
 

xi 
 

Table of Contents 
 

Contents  Page No 

List of Figures xv 

List of Tables xix 

List of Abbreviations xxi 

Notations xxv 

Preface xxvii 

CHAPTER 1  

Introduction to carbon dioxide sequestration and terpenoids production 

by engineered cyanobacteria 

1 

1.1. MEP vs. MVA: Upstream and downstream module of terpenoid 

production 

8 

1.2. Engineering upstream MEP/MVA pathway to redirect flux towards 

terpene precursors 

11 

1.3. Engineering downstream pathway assisting precursor pool to terpenoid 

synthesis 

17 

1.4. Challenges 22 

1.5. Scope and objective of the current study 24 

1.6.Thesis outline 26 

CHAPTER 2  

Review of literature on microbial farnesene production and its 

applications 

29 

2.1. Biological production of farnesene through engineered microbial 

system 

33 

2.1.1. Farnesene production in heterotrophic organisms 36 

2.1.2. Farnesene production in autotrophic organisms 41 

2.2. Analytical techniques for farnesene characterization 47 

2.3. Applications of farnesene 50 

2.3.1. Biofuels 51 

2.3.2. Crop protection against aphids and other pests  57 

2.3.3. Pharmacological relevance 65 



xii 
 

2.3.4. Thermoplastic elastomers 71 

2.4. Miscellaneous applications 76 

2.5. Techno-economic analysis and life cycle assessment of farnesene 

production 

80 

2.6. Identified research gaps 82 

CHAPTER 3  

Construction of integration vector system for Synechococcus elongatus 

UTEX 2973 

85 

3.1. Materials and methods 89 

3.1.1. Strains and growth conditions 89 

3.1.2. Contrivance of plasmid constructs 89 

3.1.2.1. pAM2991-AFS 91 

3.1.2.2. pBbE1cNSII-dxs 91 

3.1.2.3. pBbE1kNSIII-idispA 93 

3.2. Results and discussion 95 

3.2.1. pAM2991-AFS 95 

3.2.2. pBbE1cNSII-dxs 96 

3.2.3. pBbE1kNSIII-idispA 98 

3.3. Conclusion 99 

CHAPTER 4  

Modification of Synechococcus elongatus UTEX 2973 for farnesene 

production 

101 

4.1. Materials and methods 104 

4.1.1. Strains and growth conditions  104 

4.1.2. Contrivance of engineered UTEX 2973 strains 104 

4.1.3. Genomic DNA extraction and PCR analysis 106 

4.1.4. Semi-quantitative RT-PCR 107 

4.1.5. Protein analysis 108 

4.1.6. Growth conditions for producing farnesene from engineered strains 

and quantification 

109 

4.1.7. Statistical analysis 110 



 

xiii 
 

4.2. Results and discussion 111 

4.2.1. Metabolic engineering strategy for the production of farnesene 111 

4.2.2. Homoplasmy analysis 113 

4.2.3. Transcriptional and translational analysis 115 

4.2.4. Farnesene production by engineered UTEX 2973 118 

4.3. Conclusion 125 

CHAPTER 5  

Design and simulation of conceptual farnesene production plant using 

engineered cyanobacteria 

127 

5.1. Materials and methods 131 

5.1.1. Process overview 131 

5.1.2. CO2 supply component  132 

5.1.3. Farnesene production 133 

5.1.4. Farnesene extraction 134 

5.1.5. Biomass recovery 135 

5.1.6. Process economics evaluation 135 

5.1.7. Life cycle assessment 137 

5.2. Results and discussion 139 

5.2.1. Base case economics 139 

5.2.2. Capital expenses distribution  139 

5.2.3. Operating expenses distribution 140 

5.2.4. Minimum farnesene selling price 141 

5.2.5. Sensitivity analysis: Impact of uncertainty in production factors on 

MFSP 

144 

5.2.6. Financial performance indicators evaluation 146 

5.2.7. Life cycle assessment for potential environmental impacts 147 

5.3. Conclusion 148 

CHAPTER 6  

Conclusion and future perspectives 149 

References 157 

Appendix A 187 



xiv 
 

Appendix B 188 

Appendix C 189 

Appendix D 190 

Appendix E 191 

Appendix F 193 

Appendix G 196 

Appendix H 198 

Appendix I 200 

Appendix J 202 

 



 

xv 
 

List of Figures 

Label Figure caption 

Fig. 1.1 a) Global land-ocean temperature index. b) Direct carbon dioxide 

measurement from 1958-present. 

