C18:2 being reduced in galactolipids, there were consequent changes

recorded in phospholipid composition too, for example formation of C16:1, C22:0, etc.

fatty acids (see Chapter 3, section 3.2.6, table 3.4). This data suggests the proposed

changes at the remaining three sub–cellular levels that were discussed in section 3.3.5.

Ergo, at a bigger picture it is possible that due to structural phospholipid alteration in

fatty acid constituents the stability of these lipid complexes has been reduced therefore

they are more prone to degradation. (see figure 6.2, both galactolipid and phopholipid

changes marked in tilde). Previously, phospholipid alteration has been linked to free fatty
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Figure 6.2 – A schematic of the regulatory mechanisms in Nicotiana glauca associated with lipid biosynthesis in response to ketocarotenoid
engineered pathway. Red arrows and crosses signify pathway alteration and redirection for ketocarotenoid biosynthesis. In response
to that biochemical compensation altered lipid composition marked in tilde (composition change) as well as specified metabolite levels
marked in green (increased production) and yellow (decreased production) arrows. These alterations also play a feedback role (blue
arrows) on phytoene and LTP proteins found on the surface of Nicotiana glauca leaves. Marked in blue questionmarks and red circles is the
proposed fatty acid and carotenoid link working in response of phytonene negative feedback loop via ketocarotenoid sequestration. In
addition, elucidation of functional GDSL and LTP roles have been proposed under normal biosynthetic mechanism (red questionmarks).
Dashed arrows – multiple steps; Yellow arrows – interaction with GDSL; Purple arrows – interaction with LTP.
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acid (FFA) increase due to fatty acid degradation (Ohlrogge and Jaworski, 1997). The

data of this study displayed a remarkable increase of FFA. Thus, the presence of fatty

acid degradation proposes that there is more activity of phospholipases in the transgene.

In consequence, ABA (absicic acid) regulation is likely to be triggered to respond in

the stomatal closure that is also controlled via ABA through the carotenoid regulation.

Nonetheless, coming back to a photosynthetic efficiency measures, stomatal conductance

would have been affected if stomatal regulation would have been more strict in the

trangenic ge8 variety and this is not the case. Therefore it may be that in this scenario

ABA acts as a coordinal signal transduction regulator that leads to ion flux regulation

(Jacob et al., 1999). As a result, imbalances in electron flow typically create superoxide

formation at PSII and hydrogen peroxide (H2O2) formation at PSI consequently lead-

ing to other signalling triggers. Therefore the author further proposes the possibility of

ABA responses. Because of the carotenoid pathway redirection from β-carotene to ke-

tocarotenoid pathway and a decrease of downstream carotenoid products creates these

ABA responses that in turn increase activities of phospholipases that promote the degra-

dation of phospholipids. Alternatively, the phospholipid alteration due to the changes

recorded in the ge8 variety activates phospholipase processes and systematically trigger

ABA hormone responses that also trigger or meet other mechanisms associated with

carotenoid pathway (for e.g. ROS combating mechanisms). To summarise, if in fact there

is a link between the two pathways as proposed above, it is not entirely clear via which

mechanism or mechanisms it occurs. Currently overall there is not enough information

available of how the carotenoid and lipid pathway interconnect, therefore more research

is needed to confirm the hypotheses of these findings.
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In summary, the result of Nicotiana glauca metabolite changes

due to engineered crtZ/crtW gene ketocarotenoid products high-

lighted:

⇒ Plasticity of metabolism cannot overcome the engineering of

ketocarotenoid pathway;

⇒ Changes in lipid composition associated in response with ke-

tocarotenoid engineering;

⇒ Main changes at 4 sub–cellular levels;

⇒ Elucidation of the link between the C18:2 alteration in response

of negative phytoene feedback loop;

⇒ An interconnection between phospholipid degradation and

ABA regulation occurring via two possible mechanisms;

