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(Chomel et al. 2016, Kallscheuer et al. 2019). Many phenolic compounds are used 

as signalling molecules by plants or have antimicrobial activity (Weston and 

Mathesius 2013, Mierziak et al. 2014). Many of these compounds have industrial 

applications such as pharmaceuticals, pesticides and flavours and fragrances. The 

isolation of individual phenolic compounds by plant extraction is not only difficult 

because of the low yields but also because mixtures of highly similar compounds are 

often retrieved (Lehka et al. 2017). Alternative methods are required to produce 

sustainable and economical quantities of each compound. The flavonoid, resveratrol 

is believed to have many applications in the pharmaceutical and cosmetic industries 

(Liu et al. 2017). However, sustainable quantities of resveratrol cannot be chemically 

synthesised or extracted from any of its native organisms such as the Japanese 

knotweed (Mei et al. 2015). Sustainable resveratrol production was achieved by the 

development of an engineered Saccharomyces cerevisiae platform (Stenhuus et al. 

2009). Similar microbial platforms have been achieved for some other phenolic 

compounds, vanillin being one example (Goldsmith et al. 2015).  

PKs and NRPs are mainly found in bacteria and fungi; PKs are derived from 

intermediates in fatty acid biosynthesis to create complex cyclic structures whereas 

NRPs are produced by modular NRP synthetases. Most of these metabolites naturally 

function as antibiotics or antifungals. Both classes are of considerable interest to the 

pharmaceutical industry especially as antibiotics. Commercial PK antibiotic examples 

include the tetracyclines and macrolides while bacitracin and vancomycin are 

examples of NRPs. Other commercial applications of PKs and NRPs include 

immunosuppressive drugs, antivirals and anticancer treatments (Sun et al. 2006, 

Newman and Cragg 2012, Bloudoff and Schmeing 2017, Süssmuth and Mainz 2017).  

The final major class of secondary metabolites are known as terpenes although there 

are several terpenes that are a part of primary metabolism. Terpenes are the most 

diverse group of metabolites with over 80000 structures currently characterised 

(Christianson 2017). Unlike the other secondary metabolites, all organisms contain 

one or both of the terpene biosynthesis pathways, namely the mevalonate and 2-

methyl-D-erythritol-4-phosphate pathways (Lombard and Moreira 2010, Chandran et 

al. 2011, Wang et al. 2018). Terpenes have many industrial applications from being 

used as flavours and fragrances to antimalarial and anticancer treatments (Kirby and 

Keasling 2008, Arendt et al. 2016). However, similarly to alkaloids and phenolic 

compounds, terpenes are produced in low yields in the host organism resulting in an 

inefficient extraction process. Currently, most terpenes are extracted from plants 

which, as well as inefficient extraction, requires large areas of land for cultivation 
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hydroxylation, acetylation and glycosylation (Chang and Keasling 2006, Jiang et al. 

2016, Wang et al. 2019). Here, all further cyclised products will be collectively referred 

to as terpenes. 

 

Figure 1.1: Biosynthesis of the short prenyl diphosphates by condensation of IPP and DMAPP followed 

by further IPP units being used to extend the chains. GPPS: Geranyl diphosphate synthase, GGPP: 

Geranylgeranyl diphosphate, HTPS: Hemiterpene synthase, P: Phosphate. 

 

1.2.1 Terpene pathways 
 

The two terpene biosynthesis pathways are the mevalonate (MVA) and 2-methyl-D-

erythritol-4-phosphate (MEP) pathways which are responsible for the production of 

IPP and DMAPP in all organisms (Figure 1.2). The eight-stepped MEP pathway 

begins with the glycolysis intermediates, pyruvate and glyceraldehyde-3-phosphate 

and is used by the majority of bacteria (Boronat and Rodríguez-Concepción 2014). 

