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ABSTRACT 

SYNTHETIC BIOLOGY APPROACHES ESTABLISH THE FOUNDATION FOR 
SUSTAINABLE PRODUCTION OF HIGH VALUE TERPENOIDS 

 
By 

 
Jacob David Bibik 

Plants have become a promising platform for sustainable bioproduction of an array 

of natural products and specialty chemicals. Of particular interest are terpenes and the 

functionalized terpenoids, which represent the largest and most diverse class of natural 

products. These natural products are commonly used commercially as major constituents 

of flavorings and fragrances, oils, pigments, and pharmaceuticals, while having many 

other applications. Given the diversity and structural complexity of many terpenoids, they 

are often expensive and difficult, if not impossible, to chemically synthesize. Engineering 

these biosynthetic pathways in plant hosts may provide a sustainable platform to access 

terpenoids for industrial production. While plants offer a sustainable production platform, 

metabolic engineering for chemical production has largely focused on microbial hosts, 

and further development of strategies and tools for plant engineering is needed. In my 

dissertation, I have taken multi-pronged approaches to further develop sustainable 

bioproduction of terpenoids in plants. First, I developed strategies to optimize, re-target, 

and compartmentalize production of squalene, a C30 triterpene, within plant cells to 

improve yields in plants. Re-targeting the final steps in squalene production, farnesyl 

diphosphate synthase (FDPS) and squalene synthase (SQS), from the cytosol to plastids 

enabled compartmentalization of biosynthesis away from competing cytosolic enzymes. 

I then anchored an optimized FDPS and SQS pair to the surface of cytosolic lipid droplets 

through fusions to the Nannochloropsis oceanica Lipid Droplet Surface Protein 



 
 

(NoLDSP), where squalene can be sequestered and stored. Scaffolding the pathway to 

the surface of lipid droplets increased yields to more than twice that of plastidial targeting. 

Re-targeting this lipid droplet scaffolding to plastids, produced similar squalene yields as 

the soluble, plastid targeted pathway, and ameliorated some of the negative effects on 

photosynthesis. Second, I worked to engineer poplar, a bioenergy crop which emits large 

amounts of the hemiterpene isoprene, with these pathways as a platform for 

bioproduction and adding value to a bioenergy pipeline. Transformants were successfully 

created for plastid targeted squalene production, producing up to 0.63mg/gFW of 

squalene. The lipid droplet scaffolding strategies appeared toxic during tissue 

regeneration, suggesting a need for tissue specific engineering of these pathways in 

future iterations. Third, I developed a pipeline to identify, characterize, and engineer 

bidirectional promoters (BDPs), which enable divergent expression of two genes and 

improve gene stacking in plant constructs. As seen above with poplar, plant engineering 

is often limited by construct size, diverse promoter availability, and expression regulation, 

and a BDP library enables a range of expression in more compact constructs. I identified 

34 BDPs from Populus trichocarpa and Arabidopsis thaliana, characterized their activity 

via Nicotiana benthamiana transient expression, and engineered select BDPs to further 

alter activities. Combining these BDPs with previously developed terminator sequences 

provided further regulation of expression. These genetic tools provide an array of 

expression activities and enable greater gene stacking options while offering the potential 

for more fine tuning of expression for multiple genes in a metabolic pathway. The work 

performed in this dissertation provide strategies to improve production of terpenoids in 

plants, establish production hosts, and engineer larger, complex pathways.  
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CHAPTER 1 

Plant engineering to enable platforms for sustainable bioproduction of terpenoids 
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Abstract 

Terpenoids make up the most diverse class of natural products, a number of which 

currently have important biotechnological roles. Many terpenoids are difficult or 

impossible to chemically synthesize, so there is great interest in developing sustainable 

bioproduction platforms to recreate these pathways in host organisms. In addition to 

containing both pathways that generate the terpenoid building blocks as well as the cell 

structures and compartments required for many of the enzymes involved, plants may 

provide a sustainable, low input system to produce these chemicals. There have been 

many recent advancements in discovery of pathways to terpenoids of interest as well as 

strategies to engineer commercially relevant yields in host plants. While there are many 

researchers working to discover the biosynthetic pathways and gain access to production 

of novel terpenoids, I will mostly focus on advancements towards engineering plants for 

production of terpenoids. I will highlight strategies currently used to produce target 

products, optimization of known pathways to improve yields, compartmentalization of 

pathways within cells, and genetic tools developed to facilitate complex engineering of 

biosynthetic pathways. These advancements have enabled the use of plants as hosts for 

bioproduction of terpenoids. 
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Introduction 

Plants contain enormous chemical diversity, which humans have been utilizing for 

thousands of years, especially from traditional medicinal plants1,2. Much of this diversity 

has exploded as plants have developed an array of specialized metabolites, many of 

which have emerged in response to various environmental conditions, both biotic and 

abiotic, and for signaling and communication. An estimated number of more than one 

million unique metabolites produced across all plants3, with over 200,000 predicted to be 

specialized metabolites4, establishes plants as natural chemical factories that can be 

further engineered for biotechnological applications5,6. Terpenes, and the further 

functionalized terpenoids, are a particularly diverse group of natural products with more 

than 50,000 of the over 60,000 reported structures having been identified in plants, 

according to a recent analysis of the Dictionary of Natural Products7. While terpenoids 

have important roles within central metabolism across plant species, the majority have 

evolved as specialized metabolites, often only found in specific plant lineages or species8–

10. They have evolved to become the largest class of natural products and filled a broad 

spectrum of roles within plants, but the chemical diversity of terpenes and terpenoids far 

surpass their known roles in plants. As a consequence of this expansive diversity, these 

chemicals have been exploited throughout human history as major components of many 

herbs and spices, medicinal plants, food crops, resins, and many other traditional plants11.  

Recently, there has been growing interest in taking synthetic biology approaches 

to engineer plants into chemical factories through development of biosynthetic pathways 

for terpenoids important to modern society, while even further expanding beyond naturally 

occurring terpenoid chemistry8,10,12–15. Discovery and engineering of these biosynthetic 
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pathways has enabled production of not only known terpenoids, but the creation of novel 

structures through combining modular pathways16,17. Much of the success in plant 

engineering has involved more simple terpene pathways, but strategies are being 

developed to build more complex pathways and engineer how, where, and when 

terpenoids are produced within plants. In addition to the innovation seen with pathway 

engineering, there have been advancements in genetic engineering tools, yet more 

advancement is needed to enable engineering of longer and more complex pathways to 

include not only the terpene synthases, but downstream enzymes responsible for 

functionalization of terpene cores. Here I will review efforts made to engineer plants for 

production of terpenoids, engineering and optimization of biosynthetic pathways, 

compartmentalization of pathways and products, and advancements in genetic tools to 

enable engineering of plant hosts with larger and more complex pathways. 

Terpenoid production in plants 

Terpenoids are universally found across all kingdoms of life and are formed from 

common C5 building blocks. These building blocks, isopentenyl diphosphate (IDP) and 

dimethylallyl diphosphate (DMADP), are isomers synthesized via two pathways that are 

both present in plants, though most organisms contain only one. The mevalonate (MVA) 

pathway, which is commonly found in eukaryotic organisms, synthesizes a cytosolic pool 

of IDP/DMADP in plants starting with condensation of three acetyl-CoA molecules in two 

enzymatic steps to form 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA). HMG-CoA is then 

reduced by HMG-CoA Reductase (HMGR) to form mevalonate, the dedicated step to the 

MVA pathway. The methylerythritol 4-phosphate (MEP) pathway, often found in 

prokaryotic organisms, synthesizes a plastidial pool of IDP/DMADP in plants, which 
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begins with condensation of pyruvate and glyceraldehyde 3-phosphate (GAP). This 

condensation forms 1-deoxy-d-xylulose-5-phosphate (DXP) and is catalyzed by DXP 

synthase (DXS). In addition to this natural compartmentalization of IDP/DMADP 

accumulation, the enzymes involved in terpenoid biosynthesis are also co-localized to 

access the building blocks in each compartment. Typically localized to plastids are the 

diphosphate synthases which form the C10 geranyl diphosphate (GDP) or the C20 

geranylgeranyl diphosphate (GGDP) through condensation of two or four IDP/DMADP 

molecules by GDP synthase or GGDP synthase (GGDPS), respectively. Furthermore, 

mono- and di- terpene synthases co-localized to plastids utilize GDP and GGDP to 

synthesize the C10 monoterpenes and C20 diterpenes, respectively. Some plants are 

native emitters of the C5 hemiterpene isoprene and contain an isoprene synthase (ISPS), 

which is also typically plastid localized. Cytosolically, three IDP/DMADP molecules are 

formed into the C15 intermediate farnesyl diphosphate (FDP) through condensation by 

FDP synthase (FDPS), which serves as the substrate for sesquiterpene synthases to 

synthesize sesquiterpenes. Localized to the endoplasmic reticulum is squalene synthase 

(SQS), which condenses two FDP molecules to form the C30 squalene, which is the 

precursor to sterols and triterpenoids.  