To conclude, based on the metabolite changes in response to en-

gineering crtZ/crtW gene products in Nicotiana glauca documented a

plausible relationship between fatty acid and isoprenoid biosynthetic

pathways via two mechanisms.
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6.3.3 Discussion on environmental effects to Nicotiana glauca

Various environmental testings showed additional changes in the metabolite profile of

two varieties of Nicotiana glauca. All the induced stresses (drought induction, salinity

and heavy metal watering) showed engineered ketocarotenoid producing ge8 line to play

antioxidant and photo–protective role to help to cope with relevant stress mechanisms

induced. In all three stresses the results from the wt variety of the crop suggested the

following: (i) in drought there was phospholipid de–esterification following microsomal

membrane alteration in thylakoids resulting in membrane dissasembly; (ii) in salinity

stress ion homeostasis was disrupted via Na+ accumulation that in turn created energy

transfer changes in light harvesting complex II (LHC II) and photosynthetic unit disrup-

tion; and (iii) in heavy metal stress both (i) and (ii) occurred. Needless to highlight again,

only drought stress induction showed lethality to both Nicotiana glauca varieties, therefore

these results that were not lethal were considered as minor but important metabolite al-

terations/adaptations to the environmental stress treatments. It was also highlighted that

the environmental stress experiments that were not lethal occured due to high resistance

in the crop. Alternatively, chemical concentrations were not sufficient to induce Nicotiana

glauca death, or the duration of the experiments was not long enough to document physi-

cal death of the plants that were exposed to salinity and heavy metal stresses (discussed in

more detail in Chapter 4, section 4.3). Although both of Nicotiana glauca lines did not show

resistance to drought and died within 15 days, the transgenic line ge8 metabolite analysis

showed better coping mechanism in play in respose to (i). Therefore, a mechanism of

drought was proposed and displayed in Chapter 4, figure 4.20 where ketocarotenoid

production withheld lipid peroxidation and slowed down oxidative damage to thylakoid

membranes. The transgenic Nicotiana glauca variety exposed to saline watering regime

showed an increase of ketocarotenoid accumulation that significantly slowed down the

effect that was occurring in the wt highlighed in point (ii) above. Nonetheless just like the

wt variety both lines did not overall show very significant changes due to saline watering

regime phenotypically apart from common leaf loss phenomena. As a result, Nicotiana

glauca can be considered as being a high tolerance crop to salinity. The stress of heavy

metal watering affected transgenic Nicotiana glauca variety less compared to the wt. Thus,

no changes in the energy transfer in LHC II were seen, while hydrocarbons and sterols

were affected most likely due to peroxyl–radical chain reactions. Consequently, because
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the crop sustained heavy metal contamination very well, a phytoremediation model was

proposed (see Chapter 4, section 4.3.3) because no metabolites of interest to the industry

were affected. Finally, further environmental adaptation of the crop wt variety was also

displayed via the metabolite analyses in two geographical locations. The adaptation was

shown to occur via the VLCFA accumulation that suggested plausible lipid curvature

alteration in thylakoid membranes under high heat conditions.

In summary, the environmental assessment of two Nicotiana

glauca varieties highlighted:

⇒ Metabolite changes under environmental stress in the wt vari-

ety;

⇒ Photo–protective and antioxidant ketocarotenoid role under

environmental stresses;

⇒ Susceptibly of Nicotiana glauca to drought;

⇒ High salt tolerance of the crop;

⇒ Proposed a phytoremediation application of the crop as a result

of good heavy metal tolerance;

⇒ Established geographical adaptation changes in thylakoid

membranes;

To conclude, based on the environmental assessment of Nicotiana

glauca plant adaptation to different stresses was elucidated. Engi-

neered ketocarotenoid pathway gene products in the crop showed

an increased environmental stress resistance.
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6.3.4 Discussion on functional protein characterisation

Functional characterisation of GDLS and LTP proteins in Arabidopsis revealed some inter-

esting findings. Out of four GDSL lipases/proteases, it was found that all of them play

a role in alteration of hydrocarbon levels. This is thought to be in response to altered

pathway kinetics (Schauer and Fernie, 2006; Benning, 2008). Although the exact nature

of the lipid transport between ER and plastic is not known, it is plausible, that GDSL

proteins play a role in remote lipid regulation as a transfer precursor between the plastid

and ER (endoplasmic reticulum). As a result, this has a direct control of hydrocarbons.