The classical MVA pathway contains seven steps from acetyl-CoA to IPP (Boronat 

and Rodríguez-Concepción 2014). This pathway is used by eukaryotes and most 

Archaea (Miziorko 2011, Nishimura et al. 2013). Several Archaea and bacteria, such 

as Roseiflexus castenholzii use variants of the MVA pathway that use different 
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enzymatic steps after mevalonate (Lombard and Moreira 2010, Dellas et al. 2013, 

Azami et al. 2014, Vannice et al. 2014, Vinokur et al. 2014). Plants are the only 

eukaryotes which contain both MVA and MEP pathways. The MEP pathway is 

localised to the plastids while the MVA pathway is found throughout the rest of the 

cell (Pulido et al. 2012). Some bacteria such as Staphylococcus aureus, do not 

contain the MEP pathway at all and instead only utilise the MVA pathway (Balibar et 

al. 2009, Pérez-Gill and Rodríguez-Concepción 2013). A variety of other bacterial 

species have also been shown to contain some or all of the enzymes involved in the 

mevalonate pathway (Lombard and Moreira 2010).  

 

Figure 1.2: Classical mevalonate (MEV) and 2-methyl-D-erythritol-4-phosphate (MEP) pathways 

required for the biosynthesis of IPP and DMAPP for terpene production in all domains of life. See Boronat 

and Rodriguez-Concepción (2014) for more details about intermediate structures. Abbreviations: G3P: 

Glyceraldehyde-3-phosphate, DXS: 1-deoxy-D-xylulose-5-phosphate synthase, DXR: 1-deoxy-D-

xylulose-5-phosphate reductase, MCT: 2-C-methyl-D-erythritol-4-phosphate Cytidylyltransferase, CMK: 

4-diphosphocytidyl-2-C-methyl-D-erythritol Kinase, MDS: 2-C-methyl-D-erythritol-2,4-cyclodiphosphate, 

HDS: (E)-4-hydroxy-3-methyl-but-2-enyl Diphosphate Synthase, HDR: (E)-4-hydroxy-3-methyl-but-2-

enyl Diphosphate Reductase, P: phosphate. 
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1.2.2 Hemiterpenes 
 

Hemiterpenes are the simplest terpenes and are synthesised from DMAPP and do 

not require any cyclisation. The only true hemiterpenes that use similar cyclase 

enzymes to the other terpene classes are isoprene and 2-methyl-3-buten-2-ol (Figure 

1.3) but in these cases, these enzymes are only required to remove the diphosphate 

(Gray et al. 2011, Sharkey and Monson 2017). There are other hemiterpenes such 

as prenol and isoprenol but these are formed using alternative phosphatase enzymes 

(Zheng et al. 2013, Li et al. 2018). Isoprene and methylbutenol are formed by the 

removal of the diphosphate from DMAPP. The resulting carbocation either has a 

proton abstracted to form isoprene or a hydroxyl added to produce methylbutenol 

(Gray et al. 2011). Isoprene and methylbutenol are highly volatile compounds that are 

mainly produced by plants. Naturally, isoprene is predicted to be released by plant 

leaves to alleviate heat stress as well as preventing the accumulation of reactive 

oxygen species to avert any intracellular damage (Sharkey et al. 2008, Vickers et al. 

2009). Methylbutenol is likely to perform similar functions (Gray et al. 2006). Isoprene 

released by plants has also been shown to repel herbivores and may act as a 

signalling molecule for growth (Laothawornkitkul et al. 2008, Jones et al. 2016). 

Isoprene has a wide range of applications; it is used in fragrances or as a chemical 

feedstock to form various polymers and may be used as a biofuel in the future 

(Bentley and Melis 2012, Ye et al. 2016). Isoprene is primarily used in the form of its 

polymer, polyisoprene, which is used to make synthetic rubber for numerous products 

(Ye et al. 2016). 

 

 

Figure 1.3: Structures of A) isoprene (2-methyl-1,3-butadiene), the empirical unit of all terpenes, and B) 

2-methyl-3-buten-2-ol. 

 

1.2.3 Monoterpenes 

 

All of the terpenes produced by the cyclisation of GPP are known as the 10-carbon 

monoterpenes and may be linear, mono- or bicyclic structures (Figure 1.4). All cyclic 

monoterpenes go through an initial 1,6-cyclisation of the carbocation formed before 

further cyclisation and carbocation quenching (Zebec et al. 2016). Due to the 
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Figure 1.6: Examples of diterpene structures. A) Abietadiene is a precursor to dehydroabietic acid. B) 

ent-kaurene is the precursor of gibberellins in plants, bacteria and fungi. C) Taxadiene is the precursor 

to the anti-cancer drug, taxol produced by Taxus yew trees. 

