
Exploring genetic engineering strategies to 
enable heterologous monoterpenoid 

production in model microalgae, 
Chlamydomonas reinhardtii and 

Phaeodactylum tricornutum 

Jestin George 
PhD by Research 

February 2021 

Submitted in fulfilment of the requirements for the degree of 

Doctor of Philosophy 

Climate Change Cluster 

School of Life Sciences 

University of Technology Sydney 



Certificate of Original Authorship 

I, Jestin George, declare that this thesis is submitted in fulfilment of the requirements 

for the award of Doctorate of Philosopl:ly, in the Faculty of Science at the University of 

Technology Sydney. This thesis is wholly my own work unless otherwise referenced 

or acknowledged. In addition, I certify that all information sources and literature used 

are indicated in the thesis. This document has not been submitted for qualifications at 

any other academic institution. This research is supported by the Australian 

Government Research Training Program. 

Date 

Production Note:

Signature removed prior to publication.



Contents 

Acknowledgements .............................................................................................................. .5 
Thesis Abstract ..................................................................................................................... 7 

Chapter 1 
Microalgae ....................................................................................................................... 11 
Genetic engineering in microalgae .................................................................................. 17 
Terpenoids ...................................................................................................................... 26 
Terpenoid biosynthesis .................................................................................................... 32 
Heterologous terpenoid production in microalgae ............................................................ 39 
Thesis aims and objectives .............................................................................................. 44 
References ...................................................................................................................... 48 

Chapter 2 
Abstract ........................................................................................................................... 64 
Introduction ..................................................................................................................... 66 
Results and discussion .................................................................................................... 82 
Conclusion ...................................................................................................................... 98 
Methods ........................................................................................................................ 100 
Supplementary tables .................................................................................................... 106 
Supplementary figures ................................................................................................... 107 
References .................................................................................................................... 108 

Chapter 3 
Abstract ......................................................................................................................... 115 
Introduction ................................................................................................................... 116 
Methods ........................................................................................................................ 117 
Results and discussion .................................................................................................. 118 
Conclusions ................................................................................................................... 129 
References .................................................................................................................... 130 

Chapter 4 
Abstract ......................................................................................................................... 135 
Introduction ................................................................................................................... 137 
Results and discussion .................................................................................................. 148 
Conclusion .................................................................................................................... 167 
Methods ........................................................................................................................ 170 



Supplementary tables .................................................................................................... 173 
Supplementary figures ................................................................................................... 175 
  References................................................................................................................... 179 

Chapter 5 
Co-author certificates of authorship ............................................................................... 188 
Abstract ......................................................................................................................... 193 
Introduction ................................................................................................................... 195 
Results and discussion .................................................................................................. 206 
Conclusion .................................................................................................................... 219 
Methods ........................................................................................................................ 223 
Supplementary tables .................................................................................................... 228 
References .................................................................................................................... 229 

Chapter 6 
General conclusions ...................................................................................................... 236 
References .................................................................................................................... 254 

Addenda 
Addendum i: George et al., 2020 – Supplementary file 1 ............................................... 257 
Addendum ii: List of thesis tables .................................................................................. 261 
Addendum iii: List of thesis figures ................................................................................ 262 



Acknowledgements 

I am a white, able bodied, queer woman who has benefited from the systemic racism 
that continues to run rampant across the globe, of which scientific academia is not 
immune and repeatedly still upholds. I would first and foremost like to acknowledge 
this privilege, having researched Molecular and Cellular Biology at universities in 
South Africa, United Kingdom and Australia: universities yet to be decolonised in 
countries where white privilege is deeply saturated in the culture. This thesis does not 
exist in a vacuum and its completion is intricately connected to that privilege and all it 
has afforded me in my life, including academically. This thesis is therefore dedicated 
to the activists whose work has directly impacted me; including but not limited to the 
South African Fees Must Fall Student Protestors (2015-2016), the George Floyd and 
Black Lives Matter Protestors (protesting at the time of this thesis write-up and 
submission), and activists Rachel Cargle, Erika Hart, Dr Senthorun Raj, Dr 
Priyamvada Gopal, Shay-Akil McLean and Ijeoma Oluo. This thesis is a reminder to 
me to do the challenging and uncomfortable work to drive change in the academic and 
social systems that I seamlessly move through every day.  

* 

To the Gadigal People and Aboriginal ancestors past, present and future. Thank you 
for hosting me and this research in the Eora Nation. Always way, always will be 
Aboriginal land. 

To the Georges. Thank you for raising me, for allowing me to make mistakes, and for 

being infinitely proud of me. 

To Tyler and Dylan. Thank you for supporting me financially and emotionally, and for 

being my escape; my brothers. 

To Mom and Dad. Thank you for teaching me from a young age that my endeavours 

in education should not be for glory but for enriching my own life, for your selflessness 

and unconditional love, for who you are as people. 

To Ebee. Thank you for being my second father, for being the foundation of the George 

Family. 