Moreover, changes in phytol and C18:2 levels in GDSL 6 and GDSL13 lipases/proteases

further suggest a possibility of their involvement in phospholipid synthesis, especially PE

and PC transport. These results are displayed in figure 6.2 where the roles of GDLS are

elucidated at these two sites. The roles of two LTP proteins in Arabidopsis were elucidated

too and can be found in the same diagram. ELP and BLTP2 proteins were functionally

characterised. Data gathered suggests a plausible regulatory role of BLTP2 in thylakoid

membrane. However although some evidence is present that LTPs can move into the ER

lumen (Madrid, 1991), a question raises if this particular LTP may be involved in that.

From the results gathered it is not entirely clear if BLTP2 is able to move between the

ER and plastid, therefore more research is necessary. Nonetheless, the data suggests its

involvement in the plastidic lipids that are exported to the ER. Furthermore, both ELP

and BLTP2 mutants were shown to be involved in wax biosynthesis (see Chapter 5, sec-

tion 5.2.3). This further proposes their involvement in hydrocarbon formation in the ER.

Based on the data, it seems that ELP is directly involved in the hydrocarbon and ester

biosynthesis in the ER since no other lipids were affected. Meanwhile, BLTP2 is more

likely to have an indirect connection to hydrocarbon biosynthesis or the ability to move

around (Bernhard et al., 1991). However, the attempt to localise these two LTP proteins

on the leaf surface to see whether they could be involved in further cutin biosynthesis was

unsuccessful. This indicates that these particular LTPs are not localised there and more

likely their processes are indirectly linked to hydrocarbon biosynthesis. Instead, other

two non–specific LTP proteins were identified in Arabidopsis. In addition, all Arabidopsis

mutants were subjected to proteomics and it was interesting to find that both ELP and

BLTP2 mutants had an overall reduction of proteins from their leaf surface extractions.

Thus, it is possible that all LTP proteins involved in the biosynthesis of lipids and hy-
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drocarbons are deeply interconnected and respond of each other. More data is necessary

to gather in order to understand these mechanisms. Nonetheless, a total of three LTP

proteins were isolated from N. glauca, of which two were identified well. Proteins that

were found in the wt variety were difficult to find in the transgenic ge8 variety. As a

result, this raised questions if it is possible that there are protein modifications occurring

in the transgenic ge8 line due to the ketocarotenoid engineering. For instance, this the-

ory was additionally supported by the fact that molecular weight identification differed

between the two plant lines. Even quantitation of the identified proteins showed a sig-

nificant increase of LTP 1 and LTP A proteins both in mature leaves as well as over key

leaf development. These findings additionally supported leaf development distortion

statement mentioned earlier, because the pattern of LTP quantities was atypical for the

leaf development. Normally, high amounts of LTP would be found in young leaf tissue

and would be gradually reduced over the following developmental stages of the leaf and

nonetheless, the ge8 transgene did not have that phenomena. Because high quantities of

two specific LTP proteins correlated to the overall lipid quantities in the transgenic ge8 of

Nicotiana glauca being increased, it further proposed that both of these surface LTPs are

involved in the positive feedback loop associated with lipid synthesis. This proposal is

implemented in the scheme and displayed in figure 6.2. Finally, gene candidates for the

two LTP proteins found in Nicotiana glauca leaf surface were identified (for more detail

see Chapter 5, section 5.4).
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In summary, the result of protein functional characterisation high-

lighted:

⇒ Functional characterisation of GDSL and LTP proteins in Ara-

bidopsis thaliana;

⇒ The involvement of four GDSL proteins in remote lipid regula-

tion between the plastid and ER;

⇒ Plausible GDSL involvement in phospholipid synthesis;

⇒ An involvement of BLTP2 in lipid synthesis;

⇒ LTP protein involvement in hydrocarbon synthesis;

⇒ Isolation and identification of two LTP proteins on the surface

of Nicotiana glauca;

⇒ A possible positive feedback loop between surface LTP and

lipid biosynthesis;

⇒ Potential gene candidates association with two LTPs identified

in Nicotiana glauca.

In conclusion, two protein groups were associated with lipid and hy-

drocarbon biosynthesis. Potential gene candidates were associated

for further work.
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6.4 Future prospects and directions

Some important findings in Nicotiana glauca were highlighted throughout this thesis.

Nonetheless, there are many levels of research that is necessary to address in order to

contribute to the full elucidation of the findings described. As a result, a better under-

standing of Nicotiana glauca metabolite and biochemical process regulation is needed to

contribute to the potential industrial application of the crop. In this section some of the

possible future prospects and directions are proposed.

6.4.1 Future prospects for Nicotiana glauca as a biorefining feedstock

Since Nicotiana glauca is an interesting feedstock as an industrial application from various

point of views, it is important to assess its compound of interest profiles using industrial

extraction processes. For instance, finding a suitable collaboration with a biorefinery plant

and evaluating the industrial application suitability and content quantities of Nicotiana

glauca products would be a first step towards upscaling the analysis and stepping closer

to a potential application of the crop. Next, it would be crucial to evaluate biofuel raw

materials and their processing costs and implications at a larger scale. Before doing

so, it would be crucial to set up a suitable pilot scale plant model and simulate the

input and output of the costs. It would be highly recommended to put a focus towards

the necessary evaluations for industrial applications and therefore try a few biorefinery

processing methods of Nicotiana glauca. For instance, it could be useful to consider and

evaluate if Nicotiana glauca could be blended with already implemented feedstocks.

Since environmental assessment showed relatively good results for salinity and heavy

metal treatments, it is important to determine the lethality in order to oversee any un-

expected losses of the yield from the crop for industrial prospects. Therefore, a deter-

mination of the following should be taken into account: (i) how long does it take for

the plant to die under specific saline conditions; and (ii) what is the maximal salinity

tolerance Nicotiana glauca can withhold. Moreover, after such determinations if the crop

proved to be suitable to grow on saline land, a field trial should be set up where the

crop could be grown in such land implementing pilot scale extractions for biorefining

products of Nicotiana glauca. As a result, these products should be evaluated as described
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above. In addition, a same procedure should be carried out for heavy metal contamina-

tion testings. First, additional metal tolerance should be evaluated such as cobalt sulphate

(Co), petroleum hydrocarbons and lead (Pb) because these are of the most common metal

contaminants in the agricultural sector (Lelie et al., 2001). Moreover, a proposal of phy-

toremediation application of N. glauca should be assessed by similar means.

This project largely contributed to the starting point of the initial evaluation of Nico-

tiana glauca for second generation biorefinery applications, therefore the ways of how the

work can be taken further is numerous. The necessity to the expansion of understanding

Nicotiana glauca should aim further work and evaluation of this crop towards practical

applications. Moreover, a more detailed evaluation of the transgenic variety of N. glauca

is necessary to fully understand if its metabolite profile is useful for the industrial appli-

cation. However, the transgenic variety for now is more interesting and important from

a biochemical viewpoint, therefore further suggestions can be found in the the following

sections.