 

1.2.6 Commercial terpene production 
 

Many terpenes have a variety of useful applications in industry and are in high 

demand. Currently, the primary method for producing most terpenes is to extract the 

terpene from plant material (Caputi and Aprea 2011, Weathers et al. 2011). Some 

terpenes can be isolated from waste feedstocks, for example limonene is extracted 

from orange peels, but most require large areas of land for cultivation of the producing 

plant (Durand and Durand 2009, Salehi et al. 2018, Jha et al. 2019). To maintain a 

continuous supply of terpene, this method relies on a consistent quantity of feedstock 

or harvest throughout the year which are known to fluctuate causing the price of the 

terpene to fluctuate also (Caputi and Aprea 2011). The terpenes are extracted from 

plants as essential oils which requires further purification to isolate each individual 

terpene. As the terpene yield is relatively low, this method is expensive and inefficient 

which is reflected in the price of the terpene product (Zebec et al. 2016). An alternative 

is to use microorganisms, such as E. coli and S. cerevisiae, to produce high yields of 

terpene as they are easier to engineer, cheaper and more efficient to enable demand 

to be met (Mehta et al. 2003, Schmidt et al. 2011, Gupta and Phulara 2015, Azhar et 

al. 2017, Liang et al. 2019). The two main methods for enabling heterologous terpene 

production in microorganisms is either to upregulate the native pathway or introduce 

a heterologous pathway.  

Isoprene is currently the highest produced terpene, however almost all of it is 

petroleum-derived (Leavell et al. 2016). Multiple companies are investigating using 

microorganisms to provide sustainable platforms for terpene production including 

Amyris, Genencor and GlycosBio (Leavell et al. 2016). Genencor have successfully 

developed an isoprene platform using an engineered E. coli strain containing a 





http://www.isobionics.com/index.html
http://www.isobionics.com/index.html
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Figure 1.8: A) The predicted cyclisation of limonene from geranyl diphosphate (GPP) through the 

formation of the intermediate linalyl diphosphate (LPP) This image was adapted from Hyatt et al. (2007). 

B) Domain architecture of prenyltransferases, class I TPSs and class II TPSs. This image was adapted 

from Gao et al. (2013). 

To bind the prenyl chain, the active site cavities of both class I and class II are 

predominantly made up of hydrophobic residues. However, the TPS classes utilise 

different conserved motifs, cofactors and reaction mechanisms to catalyse cyclisation 

(Gao et al. 2013). The positions of these motifs are shown on the structures in Figure 

1.9. Class I TPSs and prenyltransferases utilise three magnesium (Mg2+) ions to 

coordinate the diphosphate moiety of the substrate in the active site (Liang et al. 2002, 

Hosfield et al. 2003, Köksal et al. 2010). The two conserved motifs that coordinate 

the Mg2+ ions in prenyltransferases are two aspartate-rich motifs with the sequence, 

DDXXD (Liang et al. 2002, Dickschat 2016, Christianson 2017). Class I TPSs are 

believed to have evolved from prenyltransferases where the second Asp-rich motif 

has become the NSE triad with a sequence of (N/D)D(L/I/V)XSX(K/R)(D/E) and the 

first Asp-rich motif has a conserved sequence of DDXX(X)D/E (Dickschat 2016, 

Christianson 2017). Most class I TPSs have an Asp-rich motif and an NSE triad, 

however there are variants in the sequence and even the presence of these motifs. 
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organisms have also been isolated from man-made industrial sites such as compost 

heaps, oil wells and waste sludge and wastewater plants (Vieille and Zeikus 2001, 

Fardeau et al. 2004, Sekiguchi et al. 2008, Tan and Ji 2010, Bosma et al. 2015). 

Many commercial processes including the biofuel, pharmaceutical and food and 

drinks industries use mesophilic organisms or their enzymes (Zeldes et al. 2015). 