There have been many research efforts to understand and engineer these 

pathways while developing hosts for biosynthesis of terpenoids as direct products and 

intermediates in semi-chemical synthesis. In some instances, plant species that are 

known to synthesize particular terpenoids have been manipulated to enable larger scale 

production. For example, the diterpene (-)-sclareol from Salvia sclarea (clary sage) is 

commonly extracted as an intermediate of the semi-chemical synthesis of ambroxide, a 
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high-value product used in the fragrance industry18. Ambroxide was historically extracted 

from sperm whale ambergris but the biosynthetic pathway is unknown, though bacterial 

pathways have recently been engineered to synthesize the triterpenoid precursor, 

ambrein, of which ambroxide is an oxidized product of19,20. In another example, plant 

tissue culture techniques were developed as the production platform for paclitaxel, a 

complex diterpenoid made in yew trees (Taxus spp.)21. Under standard growth conditions 

paclitaxel was not produced at industrially relevant yields, but development and 

optimization of tissue culture enabled production for the compound to become widely 

used in chemotherapeutics. While these examples demonstrate ingenuity to produce high 

value terpenoids from native species, this is not feasible for most plants or terpenoids. To 

this end, engineering plants with specific biosynthetic pathways and strategies to optimize 

yields has become a focus in synthetic biology. 

While microbial fermentation is often used for production of chemicals like 

terpenoids, engineered plants present an opportunity for a low input chassis system by 

utilizing sunlight and CO2 to produce large amounts of biomass22,23. This can be 

especially effective in high biomass producing, non-food crops, which can be grown on 

marginal lands not suitable for food crops. Additionally, plants already contain the cellular 

structures, co-enzymes, and precursor pathways to support production of many natural 

products. There are many examples of effective plant engineering to produce valuable 

terpenoids with biotechnological importance. Many terpenoid pathways have been 

engineered in tobacco (Nicotiana spp.), which has become extensively used due to ease 

of engineering transgenic plants, as well as transient expression to rapidly test 

pathways8,12–15,17,24–28. Other model plants have also been used for terpenoid production, 
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including tomato29, Arabidopsis30,31, and even moss32,33. These plants have been used to 

synthesize an array of terpenoid classes, many of which may have significance for 

biotechnological applications.  

These platforms have been employed to produce volatile terpenoids including the 

hemiterpene isoprene25, monoterpenoids12,15,30,31, and sesquiterpenoids12,15,30–33, many 

of which are commonly used in the fragrance industry. The longer chain, non-volatile 

terpenoids have also been of great interest, including strategies to expand the number of 

diterpenoids that can be produced in planta8,17 and have potential roles in a range of 

industries. Additionally, there have been efforts to engineer the production of squalene as 

well as downstream triterpenoids and sterols, which have applications in cosmetic oils, 

biofuels, or pharmaceuticals13,14,27. Finally, there has been a focus in engineering 

tetraterpenoids and, in particular, carotenoids which are of interest as natural pigments 

and nutritional additives24,28. While many studies have enabled synthesis of an array of 

terpenoids, they often result in low yields because they are not optimized for production. 

I will next discuss strategies being developed to improve production in plant hosts, 

through pathway optimization compartmentalization. 

Engineering strategies to improve bioproduction of terpenoids in plants 

Approaches have been developed to increase metabolic flux towards desired 

terpenoids including overexpression of key bottlenecks in the MEP/MVA pathways, 

engineering de-regulated variants of enzymes34,35, incorporation of alternative 

contributors to influence IDP/DMADP pools30,31,36, and silencing of competing 

pathways26. Each of these approaches either improve availability of, or redirect 

IDP/DAMDP for production of desired terpenoids. For example, overexpression of rate 
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limiting steps of the MVA or MEP pathways, HMGR and DXS, enable significant increases 

to terpenoid by increasing metabolic flux towards IDP/DMADP36–39. These enzymes have 

also been targeted for engineering to reduce feedback inhibition from the end products 

IDP and DMADP34,35. Other strategies have been developed via alternative contributions 

to the MVA/MEP pathways or to IDP/DMADP formation directly. One set enzymes, 

phosphomevalonate decarboxylase (MPD) and isopentenyl phosphate kinase (IPK), 

were used to recreate an archaeal pathway in plants, which performs the final two steps 

of the MVA pathway to form IDP/DMADP, but essentially in reverse order30,31. Another 

group found overexpressing the gene for a Biotin Carboxyl Carrier Protein 1 (BCCP1) can 

disrupt proper formation the acetyl-CoA carboxylase complex, increasing availability of 

acetyl-CoA to enter the MVA pathway by reducing conversion to malonyl-CoA in 

plastids36. Virus-induced gene silencing has been pursued to reduce conversion of 

shared precursors and redirect them towards desired terpenoids. For example, silencing 

expression of phytoene synthase which converts GGDP to phytoene, the carotenoid 

precursor, increased production of the diterpene taxadiene which is also derived from 

GGDP26. There are also other enzyme engineering strategies from microbes that may be 

of value in plants. For example, bacterial enzyme variants have been developed to also 

synthesize DXP, but from ribulose 5-phosphate, potentially providing an unregulated 

mechanism to improve MEP pathway flux in plants40. Additionally, random mutagenesis 

approaches developed in Escherichia coli to improve enzyme functions may be a strategy 

to rapidly improve enzymes which can be utilized for plant production. Engineered 

GGDPS variants created through random mutagenesis showed improved lycopene 
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production in screening, as well as increased production of the diterpene 

levopimaradiene41. 

Compartmentalization of pathways 

Strategies have been developed to improve terpenoid production by re-targeting 

pathways between the cytosol and plastids12–15,28,42, create synthetic compartments14,15, 

and expression of pathways to specific tissues43–49. Plants naturally compartmentalize 

terpenoid biosynthesis within cells as well as across different tissue types, which can be 

utilized to engineer novel pathways. Re-targeting terpenoid biosynthesis from the cytosol 

to plastids has been shown to improve terpenoid production12,13,42, as has re-targeting 

natively plastidial pathways to the cytosol28. Mitochondria have also been targeted for 

production of terpenoids, in particular sesquiterpenes which are typically produced 

cytosolically42,50–52. Hijacking native organelles may enable production of a target 

compound while reducing negative regulation or competition present in the native 

compartments. Furthermore, strategies have been developed to improve production of 

hydrophobic terpenoids using lipid droplets as synthetic storage compartments14,15. Re-

engineering subcellular compartmentalization can not only improve terpenoid production, 

but also alleviate negative effects these pathways may have on the plant host13,14. 

Manipulation of compartments and subcellar localization is therefore an effective strategy 

to further engineer improved terpenoid production in plants. 

In addition to the natural subcellar localization of different pathways, plants have 

naturally developed differential expression and accumulation of pathways and products 

across different tissues which also provide opportunities for engineering10,53–57. Terpenoid 

biosynthesis is seen in specific tissues like roots, leaves, and flowers, and accumulation 
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of terpenoids can even be localized to specific cell types and structures associated with 

these tissues. For example, specialized cork cells53 or secretory ducts55 in root tissue, 

resin ducts in stems58, and other oleoresin structures commonly found in conifers59 have 

been shown to synthesize and store terpenoids. Similarly, glandular trichomes on leaf 

tissue are known to accumulate a variety of specialized metabolites including terpenoids 

and can be specifically engineered for terpenoid production60. Flowers are also known to 

specifically produce terpenoids, especially volatile variants54, and can even emit and store 

these products in the stigma through a natural fumigation process in unopened flower 

buds56. Building from natural biosynthesis examples, engineering specific tissues, cell 

types, and structures may allow for greater control of terpenoid production in plant hosts. 

Engineering plants for production of terpenoids 

Development of engineering strategies is often performed using Agrobacterium-

mediated transient expression, which allows rapid testing of pathways and biological parts 

in a matter of days as opposed to the months or years that are often required when 

creating stable transgenic plants. Pathways can be quickly tested in a combinatorial 

approach by mixing parts which enables characterization of biosynthetic pathways and 

construction of novel terpenoid pathways8,17,27. Transient expression is typically localized 

to the infiltrated leaf tissue, though some methods have been developed to transiently 

express in other tissues61,62. It is possible to produce potentially commercially relevant 

yields of terpenoids using Agrobacterium-mediated transient expression in lab plants like 

tobacco27, but stable transformation may allow more sustainable and large scale 

production of compounds. Furthermore, engineering terpenoid production in crops with 
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industrial uses may be a strategy to add value to existing infrastructure while reducing the 

cost to produce the terpenoids of interest63.  

Engineering fast growing, high biomass producing crops like poplar and sorghum 

(Sorghum spp.) has become of great focus to generate bioenergy and bioproduct 

feedstocks. These crops are typically desirable as they represent significant 

lignocellulosic feedstocks that can be converted to simple sugars and monolignols for 

microbial production of biofuels and bioproducts, like terpenoids64,65. Their robust growth 

and established transformation protocols also make bioenergy crops a candidate for 

engineering production of specialty chemicals and other bioproducts. A technoeconomic 

analysis modeling sorghum biomass showed that engineering the crops to produce a 

variety of compounds, including terpenoids, may improve the economics when extracting 

the compounds prior to lignocellulosic biomass processing63. This strategy may also be 

effective for a woody bioenergy crop like poplar, which is also commonly used in the pulp 

and paper industry and the manufacture of oriented strand board. Poplar has previously 

been engineered for production of specialty chemicals derived from aromatics that are 

also used in biosynthesis of the monolignols which make up the lignin biomass66,67. These 

studies demonstrate poplar is not only valuable as a bioenergy crop, but also as a platform 

for direct production of high value chemicals. Poplar has also been extensively studied 

because many species have the ability to synthesize and emit substantial amounts of 

isoprene, suggesting the metabolic capacity to produce large amounts of terpenoids if 

engineered68. Furthermore, isoprene has a large role in climate change, as massive 

amounts, over 500 Tg year-1 from all plants 69, are emitted each year and reducing 

emissions in commercial poplar may be a strategy to help combat climate change70. To 
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this end, engineering poplar to re-route IDP/DMADP away from isoprene biosynthesis 

and towards production of target terpenoids may be effective in producing high value 

products while reducing isoprene emission in poplar plantations.  