6.4.2 Further elucidation of the link between carotenoid and lipid pathways

The author of this thesis highly recommends to further investigate the link between the

carotenoid and fatty acid biosynthetic pathways. By doing so, a larger contribution to

further understanding could be achieved. For instance, it would be interesting to evaluate

the transgenic Nicotiana glauca response to herbicide inhibition. This would allow to

understand a connection of how this inhibition works on ketocarotenoid sequestration

and if lipid pathway responds to this inhibition in any way.

Furthermore, more attention should be given to ABA regulation in the transgenic line

ge8. Perhaps it would be also beneficial to compare transcriptional regulation of specific

hormones associated with the ABA regulation as well as with the two biosynthetic path-

ways in question. For example, ABA mediators such as cis–acting regulatory elements

could be evaluated by biochemical and molecular techniques. This could aid to further

better understand the connection between the two pathways.

Microscopy techniques could be utilised in order to track compartmental changes of

the leaf structure. This could further aid in understanding the mechanisms underlying

changes in the lipid biosynthesis and carotenoid compartmentalisation in Nicotiana glauca.
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Moreover, more detailed photosynthetic tests by measuring the activity of PSII in vitro

could contribute to understanding the biochemical changes due to ketocarotenoid seques-

tration. Furthermore, functional assessments could be made by light–induced absorption

spectroscopy and measurements of relaxation and induction of the fluorescence.

6.4.3 Genetic manipulation

Analysis of a more detailed metabolite composition of N. glauca is yet to be matched

with a transcriptomics data from our partnering collaborators in Max Planck institute

of molecular plant physiology. This will allow to identify potential candidate genes of

interest that could be used to manipulate the levels of metabolites of interest.

It is also recommended to look into the identified LTP protein genes discussed in this

thesis. For instance, a modification of these genes could further provide information

of Lipid Transfer Proteins as well as to further functionally characterise the proteins in

Nicotiana glauca. Since N. glauca is a good model organism for studying cuticular wax

deposition due to its simple cuticular composition (Cameron, 2001), it would give a much

better insight on how LTPs are associated with wax deposition and lipid biosynthesis. At

least the following gene candidates should be considered due to their highest correlation

levels:

• XLOC 018323 – associated with LTP 1.

• XLOC 000231 – associated with LTP A.

Furthermore, other gene candidates listed in Chapter 5, section 5.2.4 should be also

considered. GDSL and LTP genes used in the functional characterisation of Arabidopsis

could also be contemplated. The available transcriptome of Nicotiana glauca could help

to identify corresponding genes in N. glauca in order to better functionally characterise

them (because Arabidopsis is not a great model organism compared to Nicotiana glauca).

The following genetic manipulations could be used:

• Gene overexpression;

• Insertional mutations;
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• Knock–down or knock–out mutations

Additional gene regulations could contribute to adding value into Nicotiana glauca metabo-

lite profile. For example, the following approaches should be considered:

a) Engineering a wrinkled 1 transcription factor in order to increase oil production in the

plant;

b) Identification and overexpression of lipid transfer protein genes in order to increase

cutin formation hence increase hydrocarbon quantities on the surface of the leaf;

c) Increasing the levels of chloroplasts using the manipulation of DET1 nuclear gene in

order to increase plastids that could result in elevation of hydrocarbons and other waxes;

Any of these directions should be applied for both wt and ge8 plant lines in order to

contribute to the understanding of the affect of the direction on the plant alone and in

conjunction with the ge8 modification.

6.4.4 Proteomics

Further understanding in the changes that occur in LTP proteins between the wt and ge8

of Nicotiana glauca is required. It was interesting to observe that not all LTP proteins match

identically by their finding therefore there is a possibility that there are some proteomic

modifications in the transgenic variety. Firstly, western blotting techniques by detection

with antibody should be utilised in order to confirm the identification and specificity of the

LTP proteins present on the surface of Nicotiana glauca. Purification of LTP proteins could

be achieved by cloning techniques in E. coli that could further establish the functionality

of LTP by x–ray crystalography or NMR respectively.
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