Fig. 1.2 Schematic representation of MVA and MEP pathways with different 

upstream and common downstream steps, and different classes of terpenoids 

with their structure generated from IPP/DMAPP pool. 

Fig. 1.3 Fusion protein constructs made over the years yielding high terpenoids titer 

(mg/g biomass). 

Fig. 2.1 Different isomers of farnesene 

Fig. 2.2 Depiction of MVA and MEP pathways with different precursors and 

generating common IPP/DMAPP pool from where a common farnesene 

forming pathway takes place. 

Fig. 2.3 Different host organisms used in recent years for the biosynthesis of 

farnesene (mg/L) by overexpressing single or multiple genes. 

Fig. 2.4 Farnesene based drop-in biofuel production. 

Fig. 2.5 Insecticide/pesticide breakdown and movement in the environment from the 

site of application. 

Fig. 2.6 Farnesene acting as a semiochemical agent and aiding in plant defence 

mechanism. 

Fig. 2.7 Different pharmacological applications of farnesene on cell lines and animal 

models. 

Fig. 2.8 Illustration of the hard and soft domains in thermoplastic elastomers (TPEs) 

and chemical structures of farnesene based TPEs with their properties. 

Fig. 2.9 Vitamin E synthesis from conventional and new innovative processes. 

Fig. 3.1 Detailed vector construction by sequential addition of gene/inserts. 

Fig. 3.2 Verification of insertion of AFS gene in pAM2991-AFS. 

Fig. 3.3 Verification of insertion of gene/DNA fragments in pBbE1cNSII-dxs. 

Fig. 3.4 Verification of insertion of gene/DNA fragments in pBbE1kNSIII-idispA. 

Fig. 4.1 Schematic representation of triparental mating and homologous 

recombination after transformation of the integrative vector into UTEX 2973. 



xvi 
 

Label Figure caption 

Fig. 4.2 a) Experimental setup for farnesene production through engineered strains. 

b) Schematic representation of native MEP pathway (black) and metabolic 

engineering strategy utilized (red) in the study for farnesene production. c) 

Schematic representation of the construction of engineered UTEX 2973 

strains by integrating genes at respective sites through homologous 

recombination. The elbow arrow indicates primer attachment sites and the 

expected amplicon to be generated after PCR. d) Genomic DNA PCR 

analysis with specific primers (below each gel) to demonstrate the integration 

of each gene in recombinant strains (above the first gel). 

Fig. 4.3 Antibiotic survival test of UTEX 2973 as it gets transformed by the plasmid 

constructed and attains antibiotic resistance. 

Fig. 4.4 Campbell-type integration when UTEX 2973 was transformed with a) 

pAM2991-AFS, b) pBbE1cNSII-dxs, c) pBbE1kNSII-idispA, d) Genomic 

DNA PCR analysis with specific primers 

Fig. 4.5 Transcriptional and translational analysis of UTEX 2973 and engineered 

strains. a) Semi-quantitative RT-PCR analysis of the total RNA isolated from 

engineered strains to determine the expression level of overexpressed genes. 

b) Densitometric analysis of semi-quantitative RT-PCR to test the expression 

levels of AFS, dxs, and idispA genes in uninduced and induced (0.1, 0.5, and 

1 mM IPTG) conditions using ImageJ 1.53t software. The rpoA gene was 

used as an internal control to normalize the expression level. c) Protein 

expression analysis. Total proteins were resolved by 12% SDS-PAGE and 

visualized by silver staining. Sample loading corresponds to 10 µg of protein 

per lane. 

Fig. 4.6 The growth profile (absorbance at 730) of wild type S. elongatus UTEX 2973 

with 5% (v/v) overlay of isopropyl myristate (IM), hexadecane and 

dodecane. 