Combinatorial assays and co-expression of complex pathways are easily 

performed using transient expression by mixing of Agrobacterium strains harboring 

different plasmids with target genes inserted, even if in the same vector background. 

Transient expression does not require gene stacking, nor does it rely on plant selection 

markers because genomic integration is not required. Additionally, transient expression 

typically relies on strong constitutive promoters, like the cauliflower mosaic virus (CaMV) 

35S promoter71, when attempting to produce large amounts of products, meaning there 

is little concern over temporal or spatial expression regulation. These expression 

constructs can also be paired with over-expression of the gene encoding viral P19 

suppressor protein which can suppress RNA silencing from the host plants, as is seen in 

the pEAQ vector series72. Including viral silencing suppressors like P19 when generating 

stable transformants, however, often leads to developmental issues as the suppression 

of RNA silencing is not specific73. Therefore, many of the strategies that have been 

optimized for transient expression are not easily translatable to generating stable 

transformants, but recent innovations in genetic engineering are enabling more complex 

pathway design. 

Advancements in plant genetic engineering  

When engineering larger and more complex pathways in stable transformants, the 

plants are typically transformed with multiple genes through one of three strategies: (i) 

consecutive re-transformations with different genes, (ii) co-transformations with genes on 
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multiple constructs, or (iii) transformation with multigene constructs74,75. Consecutive re-

transforming can take months or years, co-transformations are inefficient and require 

multiple selection markers, and multigene platforms require several unique promoters, 

resulting in large constructs with low transformation efficiency. There have been 

advancements in the assembly of larger constructs which enable more efficient 

transformation with large DNA fragments. For example, Collier et al. 2018 developed a 

recombination system to assemble a large construct with a 28.5kb transfer DNA region, 

which required multiple promoters and two selection markers to ensure genomic 

integration and expression of all genes76. Technologies like this provide strategies to 

begin building larger constructs, but diverse genetic elements are still needed for more 

complex metabolic engineering in plants. 

There are a set of genetic tools that have been traditionally used to reliably 

overexpress genes of engineered pathways. These are from viral sources like the CaMV 

35S promoter71 and terminator77, bacterial sources like the promoter and terminator 

sequences from various opine synthases78, or plant sources like the maize Ubiquitin 

promoter79 or the rice Actin promoter80. Additionally, the use of 5’ and 3’ untranslated 

regions (UTRs) have been applied to increase expression, in particular the UTRs from 

cowpea mosaic virus81 which are implemented in the pEAQ-HT vectors72. These 

regulatory tools have proven effective within plant biotechnology when engineering high 

expression of genes and pathways, but additional tools are being developed to further 

improve expression regulation, tissue specificity, and gene stacking abilities from natural 

and synthetic elements43–49,82–96. 
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One of the most important considerations for metabolic engineering is regulation 

of gene expression strengths and tissue specificity, which is largely controlled by 

promoters in plants. A central theme has been on creating synthetic promoters for robust 

expression, mainly through combining known elements from different sequences, which 

has been recently reviewed82. In general, synthetic promoter design in plants has not 

been as advanced as microbial systems, but there have been major strides recently in 

developing synthetic and tunable plant promoters84–88. For example, Cai et al. 2020 

developed a strategy to computationally design constitutive, synthetic minimal promoters 

which demonstrated a range of expression strengths85. In another recent study by Jores 

et al. 2021, a comprehensive analysis of Arabidopsis, Zea mays, and Sorghum bicolor 

core promoter sequences was performed and used to also create a series of synthetic 

variants87. Another recent review has summarized advancements in synthetic regulation 

of pathways through post-transcriptional and translational approaches in addition to 

promoter design83. Post-transcriptional engineering approaches include UTRs on the 5’ 

and 3’ ends of a transcript89,90, as well as terminator sequences91. Synthetic riboswitches 

have also been developed for translational control of pathways97,98, enabling inducible 

translation of mRNA from target genes. These strategies enable additional layers of 

regulation through influencing gene expression, mRNA stability, and translation99,100. 

In addition to expression tunability, regulating where multigene pathways are 

expressed may be especially important to dictate where products like terpenoids 

accumulate and to reduce potential adverse effects of this accumulation on plant 

development. To this end, a number of promoters have been developed to regulate tissue 

specificity43–49. Engineering high specificity can prove advantageous as has been 
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demonstrated in leaf oil production using a leaf senescence specific promoter to reduce 

pleiotropic effects of accumulation while obtaining oilseed-like levels in more biomass 

than traditional seed production92. In addition to tissue specificity, strategies have been 

developed to efficiently express multiple genes in a single construct. For example, one 

system has been developed where a synthetic activator gene is placed under the control 

of an endosperm specific promoter, which when expressed activates expression of 

multiple downstream genes under the control of synthetic promoters responsive to the 

synthetic activator84. A simpler approach to expression of multiple genes is the use of 

bidirectional promoters, which have been isolated from native genomic 

sequences45,46,93,94 or created synthetically through stacking unidirectional promoters, like 

the CaMV 35S, head-to-head49,95,96. Bidirectional promoters have been well studied in 

microbial engineering101,102, but have yet to be used more broadly for plant engineering. 

In combination with linker peptides like the self-cleaving 2A peptide from the foot-and-

mouth disease virus103 or the more efficient hybrid LP4/2A liker103,104, bidirectional 

promoters may enable polycistronic expression on either side of the promoter. These 

strategies to regulate expression of multiple genes would enable more complex gene 

stacking to build entire metabolic pathways in a single construct used for plant 

transformation.  

There have been many advancements in genetic tools for plant engineering and 

these will aid in engineering more precise regulation of metabolic pathways. Combining 

tunable expression regulation, tissue specificity, and compact construct assemblies will 

enable complex engineering of large multigene metabolic pathways. While many of these 

tools only show functionality within specific plant species, they may be more broadly 
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applicable, or at least provide inspiration to further engineer regulatory tools for chassis 

species more predisposed for production of bioproducts like terpenoids. Additionally, 

improving gene stacking strategies will improve engineering of plants to avoid issues like 

repeating promoter sequences being silenced, limitations in selectable markers, and 

smaller constructs for more reliable transformation with a larger number of genes. 

Conclusions 

While plants are natural chemical factories, advancements in metabolic 

engineering have enabled redesigning plants as chassis for more economically viable 

production of chemicals like terpenoids. With developments in engineering the MEP and 

MVA pathways and downstream enzymes for terpenoid production industrially relevant 

yields are becoming more accessible. To further push yields to become economically 

viable, it will be important to consider the optimization of pathways, compartmentalization 

of pathways and storage of products, and the proper plant host for production. 

Furthermore, developing the genetic tools used for construction of pathways in hosts will 

be key. Developing tissue and cell type specificity, along with intracellular 

compartmentalization, would enable precision engineering of terpenoid production which 

could improve yields while reducing negative effects accumulation of products has on the 

host. Creative gene stacking with diverse promoters will enable expansion to engineering 

larger terpenoid pathways while reducing potential silencing due to expression from 

repeated promoter sequences. Furthermore, expansion of promoter libraries with varying 

expression strengths will allow finer expression tunability for each gene in a pathway, 

providing the tools to begin regulating metabolic pathway stoichiometry in plants. 
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Project goals and significance 

 Despite recent advancements in terpenoid metabolic engineering in plants, further 

development is needed of strategies to produce commercially relevant yields and genetic 

tools to facilitate engineering of complex pathways. Many studies have focused on 

strategies to increase IDP/DAMDP supply and flux towards terpenoid production30,31,35–

40, but another area of important consideration is terpenoid storage within hosts14,15. 

Additionally, engineering terpenoid production in plants requires not only installation of 

the desired pathway, but also the enzymes involved in boosting IDP/DMADP supply and 

establishing storage compartments. To enable engineering of these complex pathways, 

development of gene stacking strategies and regulatory tools are needed76. Therefore, 

my dissertation projects aimed to develop strategies which improve yields and production 

capacity of terpenoids in plants while also developing novel genetic tools to facilitate the 

engineering of complex pathways.  

 In this dissertation, I present synthetic biology approaches to redesign plants as 

hosts for production of terpenoids through a multipronged effort. In Chapter 2, I re-

engineer plastids and lipid droplets as synthetic storage compartments in a transient 

expression system and determine storage capacity of products to be a significant 

limitation for improving yields. These approaches also demonstrate the ability to 

ameliorate negative effects terpenoid accumulation has on hosts, providing a strategy to 

improve the overall engineered system. In Chapter 3, I implement these strategies in a 

stable transgenic production host, moving beyond lab scale proof of concept. Transgenic 

lines demonstrated promising terpenoid yields which lay the groundwork to make such a 

platform economically viable. Furthermore, findings here highlight the need for greater 
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regulation of these pathways, in which tissue specificity may be particularly important. In 

Chapter 4, I characterized a library of BDPs which showed a range of expression 

strengths in a heterologous system, demonstrating functionality as genetic tools for 

broader host species. These BDPs were reported to have a range of leaf specificity in 

their native species, which may provide additional control over engineered pathway 

regulation. This work also establishes a pipeline to identify, characterize, and engineer 

BDPs which enables rapid and high-throughput development of promoter libraries. 