To Mei. Thank you for bringing me to Sydney. Thank you for your patience, for loving 

me and repeatedly picking me up when I couldn’t, for coaching me to develop the 

Biodesign course, for believing in my dreams for me.  

Acknowledgements

5



To the Maudlins. Thank you for housing me and welcoming me to Sydney, for loving 

me, laughing with me, for taking an interest in my PhD. 

To Gabi, Tree, Rebecca, Jenna, Karena, Isabelle. Thank you for directly impacting the 

person I am today, for loving and supporting me across oceans, for believing in my 

abilities, for being excited about the research and work I am doing.  

To The OG ABF. Thank you for improving many presentations and building my 

confidence, for sharing resources and ideas, for community, and for so much fun. 

To Lorenzo. Thank you for being my work husband, day in and day out. 

To Cristina. Thank you for advice and judgement-free support in and out of the lab. 

Thank you for being an inspirational woman in science and for sharing an abundance 

of resources. 

To Audrey. Thank you for kindness, your empathy, your genuineness, and for much 

escapism. Thank you for being an inspirational woman in science. 

To Raffie. Thank you for giving me an incredible amount of time, which always included 

your full effort and capability, you have always gone above and beyond. Thank you for 

your semi-private two-hour Python tutorship programme (with unlimited follow-up 

questions permitted). Thank you for being an inspirational woman in science. 

To Michele. Thank you for your insight, guidance and leadership, for your support and 

encouragement. Thank you for the hours–if not days or weeks by the end–of editing, 

drafting manuscript titles, attending meetings and developing ideas with me. You 

introduced me to the world of synthetic biology, which helped trigger various other 

achievements throughout my PhD. Thank you for consistently contributing to help 

shape me to be a better scientist and certainly a better writer. Thank you for always 

being approachable and for always listening, for not centring yourself in a single 

moment of your mentorship. 

To Peter. Thank you for the opportunity to do this research. Thank you for encouraging 

me to stay when I was ready to walk away, for being tolerant and understanding of 

times of difficulty and for helping me pursue my ambitions outside of the PhD. 

To the assessors of this thesis. Thank you for your time and energy in evaluating my 

work and continued service to the field.  

Acknowledgements

6



Thesis Abstract 

This thesis focuses on next generation engineering strategies for Chlamydomonas 

reinhardtii and Phaeodactylum tricornutum, exploring aspects at the genomic and 

phenotypic level, to understand the biochemical implications and potential of 

heterologous monoterpenoid production in microalgae. 

Chapter 1 outlines the ecological, and biotechnological relevance of microalgae, in 

the context of genetic engineering strategies for heterologous monoterpenoid 

production. 

Chapter 2 investigates different strategies for delivering CRISPR-Cas9 

ribonucleoprotein (RNP) into C. reinhardtii for targeted genome editing. This study 

highlighted major bottlenecks in CRISPR-Cas9 genome editing in this species, 

specifically low delivery efficiencies and unreliable endogenous markers. 

Chapter 3 explores extrachromosomal expression (EE) and randomly integrated 

chromosomal expression (RICE) strategies to genetically engineer P. tricornutum to 

express Catharanthus roseus geraniol synthase (GES) for production of the 

monoterpenoid, geraniol. We identified superior RICE geraniol-yielding strains by 

developing a high-throughput phenotyping analysis and used long-read whole 

genome sequencing to interrogate the genomes of highly expressing cell lines. This 

revealed precise integration locations and unexpectedly large concatenated 

arrangements. We also demonstrated that exogenous DNA designed for EE does not 

inadvertently integrate into the nuclear genome. 

Chapter 4 investigates CRISPR-Cas9 mediated targeted integration (TGI) for geraniol 

production in P. tricornutum in the genomic loci identified in Chapter 3. We showed 

that CRISPR-Cas9 RNP delivery is still inefficient in this species and that the recently 
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described endogenous marker gene uridine-5’-monophosphate synthase (UMPS) is 

unreliable in P. tricornutum, due to the highly mutagenic effect of 5-fluoroorotic acid, 

the selectable agent required to screen UMPS knock-out mutants. 

Chapter 5 explores metabolic engineering approaches for increasing heterologous 

geraniol production in P. tricornutum. We fused two genes encoding adjacent enzymes 

in geraniol biosynthesis pathway, GES and Abies grandii geranyl pyrophosphate 

synthase, and showed that this approach decreased geraniol production, while 

constitutive expression of GES using a strong promoter resulted in a three times 

increased geraniol production. We used these strains to demonstrate that 

heterologous geraniol production in P. tricornutum did not perturb the native 

biosynthesis of major sterols and pigments.  

Chapter 6 discusses why these findings are important for (1) providing insight as to 

why CRISPR-Cas9-based editing is still difficult to achieve in microalgae (2) improving 

P. tricornutum’s status for heterologous terpenoid production with regard to its 

metabolic flexibility and capacity for high geraniol accumulation (3) characterising both 

well-established and new genetic engineering tools, including uncovering putative safe 

harbour loci for TGI required for developing more complex synthetic biology 

approaches in P. tricornutum. 
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