Fig. 4.7 The growth profile (absorbance at 730) and photosynthetic farnesene 

production (mg/L and mg/g DCW) studies for engineered UTEX 2973 strains 

were performed in custom-made 250 ml bioreactors bubbled with 5% CO2 

(v/v). a) UTEX AFS. b) UTEX AFS::dxs. c) UTEX AFS::idispA. d) UTEX 

AFS::dxs::idispA. e) The impact of duration (over 3 months) on farnesene 



 

xvii 
 

Label Figure caption 

productivity (mg/L/day) by engineered UTEX strains. f) Comparative 

analysis of cumulative farnesene yield (mg/g DCW) among different strains. 

Fig. 4.8 Samples from the isopropyl myristate overlay analyzed by GC-MS. Relative 

abundance of the peak can be seen in the inset. 

Fig. 4.9 Test of productivity at 1 mM and 5 mM IPTG concentration of the strain 

UTEX AFS::dxs::idispA strain. 

Fig. 5.1 Simplified block diagram for farnesene production by cyanobacteria. The 

values shown are for one PBR (100 m3). 

Fig. 5.2 Schematic process flow diagram for farnesene production through 

genetically engineered cyanobacteria utilizing carbon dioxide. 

Fig. 5.3 Cost distribution of the proposed farnesene production plant. a) annual 

capital expenditure (CapEx) and b) annual operating expenditure (OpEx). 

Fig. 5.4 Variation of MFSP over a range of farnesene productivity (g/m3/day). 

Fig. 5.5 Single-point sensitivity analysis showing impacts of different variables on 

MFSP (base case price: $87.83/Kg). 

Fig. 5.6 Global warming potential analysis of cradle-to-gate life cycle assessment for 

per Kg of farnesene produced by engineered cyanobacteria. 

 



 

xix 
 

List of Tables 

Label Table title 

Table 1.1 Summary of recent advances in metabolic engineering of cyanobacteria for 

terpenoids production. 

Table 2.1 Michaelis Menten constant (Km) and turnover number (Kcat) of farnesene 

synthase from various plant species. 

Table 2.2 Recent advancements in metabolic engineering of microbial cell factories 

for farnesene production. 

Table 2.3 Comparison of fuel properties of Jet fuels and farnesene-derived blends. 

Table 2.4 List of plant potyviruses affecting plants through aphids’ infestation. 

Table 2.5 Normalised docking score (kJ/mol) of farnesene and its derivative with 

SARS-CoV-2 protein targets. 

Table 2.6 Farnesene content in different essential oils and properties possessed by 

them. 

Table 2.7 List of recently developed farnesene-based thermoplastic elastomers. 

Table 3.1 List of primers used for vector construction and verification. 

Table 3.2 PCR amplification conditions of genes/DNA fragments. 

Table 3.3 List of plasmids used and generated in the study. 

Table 4.1 List of strains used and generated in the study. 

Table 4.2 List of primers used for semi-quantitative RT-PCR. 

Table 5.1 Financial and productivity baseline assumptions for farnesene production. 

Table 5.2 Cost of utilities and raw materials used in techno-economic analysis. 

Table 5.3 Life cycle inventory for per Kg farnesene production. 

Table 5.4 Capital investments (CapEx) of the process. 

Table 5.5 Annual Operating cost (OpEx) distribution. 

Table 5.6 Potential environmental impacts associated with the production of 1 kg of 

farnesene. 



 