Together, the research presented in this dissertation contributes multiple approaches to 

not only improve the strategies for production of terpenoids, but also the tools to facilitate 

more efficient engineering of complex, multi-gene pathways in plant systems. 
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CHAPTER 2 

Pathway engineering, re-targeting, and synthetic scaffolding improves production 

of squalene in plants 

 

Results from this chapter have been adapted with permission from Bibik, J.D., 

Weraduwage, S.M., Banerjee, A., Robertson, K., Espinoza-Corral, R., Sharkey, T.D., 

Lundquist, P.K., and Hamberger, B.R. (2022). Pathway Engineering, Re-targeting, and 

Synthetic Scaffolding Improve the Production of Squalene in Plants. ACS Synth. Biol. 

https://doi.org/10.1021/acssynbio.2c00051. Copyright 2022 American Chemical Society. 
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Abstract 

 Plants are increasingly becoming an option for sustainable bioproduction of 

chemicals and complex molecules like terpenoids. The triterpene squalene has a variety 

of biotechnological uses and is the precursor to a diverse array of triterpenoids, but we 

currently lack a sustainable strategy to produce large quantities for industrial applications. 

Here, I further establish engineered plants as a platform for production of squalene 

through pathway re-targeting and membrane scaffolding. The squalene biosynthetic 

pathway, which natively resides in the cytosol and endoplasmic reticulum, was re-

targeted to plastids, where screening of diverse variants of enzymes at key steps 

improved squalene yields. The highest yielding enzymes were used to create biosynthetic 

scaffolds on co-engineered, cytosolic lipid droplets, resulting in squalene yields up to 0.58 

mg/gFW, or 318% higher than a cytosolic pathway without scaffolding during transient 

expression. These scaffolds were also re-targeted to plastids where they associated with 

membranes throughout, including formation of plastoglobules, or plastidial lipid droplets. 

Plastid scaffolding ameliorated negative effects of squalene biosynthesis and showed up 

to 345% higher rates of photosynthesis than without scaffolding. This study establishes a 

platform for engineering production of squalene in plants, providing the opportunity to 

expand future work into production of higher-value triterpenoids. 
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Introduction 

Engineered plants present an opportunity for sustainable production of high-value 

chemicals important for many industries. One class of chemicals with growing interest are 

terpenoids, the most diverse class of natural products with an array of biotechnological 

applications. The C30 triterpene squalene is a long-chain hydrocarbon and the precursor 

to sterols and triterpenoids105. Since first being described in shark liver oil in 1916106, it 

has been developed for a number of commercial uses that include cosmetic oils, as a 

vaccine adjuvant, and has potential as an energy dense biofuel107,108. Squalene is also 

an important intermediate in the production of higher-value derivatives, such as the 

triterpenoid ambrein and its derivative (-)-ambrox, which are used in the fragrance 

industry109,19,20. For commercial applications, squalene has historically been obtained 

from shark liver and more recently vegetable oils110, but engineered crops may be able 

to produce it with higher specificity and yields. Establishing more sustainable plant 

production strategies for squalene and the derived triterpenoids may enable an 

economically viable platform for supply to a range of industries. It has also been 

suggested that incorporating engineered biosynthetic pathways into bioenergy crops may 

improve the financial feasibility of both terpenoid production and conversion of plant 

biomass to biofuels63. Using plants to produce squalene and valuable derivatives requires 

innovation to increase yields while reducing potentially negative effects of engineered 

pathways on the host24,111,112.  

The terpene backbones from which terpenoids are derived are assembled in five 

carbon segments through condensation of the building blocks isopentenyl diphosphate 

(IDP) and dimethylallyl diphosphate (DMADP)113. In plants, these building blocks are 
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synthesized either in the cytosol through the mevalonate (MVA) pathway, starting with 

condensation of 2 acetyl-CoA molecules, or plastids through the methylerythritol 4-

phosphate (MEP) pathway, starting with pyruvate and glyceraldehyde 3-phosphate 

(GAP) condensation (Figure 2.1). Also localized to the cytosol is farnesyl diphosphate 

synthase (FDPS) which catalyzes the head-to-tail condensation of one DMADP and two 

IDP molecules to form the C15 farnesyl diphosphate (FDP). Two of these FDP molecules 

are then condensed head-to-head by the endoplasmic-reticulum-bound squalene 

synthase (SQS) to form squalene. Multiple approaches have been taken to increase 

terpenoid yields in plants through engineering or re-targeting of these pathways. 

 
Figure 2.1: Overview of the engineering strategies developed or tested to improve 
squalene production in plants. Green arrows indicate the engineered squalene 
pathways developed in this study, scaffolding pathways on cytosolic lipid droplets (left), 
or re-targeting to plastids (right) with and without scaffolding. Orange pathways indicate 
alternative contribution strategies tested, where genes were co-expressed with genes for 
various squalene pathways. 
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Both the MVA and MEP pathways are regulated through multiple mechanisms, 

many of which have become targets for engineering113–118. Common strategies to 

overcome regulatory limitations include overexpression and engineering of key enzymes 

in both pathways. Overexpression of the genes for 1-deoxy-d-xylulose-5-phosphate 

synthase (DXS), the first step in the MEP pathway, and 3-hydroxy-3-methylglutaryl-CoA 

reductase (HMGR), the committed step to the MVA pathway (Figure 2.1), have been 

shown to generate abundant supply of terpenoid precursors IDP and DMADP, while 

increasing terpenoid yields37,39,38,36. Both DXS and HMGR have been targets for 

engineering, where variants have been created and shown to have reduced negative 

regulation in plant systems34,35. Other studies have indicated alternative contributions to 

the precursor pathways or IDP and DMADP pools can also improve terpenoid 

production30,31,36. Overexpression of the Arabidopsis thaliana biotin carboxyl carrier 

protein 1 gene (AtBCCP1) was shown to improve acetyl-CoA availability and utilization 

by the MVA pathway to increase terpenoid yields36, by potentially disrupting the acetyl-

CoA carboxylase complex. Addition of a phosphomevalonate decarboxylase from 

Roseiflexus castenholzii (RcMPD) and an Arabidopsis isopentenyl phosphate kinase 

(AtIPK), a non-canonical route to IDP using MVA pathway intermediates, was also found 

to improve terpenoid production in plants30,31. These studies provide potential biological 

parts for optimization or combinatorial approaches to further develop plant systems for 

terpenoid production 

Re-targeting and compartmentalization of terpenoid pathways has enabled 

storage of products to increase yields12,15,42 and reduce negative effects of product 

accumulation on plants13,14. Previous work has shown that redirecting terpene 
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biosynthesis from the cytosol to plastids in plants, using the organelle as a storage 

compartment, can increase yields12,13,42. In other work, lipid droplets have been adapted 

as synthetic storage compartments for terpenes and terpenoids, increasing yields 

further15,14. Co-production of terpenes and lipid droplets was shown to not only increase 

terpene yields, but also enable a platform for bioproduction of both terpenes and other 

lipids of interest, such as triacylglycerols of which the lipid droplets are composed. These 

co-production strategies for terpenoids and lipid droplets may further improve economic 

feasibility of bioproduction hosts, which has become a focus with the green alga 

Haematococcus pluvialis producing the tetraterpenoid astaxanthin and 

triacylglycerols119,120. 

In this work, I have taken a multi-pronged approach to advance plants as a 

production platform for squalene and triterpenoid derivatives. A series of enzyme 

screenings were performed to optimize plastidial targeted squalene biosynthesis, using 

both native and engineered enzyme variants. The Lipid Droplet Surface Protein from 

Nannochloropsis oceanica (NoLDSP)121 was used to anchor the optimized squalene 

pathway to the surface of cytosolic lipid droplets in different variations, synthesizing 

squalene at the surface of lipid droplets and increasing yields. Next, the lipid droplet 

scaffolding strategy was re-targeted from the cytosol to plastids, where scaffolding 

occurred on membranes throughout chloroplasts and ameliorated negative effects of 

squalene accumulation on photosynthesis. Finally, combinations of AtIPK, RcMPD, and 

AtBCCP1 were co-expressed with cytosolic and lipid droplet squalene pathways in 

attempts to boost yields further. 
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Results and Discussion 

Screening to improve the entry step in the MEP pathway 

The entry step in the MEP pathway synthesizes 1-deoxy-d-xylulose-5-phosphate 

(DXP) from pyruvate and GAP, catalyzed by DXS (Figure 2.1). With this step being a 

major limiting step in the MEP pathway114, controlling flux through the pathway37, as well 

as being feedback inhibited by the end products IDP and DMADP118, it has become a 

target for increasing terpenoid production. Previous work has created novel, bacterial 

DXS-like enzymes (nDXSs) to synthesize DXP from an alternative substrate40, or mutate 

DXS enzymes from poplar to de-regulate and reduce feedback inhibition35. The nDXSs 

were shown to complement dxs knockout lines of Escherichia coli grown on xylose as the 

sole carbon source, synthesizing DXP from ribulose 5-phosphate (Ru5P) (Figure 2.1). 