However, many industrial processes use extreme conditions that are not optimal for 

mesophilic organisms or their enzymes. For processes that require high 

temperatures, thermophiles and their enzymes provide attractive alternatives 

compared to their mesophilic variants. There are believed to be many advantages to 

using thermophiles or their enzymes including lower contamination risk from 

mesophiles, lower cooling costs, increased substrate solubility, higher reaction rates 

and they are more renewable and environmentally friendly than chemical processes 

(Vieille and Zeikus 2001, Zeldes et al. 2015). As well as being stable at high 

temperatures, thermophiles are also able to withstand low or high pHs, high salt 

concentrations and high pressure (Alain et al. 2002, Olsson et al. 2003, Mavromatis 

et al. 2009, Feyhl-Buska et al. 2016). Several industrially relevant thermophilic 

enzymes are commercially available through companies including DuPont, 

Novozymes and Verenium (Sarmiento et al. 2015). The most well-known commercial 

thermostable enzyme used in industry is the DNA polymerase from Thermus 

aquaticus, used in Polymerase Chain Reaction (PCR) for amplification of DNA 

sequences (Saiki et al. 1988). The remainder of the market for commercial 

thermostable enzymes is dominated by hydrolases such as proteinases, cellulases, 

amylases and lipases (Sarmiento et al. 2015, Rigoldi et al. 2018).  

Individual enzymes are practical for industrial processes that only require one or two 

steps. For more complicated processes, using a microorganism that can encode 

entire pathways would result in a more efficient process. Even though many 

thermophiles have shown promise for becoming platforms for natural product 

production, none are currently used commercially. For an organism to be competitive 

with these model platforms, it needs to be cost effective. To enable optimal titres of 

the desired product, the tools to genetically engineer a thermophile are required. This 

includes being able to use either transformation or conjugation, easily manipulate the 

genome, having a range of characterised promoters of varying strengths, having a 

range of selection markers and multiple origins of replication for multiple plasmids to 

be used for shuttling in DNA. To increase titres of the desired product either the native 

pathways can be upregulated, heterologous gene sequences can be inserted or 
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competing pathways can be deleted to enable a platform to be commercially viable 

and competitive.  

As discussed previously, the commercial terpene platforms used by Amyris, Evolva 

and Isobionics use engineered S. cerevisiae and R. sphaeroides (Hansen 2011, 

Paddon et al. 2013, Huembelin et al. 2014). Recently, the first engineered terpene 

platform was described in the thermophile, Parageobacillus thermoglucosidasius. 

The Parageobacilli and Geobacilli species grow optimally between 40-70 °C and are 

gram-positive, aerobes or facultative anaerobes (Cripps et al. 2009, Zeigler 2014). P. 

thermoglucosidasius in particular has the potential to be an interesting target for 

natural product biosynthesis as it is able to utilize both pentose and hexose sugars, 

take up oligomeric sugars as well as having the appropriate genetic tools to enable 

comprehensive genetic engineering (Cripps et al. 2009, Reeve et al. 2016, Mougiakos 

et al. 2017). These sugars are produced from the breakdown of lignocellulosic 

biomass, where the Parageobacilli genus uses mixed acid fermentation to convert the 

sugar to ethanol, lactate, formate, succinate and acetate (Tang et al. 2009, Hussein 

et al. 2015). As Parageobacilli are able to produce many products that are useful 

industrially, they can be engineered to overproduce them. For example, a P. 

thermoglucosidasius platform was engineered for ethanol production by upregulating 

pyruvate dehydrogenase and deleting competing fermentation pathways for the 

formation of lactate and formate. This strain was known as Parageobacillus 

thermoglucosidasius TM242 (Cripps et al. 2009). P. thermoglucosidasius has also 

been engineered to overproduce isobutanol with yields up to 3.3 g/L. This system 

used an engineered isobutanol pathway on a plasmid containing native genes and 

genes from other species of the Bacilli class under the lactate dehydrogenase 

promoter from Geobacillus thermodenitrificans (Lin et al. 2014).  