xxi 
 

List of Abbreviations 

1G First generation 

2G Second generation 

3G Third generation 

4G Fourth generation 

AFS/FS Farnesene synthase 

ASTM American Society of Testing and Materials 

AtoB Acetoacetyl-CoA thiolase 

bom Basis of mobility 

CapEx  Capital expenditure 

CBB Coffee berry borer 

ChlR Chloramphenicol resistance gene 

CpcB β-subunit of phycocyanin 

CRISPR Clustered regularly interspaced short palindromic repeats 

DCW Dry cell weight 

DMAPP Dimethylallyl diphosphate 

DPOAEs Distortion product otoacoustic emissions 

DPPH 2,2‑diphenyl‑1‑picryl‑hydrazyl 

DXP 1-deoxy-D-Xylulose-5-phosphate 

DXR DXP reductoisomerase 

dxs 1-deoxy-D-Xylulose-5-phosphate synthase 

EBF (E)‐β‐farnesene 

ENDS Electronic nicotine delivery systems 

FID Flame ionization detector 

FOC Fixed operating cost 

FP Forward primer 

FPP Farnesyl diphosphate 

FPPS/ispA Farnesyl diphosphate synthase 

FSLFPPS Fusion of FS and FPPS genes by linker 

GAP Glyceraldehyde 3-phosphate 

GC Gas chromatography 

GGPP Geranyl geranyl diphosphate 

GHG Greenhouse gas 

GPP Geranyl diphosphate 

GPPS GPP synthase 

GLS Geranyllinalool synthase 

HMBPP 4-hydroxy-3-methylbut-2-enyldiphosphate 

HMG-CoA 4-hydroxy-3-methyl-glutaryl-CoA 

HMGS HMG-CoA synthase 

HMGR HMG-CoA reductase 

IC50 Half-maximal inhibitory concentration 

idi Isopentenyl diphosphate isomerase 



xxii 
 

idispA Fusion of idi and ispA genes by linker 

IM Isopropyl myristate 

IspG HMBPP synthase 

IspH HMBPP reductase 

IPP Isopentenyl diphosphate 

IPTG Isopropyl-β-D-thiogalactopyranoside 

IspS Isoprene synthase 

kanR Kanamycin resistance 

Kcat Turnover number 

kDa Kilo Dalton 

Km Michaelis constant 

LB Luria-Bertani broth 

LCA Life cycle assessment 

LDH Lactate dehydrogenase 

MEP Methyl-D-erythritol-4-phosphate 

MeSa Methyl salicylate 

MFSP Minimum farnesene selling price 

MK Mevalonate kinase 

MVA Mevalonate 

NADH Nicotinamide adenine dinucleotide 

NASA National Aeronautics and Space Administration 

NOX Nitrogen oxides 

NREL National Renewable Energy Laboratory 

NSI Neutral site I 

NSIʹ Upstream NSI region 

NSIʺ Downstream NSI region 

NSII Neutral Site II 

NSIIʹ Upstream NSII region 

NSIIʺ Downstream NSII region 

NSIII Neutral site III 

NSIIIʹ Upstream NSIII region 

NSIIIʺ Downstream NSIII region 

OBPs Odorant binding proteins 

OpEx Operating expenditures 

ORs Odorant receptors 

OUFP Orientation-specific upstream forward primer 

PBR Photobioreactor 

PCR Polymerase chain reaction 

PCX Paclitaxel 

PHLS β-phellandrene synthase 

PT Prenyl transferase 

PMD Mevalonate 5-pyrophosphate decarboxylase 

PMK Mevalonate 5-phosphate kinase 



 

xxiii 
 

ppm Parts per million 

RBS Ribosome binding site 

RDRP Reversible deactivation radical polymerization 

RFP Red fluorescent protein 

RP Reverse primer 

SARS Severe acute respiratory syndrome 

SCN Soybean cyst nematode 

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

SIP Iso paraffin 

SmR Streptomycin and spectinomycin resistance 

TEA Techno-economic analysis 

TPEs Thermoplastic elastomers 

tHMGR Truncated HMGR 

Tg Glass transition temperature 

TPS Terpene synthase 

VOC Variable operating cost 

 

 

 

 

 

 

 



 

xxv 
 

Notations 

α Alpha 

β Beta 

γ Gamma 

°C Degree celsius 

°C/min Degree celsius per minute 

h Hour 

Gt 1 billion tonnes 

% Percentage 

$ Dollar 

$/kg Dollar per kilogram 

mg Milligram 

mg/L Milligram per liter 

mg/g DCW Milligram per gram dry cell weight 

mg/L/day Milligram per liter per day 

g/L Gram per liter 

g/m3/day Gram per meter cube per day 

μmol photon/m2/s  Micromole photons per meter square per second 

µl Microliter 

µg Microgram 

µg/L Microgram per liter 

µg/L/day Microgram per liter per day 

M Molar 

mM Millimolar 

rpm Revolution per minute 

v/v Volume by volume 

  

 