Furthermore, it was shown that fusing the nDXSs to the next enzyme in the MEP pathway, 

DXS reductoisomerase (DXR), further increased flux through the pathway in E. coli40. In 

studying DXS feedback inhibition, another study found a double mutant from a Populus 

trichocarpa DXS (PtDXS A147G:A352G) had reduced feedback inhibition by IDP and 

DMADP in vitro35. In addition to reduced feedback inhibition, PtDXS A147G:A352G 

showed reduced activity in vitro, but this was never tested in planta to determine whether 

the reduced feedback inhibition can overcome the reduced activity when overexpressed. 

The two most successful nDXS enzymes from E. coli, RibB G108S and YajO, the P. 

trichocarpa double mutant PtDXS A147G:A352G, the wild type PtDXS, and a DXS from 

Coleus forskohlii (CfDXS) (Table A.1) were included in this study. In attempts to overcome 

limitations at this entry step, introduce novel contributions to the MEP pathway, and 
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increase terpene production in plants, the native and mutant DXSs, and bacterial nDXSs, 

alone and fused with DXR, were screened for terpene yields (Figure 2.2a). 

 
Figure 2.2: Plastid targeted pathway optimization for squalene production. 
Screening of key steps in plastid localization for DXS and nDXS (a), FDPS orthologues 
(b), truncated SQS orthologues (c, left), MaSQS mutants (c, right), and additional SQS 
variants (d). Each panel presents data collected from separate transient expression 
experiments, except panel (c, right) was from the same experiment as panel (b) while 
panel (c, left) was a separate experiment. Open circles are individual data points, blue 
circles are mean value, and horizontal line within box represents the median value. The 
box shows the range from the lower 25th percentile to the upper 75th percentile. The upper 
and lower whiskers extend to the largest and smallest data point no further than 1.5x the 
inter-quartile range, with points lying outside the whiskers considered outliers. Asterisks 
indicate significant difference of the mean relative squalene yield for each variant 
compared to mean of all variants in that experiment based on t test. ‘*’: p <= 0.05; ‘**’: p 
<= 0.01; ‘***’: p <= 0.001; ‘****’: p <= 0.0001. Individual statistical comparisons between 
means are shown by brackets and the indicated p-value. 
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While the plant DXS enzymes contain a native plastid transit peptide, a transit 

peptide sequence from the Arabidopsis thaliana Rubisco small subunit122 was added to 

the N-termini of the bacterial nDXSs, targeting these proteins to plastids. Using 

Agrobacterium-mediated, transient expression in Nicotiana benthamiana, each candidate 

gene was co-expressed along with a geranylgeranyl diphosphate synthase gene from C. 

forskohlii (CfGGDPS) and a casbene synthase gene from Daphne genkwa (DgCasS) 

(Table A.1) to synthesize the diterpene casbene as a proxy for flux towards a terpene 

product. While CfDXS and PtDXS demonstrated the highest casbene yields, PtDXS 

A147G:A352G showed reduced yields and the nDXSs did not show any increase over 

control lines of CasS and GGDPS only (Figure 2.2a).  

CfDXS, the highest yielding DXS, increased casbene yields by 163% over control 

lines and showed 80.9% higher yields than the mean of all DXS and nDXS variations 

(Figure 2.2a). The wild type PtDXS showed 72% higher casbene yields than the mean of 

all variations and showed 57% higher yields than PtDXS A147G:A352G. While Banerjee 

et al.35 demonstrated PtDXS A147G:A352G had reduced feedback inhibition, they also 

concluded the enzyme had reduced activity in vitro. The experiments here suggest the 

reduction in feedback inhibition does not overcome the reduced enzyme activity to 

increase terpene yields in plants. The nDXSs did not increase casbene yields, although 

the substrate, Ru5P, is typically present in chloroplasts as an intermediate of the Calvin-

Benson cycle123. While the nDXSs may provide an alternative route capable of 

complementing a DXS knockout in E. coli, nDXS gene overexpression did not result in 

more terpene accumulation than overexpression of the other wild type DXS variants in N. 

benthamiana. The wild type CfDXS resulted in the highest relative casbene yields and 
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was used in subsequent engineering and screening of FDPS and SQS candidates to 

improve plastidial squalene yields. 

SQS and FDPS screening to improve squalene yields 

While overexpression of key genes involved in the MVA or MEP pathways 

improves general terpenoid production, optimizing the downstream reactions towards 

specific products further increases yields41,124. Here, screening of diverse orthologs and 

engineered variants of FDPS and SQS enabled selection of an optimal combination for 

squalene production. Six of the orthologous SQS genes were codon optimized for 

expression in N. benthamiana from the following organisms: Amaranthus hybridus 

(AhSQS), Botryococcus braunii (BbSQS), Euphorbia lathyris (ElSQS), Ganoderma 

lucidum (GlSQS), Mortierella alpina (MaSQS) and Saccharomyces cerevisiae (ScERG9), 

all species that can accumulate large amounts of squalene-related compounds. 

Additionally, a mutant of MaSQS E186K was created that was previously shown to 

improve catalytic efficiency 3.4-fold in in vitro studies125. Finally, two truncated SQS 

variants from the diatom Haslea ostrearia (HoIDISQS), which is a native fusion gene 

encoding an isopentenyl diphosphate isomerase (IDI) fused to the N-terminus of the SQS, 

were included. Both protein domains of HoIDISQS were shown to be functional126, and 

previous studies have shown co-expression of the gene encoding IDI, which catalyzes 

interconversion of IDP and DMADP, increases terpene yields126,127. Screenings of SQS 

and FDPS variants were performed with plastid targeting, to compartmentalize squalene 

accumulation and avoid influence on native, cytosolic squalene biosynthesis. 

To target SQS candidates to plastids, first the predicted C-terminal signal peptide 

which anchors the protein to the endoplasmic reticulum was removed to solubilize the 
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protein. Each candidate was truncated by two different lengths based on amino acid 

sequence alignment (truncation length indicated by Δ). The larger truncation was 10 

amino acids following the end of conserved homology between sequences, and the 

shorter eliminated about half the number of amino acids. The same A. thaliana transit 

peptide was then added to the N-termini of truncated variants, targeting solubilized SQS 

candidates to plastids. SQS candidates were co-expressed with plastid targeted FDPS 

from A. thaliana (AtFDPS) and CfDXS, then squalene yields were measured, which are 

reported as a relative ratio of squalene to the added internal standard, n-hexacosane 

(Figure 2.2c). Expression of only plastid targeted AtFDPS and CfDXS resulted in 

squalene levels similar to background, indicating little influence on cytosolic squalene 

production (Figure A.1). Candidate FDPS genes were compared from three species: A. 

thaliana, Picea abies, and Gallus gallus (N. benthamiana codon optimized). Each FDPS 

gene was co-expressed with CfDXS and MaSQS CΔ17 and squalene was measured 

(Figure 2.2b). 

Comparing FDPS variants, AtFDPS had statistically significant higher yields than 

both PaFDPS and GgFDPS (p < 0.01 and p < 0.05, respectively), which was 41% higher 

than the mean of all FDPS variants (Figure 2.2b). Compared to the mean squalene yield 

of all variants, BbSQS CΔ40, BbSQS CΔ83, and ElSQS CΔ36 had statistically significant 

lower yields (p < 0.001, p < 0.05, and p < 0.05, respectively), while AhSQS CΔ41 and 

MaSQS CΔ17 had significant higher yields (p < 0.05) (Figure 2.2c). The second AhSQS 

truncation, AhSQS CΔ20, was compared to MaSQS CΔ17 and both resulted in similar 

yields (Figure A.1a). The HoIDISQS truncated variants were screened alongside MaSQS 

CΔ17 and the commonly used yeast SQS, ScERG9, which showed a slight, but not 
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significant, increase in squalene yields (Figure 2.2d). Although these are not directly 

comparable without creating IDI fusions with other variants, these fusions may be worth 

further investigation in future engineering. While the MaSQS CΔ17 E186K variant 

previously demonstrated increased catalytic efficiency (kcat/Km) in vitro125, it did not 

increase squalene yields with either truncation variant in this system (Figure 2.2c). 

MaSQS CΔ17 showed squalene yields 63% higher than the mean yield of other variants 

(Figure 2.2c) and was chosen as the SQS to use for development of lipid droplet 

scaffolding, along with AtFDPS. 