To produce terpenes in Parageobacillus, either the native MEP pathway would 

require upregulating or a heterologous mevalonate pathway introduced. As discussed 

previously, studies looking at the manipulation of the native MEP pathway have 

shown that terpene titres have never been as high as using an engineered 

heterologous mevalonate pathway. To upregulate and balance the native MEP 

pathway would require a range of promoters to prevent the build-up of any 

intermediates. Alternatively, a heterologous mevalonate pathway produces non-

native intermediates that cannot be incorporated into microbial processes except for 

terpene production and cannot be regulated by the host organism. The main problem 

with building a heterologous mevalonate pathway in P. thermoglucosidasius is that 

the mevalonate pathway is mostly native to eukaryotes and archaea. Very few 
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2.2 Cell Culture 

 

2.2.1 Media 

 

All media was sterilised by autoclaving. For agar plates, 15 g per litre (1.5%) of agar 

was added to the media prior to autoclaving. The antibiotics, Amp, Kan, Chl and 

streptomycin, were added to cultures during preparation or to molten agar before 

pouring. 

 

2.2.1.1 Luria Broth (LB) 
 

1 L of LB media contained 10 g tryptone (1.0%), 5 g yeast extract (0.5%) and 10 g 

NaCl (1.0%) in Milli-Q®
 water.  

 

2.2.1.2 SOC Media 
 

Super Optimal broth with Catabolite repression (SOC) media contained 20 g tryptone 

(2%), 5 g yeast extract (0.5%), 4 g glucose, 0.58 g NaCl, 0.2 g KCl, 2.04 g 

MgCl2.6H2O, 1.2 g MgSO4 in 1 L of Milli-Q® water. 

 

2.2.1.3  2XYT Media 
 

2X Tryptone Yeast Broth (2XTY or 2YT) media consisted of 16 g tryptone (1.6%), 10 

g yeast extract (1.0%) and 5 g NaCl (0.5%) in 1 L of Milli-Q® water. 
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were inoculated with 1 ml of the overnight culture. All cultures contained 50 µg/ml 

kanamycin. The 120 ml culture was grown to an OD600 of 0.6-0.8 before separating it 

into ten 10 ml cultures. These cultures were used to identify optimum conditions for 

expression of each TPS. To optimise the IPTG induction concentration, cultures were 

induced with either 0 µM, 100 µM, 200 µM, 400 µM or 1000 µM IPTG. These cultures 

were either incubated at 18 oC or 37 oC. Samples (1 ml) were taken at 0, 2, 4, 21 and 

24 hpi at 18 oC and 25 oC and 0, 30 mins, 1, 2 and 3 hpi at 37 oC. Cells were pelleted 

(13000 rpm, 5 mins) and the medium discarded. Pellets were stored at -20 oC until 

the samples could be analysed by SDS-PAGE. 

The optimised temperature for protein production was 18 ºC for all TPSs produced. 

The IPTG concentrations for induction of Tcur_3107 and FJSC11 production was 100 

µM, 200 µM for Tchrom and Tbis_3257 and 400 µM for JKG1. All cultures were 

pelleted after 21 hrs except Tchrom and FJSC11 which were harvested after 24 hrs. 

The optimal production conditions for SSCG_03688 were taken from Hu et al. (2011), 

for RoseRS_3509 and Rcas_0662 were taken from Styles et al. (2017) and for 

selinadiene synthase (SdS) was taken from Baer et al. (2014). The same conditions 

for RoseRS_3509 was used for Rxyl_0493. 

 

2.4.1.2 Large-scale 

 

Overnight cultures were prepared as for small scale (See above), however, 1 ml of 

the overnight culture was used to inoculate 500 ml LB media. The total volume of LB 

media inoculated for each protein expression was between 1 and 8 L. At an OD600 of 

~0.8, the cultures were induced with IPTG and incubated using the predetermined 

optimum expression conditions. Cultures were pelleted (7000 rpm, 10 mins) and 

stored at -20 oC.  

 

2.4.2 Cell lysis 

 

Small scale culture samples (1 ml) were lysed by freeze-thawing. Cell pellets were 

resuspended in 100 µl resuspension buffer and freeze-thawed three times by 

incubating at -80 oC for 5 mins and 42 oC for 10 mins. The resuspension buffer for 

Tchrom and FJSC11 was 20 mM Tris, pH 8.0, 300 mM NaCl, 10% glycerol, 20 mM 

imidazole. The resuspension buffer (10 ml) for Tbis_3257 included 1 mg/ml lysozyme 
























































































































































































































































































































































































































