Lipid droplet scaffolding optimization 

Previous work demonstrated terpene synthases can be targeted to the surface of 

lipid droplets by fusing the enzymes to NoLDSP, where terpenoids are stored within the 

lipid droplets15. Unlike other commonly employed lipid droplet proteins like oleosins and 

seipins which can also be used for scaffolding128,129, NoLDSP has no known plant 

orthologs121. Additionally, NoLDSP does not rescue oleosin functions of triacylglycerol 

turnover, possibly due to a lack of species-specific protein recruitment, which may be 

favorable in the context of lipid droplet overproduction121. Here, AtFDPS and MaSQS 

CΔ17 were used to re-localize squalene biosynthesis to the surface of cytosolic lipid 

droplets through fusions to NoLDSP. SQS and FDPS gene variants were co-expressed 

with the gene coding for a truncated form of HMGR, to reduce feedback inhibition, from 

Euphorbia lathyris (ElHMGR159-582) that was previously shown to drive flux through the 

MVA pathway and increase cytosolic terpenoid yields15. To increase lipid droplet 

formation, the gene for a C-terminal, truncated WRINKLED1 transcription factor from 

Arabidopsis thaliana (AtWRI11-397) was co-expressed, which has been shown to activate 
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fatty acid biosynthetic pathways and oil production130,131. Co-expression of the genes for 

AtWRI1 and NoLDSP, with or without fusions to terpene synthases, induces accumulation 

of lipid droplets15,121, which is utilized here to overproduce and functionalize lipid droplets 

as synthetic organelles. It was previously demonstrated that terpenes are effectively 

sequestered within lipid droplets when the biosynthetic pathways are anchored to the 

surface NoLDSP fusions15. 

Several fusion variants were created to target AtFDPS and MaSQS CΔ17, together 

or separately, to lipid droplets (Figure 2.3a and Figure A.1c). Replacing the SQS 

endoplasmic reticulum retention signal, the N-terminus of NoLDSP was fused to the C-

terminus of the truncated SQS (SQS-LDSP). Since FDPS enzymes are natively soluble, 

LDSP was initially fused to either the N- or C-terminus of AtFDPS (LDSP-FDPS or FDPS-

LDSP, respectively). The FDPS-LDSP fusion demonstrated reduced yields (Figure A.1c), 

possibly because of interference of the C-terminal fusion located near the active site, 

according to the crystal structure of the human FDPS132. Therefore, all other combinations 

used variations of NoLDSP fused to the C-terminus of MaSQS CΔ17 and the N-terminus 

of AtFDPS.  
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Figure 2.3: Screening of lipid droplet scaffolding combinations (a) and 
compatibility of alternative pathway contributions to engineered squalene 
pathways in the cytosol (b). All samples are co-expressed with ElHMGR159-582 and 
samples include “LD” if they co-express AtWRI11-397 and either NoLDSP alone or with the 
indicated NoLDSP fusion. Open circles are individual data points, blue circles are mean 
value, and horizontal line within box represents the median value. The box shows the 
range from the lower 25th percentile to the upper 75th percentile. The upper and lower 
whiskers extend to the largest and smallest data point no further than 1.5x the inter-
quartile range, with points lying outside the whiskers considered outliers. Statistical 
significance compared to the mean of the cytosolic squalene pathway without lipid droplet 
scaffolding (cyt:FDPS + cyt:SQS) based on t test is indicated by an asterisk: ‘*’: p <= 0.05; 
‘***’: p <= 0.001. Individual comparisons between variables are indicated by brackets with 
the corresponding p-value. 
 

Each fusion protein, as well as soluble cytosolic versions of SQS and FDPS 

(cyt:SQS and cyt:FDPS), were used to test co-production of squalene and lipid droplets. 

The co-production of lipid droplets (AtWRI1 + NoLDSP) with the soluble, cytosolic 

pathway ElHMGR159-582 + cyt:SQS + cyt:FDPS increased mean squalene yields by 41%, 
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with a similar increase of 49% when only FDPS was anchored to lipid droplets as LDSP-

FDPS (Figure 2.3a). A significant increase in squalene yields of more than 80% was 

observed in lipid droplet scaffolding combinations involving SQS fusions to LDSP, which 

included cyt:SQS-LDSP + cyt:FDPS, cyt:SQS-LDSP + cyt:LDSP-FDPS, and cyt:SQS-

LDSP-FDPS.  

These data suggest it is key for the final step in the pathway, SQS, to be anchored 

to the surface of lipid droplets to increase yields. This may enable direct lipid droplet 

interaction for the squalene as it is synthesized. Co-localization of both FDPS and SQS 

at the surface of the droplets resulting in significant yield increases demonstrates a 

method to create synthetic organelles, which may be an effective strategy to direct 

biosynthesis further towards higher-value, squalene-derived triterpenoids, or other 

classes of products. Manipulation of lipid droplet architecture may provide an additional 

route to further modify scaffolding and production. 

Targeting LDSP scaffolds to plastids 

Further sub-compartmentalization of pathways within plastids may provide another 

strategy to re-direct accumulation of products like squalene14. The SQS-LDSP-FDPS 

fusion protein was targeted to plastids, through the addition of a transit peptide, to 

determine whether the pathway would remain functional if scaffolded in plastids. A 

plasmid was created where plast:CfDXS, plast:AtFDPS, and plast:MaSQS CΔ17 are 

each separated by an LP4/2A linker133,104 (pDFS). The LP4/2A is a hybrid linker which 

combines post-translational cleavage of LP4 with the co-translational “cleavage” of 2A, 

allowing expression of a single transcript while producing separate protein products. 

When compared to pDFS, co-expression of plast:CfDXS with the fusion of plast:SQS-
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LDSP-FDPS resulted in similar squalene yields (Figure A.1b). To determine if the 

plast:SQS-LDSP-FDPS fusion was successfully targeted to plastids, vectors were 

constructed to use EYFP and an EYFP-NoLDSP fusion, both with and without the plastid 

transit peptide. A series of experiments were then performed to determine which 

chloroplast associated membranes the plast:EYFP-NoLDSP fusion proteins were 

localizing to. 

First, confocal microscopy was performed on Agrobacterium-infiltrated N. 

benthamiana containing constructs for either an empty vector, cyt:EYFP, cyt:EYFP-

NoLDSP, plast:EYFP, or plast:EYFP-NoLDSP. It was previously reported and confirmed 

with Nile Red staining that NoLDSP overexpression induces lipid droplet formation15. This 

is confirmed here where the cyt:EYFP-NoLDSP fusion can be seen aggregating to 

cytosolic droplets (Figure A.2). In plants expressing the genes for plast:EYFP-NoLDSP, 

the fusion protein appears to aggregate along the plastid envelopes as well as forming a 

distinct punctate pattern within chloroplasts (Figure 2.4). This suggested plast:EYFP-

NoLDSP localization to multiple membranes within chloroplasts, including plastoglobule-

like structures. In the plast:EYFP-NoLDSP lines, likely cytosolic lipid droplet structures 

are also seen, suggesting NoLDSP may still be forming lipid droplets before the fusion 

protein can be transported to plastids. Future engineering of chloroplast genomes for 

plastidial expression of LDSP fusion genes may prevent cytosolic localization and 

induction of lipid droplet formation. 
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Figure 2.4: Confocal microscopy of plastid targeted EYFP and EYFP-NoLDSP to 
compare membrane localization. EYFP fluorescence and chlorophyll autofluorescence 
were measured with excitation:emission wavelengths of 513.9 nm:585 nm and 561 
nm:700 nm, respectively. Blue arrows point to EYFP punctate seen in chloroplasts; pink 
arrows point to EYFP aggregating at cytosolic lipid droplets still seen being formed. 
 

Previous studies have demonstrated the ability to isolate chloroplasts, separate 

the stroma, and fractionate plastidial membranes to study proteins associated with each 

membrane type134,135. To determine localization of plast:EYFP-NoLDSP fusion proteins 

within chloroplasts, further analysis was performed here through chloroplast isolation and 

membrane fractionation with whole-plant, vacuum infiltrated lines expressing plast:EYFP 

or plast:EYFP-NoLDSP. Chloroplasts were isolated, lysed, and membranes separated 

from the stroma into three fractions (Figure 2.5a and Figure A.3a). The plast:EFYP-
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NoLDSP fusion proteins were found associating with the stroma and all three membrane 

fractions, determined by anti-GFP antibody (Figure 2.5b and Figure A.3b). Also seen in 

each fraction is what may be a cleavage product of the plast:EYFP-NoLDSP fusion 

protein closer to the size of EYFP, though further analysis would be needed to confirm.  

 
Figure 2.5: Western blots to determine membrane localization of plastid target, 
EYFP-NoLDSP fusion proteins. Chloroplast fractions (a) are labeled where the different 
samples were taken. Western blots using antibodies specific to proteins from each 
membrane fraction (b) are labeled with the expected protein mass and the ladder markers 
where the membrane was cut for antibody application. The in-tact membrane stained with 
Ponceau S dye (c) prior to cutting fragments for antibody visualization. Each lane is 
indicated as uninfiltrated, wild type plants (WT) or the presence of EYFP with (+) or 
without (-) fusion to NoLDSP. Arrows indicate bands at the expected sizes of each protein 
of interest. In (b), the membrane fragment cut at 50 kDa and 20 kDa was first visualized 
with anti-FBN1a followed by anti-SBPase. To analyze EYFP and EYFP-NoLDSP, the 50 
kDa – 20 kDa membrane was then visualized using an anti-GFP antibody. 
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The stromal fraction was confirmed by application of the antibody for 

sedoheptulose-1,7-bisphosphatase (anti-SBPase) (Figure 2.5b and Figure A.3b). 

Fractions #1 and #3 were confirmed to contain plastoglobules and thylakoids, 

respectively, as determined by antibodies for fibrillin 1a (anti-FBN1a) and a subunit of 

photosystem I (anti-PsaF) (Figure 2.5b and Figure A.3b). Fraction #2 was inconsistent 

between experiments when visualized with antibodies for the 75 kDa subunit of the 

Translocon of the Outer Chloroplast (anti-TOC75), a protein associated with the outer 

membrane of the chloroplast envelope. TOC75 was not detected in Figure 2.5b but is 

detected in Figure A.3b, suggesting this fraction contains chloroplast envelopes. In 

support of these findings, a previous study visualized a similar fraction with anti-TOC75 

and determined it to be predominantly chloroplast envelopes134. Plastidial targeting of 

NoLDSP fusion proteins, therefore, enables non-specific, membrane scaffolding of 

proteins and pathways throughout the chloroplast. 

Incorporating alternative contributions for the MVA pathway 

To determine if squalene yields could be improved by introducing alternative 

contributions to the MVA pathway, further gene screenings were performed. While 

archaea rely on the MVA pathway, most lack the final two enzymes of the classical 

pathway to form IDP136. In the classical MVA pathway, phosphomevalonate (MVAP) is 

phosphorylated by MVAP kinase (PMK) to form mevalonate diphosphate (MVADP), 

followed by decarboxylation by MVADP decarboxylase (MDD) to form IDP. In this 

alternative pathway (Figure 2.1), MVAP is first decarboxylated by phosphomevalonate 

decarboxylase (MPD) to form isopentenyl phosphate (IP), which is then phosphorylated 

to IDP with an IP kinase (IPK).  
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Recently, cytosolic pools of IP were found and IPK orthologs identified in plants30, 

suggesting a role of IPK in regulation of IDP concentrations. While no MPD orthologs 

have been discovered in plants, co-expression of the MPD gene from the bacterium R. 

castenholzii (RcMPD) with A. thaliana IPK gene (AtIPK) showed increased production 

rates of terpenoids in the Nicotiana tabacum transient expression system31. This 

alternative pathway towards IDP was tested here to determine compatibility with the lipid 

droplet scaffolding strategy and to possibly increase squalene yields further. 

In a separate approach to increase yields of cytosolic terpenoid pathways, 

overexpression of a biotin carboxyl carrier protein gene from A. thaliana (AtBCCP1) was 

investigated. It was previously shown that high accumulation of BCCP1 can disrupt the 

acetyl-CoA carboxylase complex, reducing conversion of acetyl-CoA to malonyl-CoA, the 

committed step towards plastidial de novo fatty acid biosynthesis36. Disrupting the acetyl-

CoA carboxylase complex in tandem with overexpression of terpenoid pathways led to 

increased yields of cytosolic terpenoids, presumably by allowing more acetyl-CoA to enter 

the MVA pathway (Figure 2.1). 

These genes were co-expressed with the cytosolic squalene pathway both with 

and without lipid droplet scaffolding for comparison (Figure 2.3b). The addition AtIPK 

alone or AtIPK and RcMPD did not increase squalene yields. When combined with the 

lipid droplet scaffold, the addition of both AtIPK and RcMPD significantly reduced 

squalene yields. In this work, AtIPK and RcMPD were tested in an entirely transiently 

expressed system to synthesize the non-volatile squalene. The initial work was performed 

by transiently expressing the pathway for the volatile sesquiterpene santalene in a 

transgenic RcMPD overexpression line of Nicotiana tabacum31. The rates of santalene 
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emission were increased with overexpression of RcMPD and AtIPK, but overall yields 

were not measured. While the use of these enzymes may increase rates of terpenoid 

production, they did not increase overall squalene yields in this study. There was also no 

increase in squalene yields when AtBCCP1 was added to transient expression systems 

employed. The initial work characterizing the role of AtBCCP1 in cytosolic terpene 

production showed increased yields of the sesquiterpene bisabolol when overexpressing 

bisabolol synthase, HMGR, and BCCP1. While AtBCCP1 overexpression, as well as 

AtIPK and RcMPD, did not increase squalene yields here, this may be due to limitations 

in storage capacity rather than enzyme activities. The increase in squalene yields when 

lipid droplets are co-produced (Figure 2.3b) demonstrates metabolic capability to produce 

more squalene, but may require greater storage capacity. 

Investigating how expression of squalene pathways affect photosynthesis 

Engineered biosynthetic pathways and accumulation of products in plants have 

been reported to hinder overall productivity and result in negative phenotypes such as 

stunted growth and reduced photosynthesis13,14,24,111,112. To evaluate possible effects of 

these engineered pathways on native physiology, a series of gas-exchange experiments 

were performed under various squalene producing conditions. Although pathways were 

developed here using transient expression in vacuum infiltrated N. benthamiana, these 

experiments provide insight into how they may affect stably transformed crops. Four 

squalene strategies were evaluated for their effect on photosynthesis as an indicator for 

influences on plant physiology: (i) cyt:SQ(-) LDSP (cyt:ElHMGR + cyt:AtFDPS + cyt:MaSQS 

CΔ17), (ii) cyt:SQ(+) LDSP (AtWRI1 + cyt:ElHMGR + cyt:SQS-LDSP-FDPS), (iii) plast:SQ(-) 

LDSP (plast:CfDXS + plast:AtFDPS + plast:MaSQS CΔ17), and (iv) plast:SQ(+) LDSP 
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(plast:CfDXS + plast:SQS-LDSP-FDPS). Each strategy reduced overall photosynthesis 

on both days 3 and 5, compared to pre-infiltration measurements (Figure 2.6a). Plants 

infiltrated with 200 µM acetosyringone in water or with Agrobacterium containing an empty 

pEAQ-HT vector showed no significant differences in photosynthesis and squalene yields 

compared to un-infiltrated plants (Figure A.4). This indicates effects on leaf physiology 

reported here were due to expression of genes involved in the various squalene pathways 

studied. 

 
Figure 2.6: Comparison of photosynthesis and squalene biosynthesis in leaves 
transiently expressing cytosolic and plastid targeted squalene pathways. 
Photosynthesis data (a) and squalene yields (b) for each set of plants compared between 
the empty vector (EV), plastid squalene pathways (plast:Squalene) with (+LDSP) and 
without (-LDSP) membrane scaffolding, and cytosolic pathways (cyt:Squalene) with and 
without lipid droplet scaffolding. Black circles show individual data points and bars  
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Figure 2.6 (cont’d) 
represent means ± standard error. n = 4 plants per treatment. Individual t test statistical 
comparisons between means are shown by brackets and the indicated p-value. 
 

Both cytosolic strategies, with and without lipid droplet scaffolding, reduced 

photosynthesis on day 3, then further on day 5 (Figure 2.6a). Comparing the soluble 

pathways cyt:SQ(-) LDSP and plast:SQ(-) LDSP, cyt:SQ(-) LDSP pathway had 81% higher 

photosynthetic rates than plast:SQ(-) LDSP on day 3 and 631% higher photosynthetic rates 

on day 5. Cytosolic lipid droplet scaffolding (cyt:SQ(+) LDSP) caused a greater reduction in 

photosynthesis than without, which is likely due to overexpression of AtWRI1 as previous 

studies have shown this can induce severe downregulation of gene expression for 

proteins involved in the photosynthetic apparatus130. Targeting the lipid droplet scaffold 

to plastids, however, moderated some of the negative effects on photosynthesis. 

Compared to the plast:SQ(-) LDSP pathway on day 3, the plast:SQ(+) LDSP infiltrated plants 

had 112% higher levels of photosynthesis and on day 5, plast:SQ(+) LDSP had 345% higher 

levels of photosynthesis than plast:SQ(-) LDSP. These data demonstrate scaffolding of the 

plastidial, squalene biosynthetic pathway partially ameliorates the negative effects of 

squalene biosynthesis on photosynthesis.  

The differences in photosynthesis seen in response to the expression of different 

squalene pathways was not due to variations in intercellular [CO2] resulting from 

differences in stomatal conductance (data not shown). We analyzed A/Ci curves 

(photosynthetic rate (A) plotted against intercellular CO2 concentration, Ci) to understand 

what biochemical properties of photosynthesis are affected by squalene production 

(Figure A.5). Changes in rubisco activity (Vcmax) and ribulose 1,5-bisphosphate 

regeneration (or the rate of electron transport, J) followed similar trends and degrees of 
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change as seen for photosynthesis in leaves expressing different squalene pathways 

(Table A.2). This shows the negative effects on photosynthesis in leaves expressing 

squalene pathways were mainly due to reduced rubisco activity, and that targeting the 

LDSP scaffolds to plastids can moderate some of the negative effects on rubisco and 

photosynthesis. By comparing photosynthesis rates (Figure 2.6a) with squalene 

production (Figure 2.6b), it is clear that the increase in photosynthesis in plast:SQ(+) LDSP 

was due to scaffolding of the plastidial squalene biosynthetic pathway, and not due to a 

decrease in squalene production. The reason for how squalene negatively affects rubisco, 

and how scaffolding of the plastidial squalene biosynthetic pathway helps alleviate the 

negative effects on rubisco and photosynthesis can only be speculated at this time. It may 

be that squalene accumulation in plastids has a direct inhibitory effect on rubisco. Studies 

have demonstrated that squalene accumulation can form aggregates and interfere with 

native membranes137,138. Compared to the soluble plastid pathway, the LDSP scaffolding 

in plastids may distribute the accumulation of squalene more broadly throughout various 

membranes and reduce disruption of protein organization on thylakoid membranes. 

While squalene biosynthesis was detected in leaves expressing all squalene 

pathways tested, the largest increase was seen with the cytosolic strategy with lipid 

droplet scaffolding (Figure 2.6b). In comparison, squalene production by the plastidial 

pathways was less than half that of the cytosolic pathway with lipid droplet scaffolding. 

Additionally, when determining the amount of fixed carbon utilized in the engineered 

squalene pathways, plast:SQ(-) LDSP presented the highest conversion of 1.97% of fixed 

carbon towards squalene (Table 1), while all other strategies utilized less than 1% of fixed 

carbon. Compared to the microalgae Botryococcus braunii, in which upwards of 45% of 
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photosynthetic carbon is naturally directed towards terpenoid biosynthesis139, there may 

be significant capacity to increase carbon partitioning towards squalene in these 

engineered systems. 
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Table 2.1: Summary of changes in squalene yields and photosynthesis when 
scaffolding squalene biosynthesis using NoLDSP. Changes are summarized for the 
plastid (plast:SQ) or cytosol (cyt:SQ) targeted pathways. Squalene production and 
photosynthetic carbon fixed during a 12 hour photoperiod were calculated in terms of 
µmol of carbon fixed per unit surface area (m-2) of the leaf sampled, and the ratio was 
used to determine the percentage of photosynthetic fixed carbon converted to squalene 
(% of fixed carbon to squalene). Values represent means obtained from n = 4 plants per 
treatment. 

 
 
 

In conclusion, optimizing key steps in squalene biosynthesis and 

compartmentalizing the pathway to cytosolic lipid droplets or within plastids and plastid 

membranes effectively improves production of squalene within plant systems. These 

strategies provide a platform which can be expanded to produce compounds directly 

formed from squalene like ambrein, or other squalene derived triterpenoids, sterols, and 

related bioproducts with important industrial applications. Combining these pathways with 

alternative precursor contributors without seeing increased yields suggests there may be 

need to further increase storage capacity. Additionally, there appears to be significant 

photosynthetic capacity to direct more fixed carbon to products. Both may be improved 

by further engineering of lipid droplet architecture or membrane scaffolding to increase 

overall storage capacity. Experiments here were performed using Agrobacterium-
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mediated transient expressioni N. benthamiana, which may inform future work to 

generate stable transformants. 

Methods 

Genes synthesized and cloned 

Genes employed in this study are listed in Table A.1. Genes were either cloned 

from cDNA from the native host or synthesized as gene fragments from Integrated DNA 

Technologies (IDT) or Twist Bioscience. The IDT Codon Optimization Tool was used for 

genes codon optimized for expression in N. benthamiana. Genes were initially inserted 

into the pJET 1.2/blunt vector using the CloneJET PCR Cloning Kit (ThermoFisher 

Scientific). For transient expression experiments, genes were amplified with Phusion 

High-Fidelity DNA Polymerase (New England Biolabs) then inserted into the pEAQ-HT 

vector140,72 (digested with XhoI and NruI restriction enzymes) using the In-Fusion HD 

Cloning Kit (Takara Bio). The pEAQ-HT vector utilizes an enhanced expression platform 

using the Cauliflower Mosaic Virus 35S promoter, 5’ and 3’ untranslated regions from the 

Cowpea Mosaic Virus, and the nopaline synthase terminator. Additionally, this vector co-

expresses the RNA silencing suppressor P19 gene using the 35S promoter and 

terminator from the Cauliflower Mosaic Virus. All genes following pJET 1.2/blunt and 

pEAQ-HT cloning were confirmed via Sanger sequencing provided by Psomagen, Inc. 

Agrobacterium tumefaciens LBA4404 cells were transformed with pEAQ-HT plasmids 

containing the gene of interest via electroporation then plated on LB media with 50 µg/mL 

of kanamycin and 25 µg/mL of rifampicin for selection. Transformed Agrobacterium cells 

were cultured overnight, and flash frozen in 20% glycerol for storage until needed for 

transient expression.  
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Agrobacterium-mediated transient expression, compound extraction, and 

measurement 

Agrobacterium-mediated, transient expression experiments were performed 

similar to previously described methods15. Transformed Agrobacterium cells from 20% 

glycerol stocks were cultured in 5ml LB with 50 µg/mL kanamycin and 25 µg/mL rifampicin 

for 20 hr at 28 °C. These starter cultures were used to inoculate 25 mL of LB with 50 

µg/mL kanamycin, also cultured for 20 hr at 28°C. Cultures were then centrifuged at 4,000 

x g for 10 min, decanted, then re-suspended in 10 mL of water. This was repeated two 

more times for a total of three washes and finally re-suspended in 10 mL of water with 

200 µM of acetosyringone, which was diluted to an OD600 of 0.8 or 1.0 with 200 µM 

acetosyringone in water. Cultures for each set of DXS experiments were diluted to OD600 

of 0.8, while cultures for each set of squalene pathway optimization experiments were 

diluted to OD600 of 1.0. Following dilution, cultures were shaken at 28 °C for 1-2 hr before 

infiltration. Cultures for co-infiltration were mixed in equal proportions and then syringe 

infiltrated into 3 leaves of 3 independent N. benthamiana plants (4-5 weeks old), for a 

total of 9 replicates of each combination in each experiment. Infiltrated plants were grown 

at 23-25°C with a 12-h photoperiod at 150 μmol m−2 s−1
 for 5 days before extraction of 

compounds. 

For casbene extractions, two 15 mm leaf discs were cut out and placed in a vial 

with hexane containing 20ng/µL ledol. Samples were left shaking overnight at room 

temperature, centrifuged at 525 x g for 20 min to pellet plant debris, and supernatant 

transferred to fresh amber GC vial for analysis. For squalene extractions, two 15 mm leaf 

discs were cut out and placed in 2 mL screw cap vials containing 0.1 mm glass beads 
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and one 3 mm tungsten carbide bead then flash frozen in liquid nitrogen and stored in -

80 °C until extraction. Frozen leaf tissue samples were ground using a Qiagen 

TissueLyser at 30 rotations s-1 for 1.5 min twice, 600 µL of hexane containing 50 ng/µL 

n-hexacosane added and samples vortexed, then samples were shaken for 2 hr at room 

temperature. 300 µL of water was added to aid with separation, samples centrifuged at 

16,000 x g for 5 min, and organic layer transferred to amber GC vials for analysis. 

Hexane extracts were analyzed via gas chromatography – flame ionization 

detection (GC-FID) on an Agilent 7890A and compared to retention times of a squalene 

standard. Peak areas for the internal standard, hexacosane, and squalene were extracted 

for comparison. To determine relative yields of squalene, or casbene, peak areas of 

squalene were divided by hexacosane, or ledol, peak areas, presenting a squalene or 

casbene yield relative to the internal standard. For quantification of squalene, fresh leaf 

tissue was weighed prior to extraction and a squalene, GC-FID calibration curve was 

created to determine yields. Squalene peak areas were normalized to the mean of 

hexacosane areas across samples and squalene quantified based on the calibration 

curve. 

Plastid fractionation and western blots 

Plastids from Agrobacterium-infiltrated leaves were extracted and fractionated 

similar to previously described methods135. Whole N. benthamiana plants were vacuum 

infiltrated with Agrobacterium harboring pEAQ-HT vectors which contain either 

plast:EYFP gene or a plast:EYFP-NoLDSP fusion gene. Leaves from 15 full plants from 

each condition were blended in isolation buffer (330 mM sorbitol, 20 mM MOPS pH 7.6, 

13 mM Tris-HCl, 3 mM MgCl2, 0.1 % (w/v) BSA, 5 mM ascorbic acid, 5 mM reduced 
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cysteine, and a protease inhibitors mixture containing 74 µM antipain, 130 µM bestatin, 

16.5 µM chymostatin, 56 µM E64, 2.3 µM leupeptin, 37 µM phosphoramidon, 209 µM 

AEBSF, 0.5 µM aprotinin, 50 mM NaF, 25 mM b-glycerophosphate, 1 mM Na-

orthovanadate, and 10 mM Na-pyrophosphate) then filtered through Miracloth. Samples 

were centrifuged for 5 min at 1,500 x g at 4°C to pellet chloroplasts, then pellets were 

washed twice with washing buffer (50 mM HEPES pH 7.6, 5 mM ascorbic acid, 5 mM 

reduced cysteine, 330 mM sorbitol, and protease inhibitors mixture) and centrifuged again 

as described above. To lyse chloroplasts, washed samples were re-suspended and 

incubated for 30 min on ice in an osmotic shock buffer (10 mM Tricine pH 7.9, 1 mM 

EDTA, 0.6 M sucrose, and protease inhibitors mixture). Lysed chloroplasts were 

centrifuged for 1 hr at 100,000 x g to separate chloroplast stroma from membranes. 

Membrane pellet was resuspended in 2 mL of 48% sucrose in HE buffer (50 mM HEPES 

pH 7.9 and 2 mM EDTA), 1 mL transferred to an ultra-centrifuge tube where 800 µL 5% 

sucrose in HE buffer was carefully overlaid, and the gradient centrifuged for 2 hr at 

100,000 x g. The top, yellow layer consisting of plastoglobules, the second, yellow layer 

consisting of plastid envelopes, and the bottom, green layer consisting of thylakoids were 

removed for analysis (Figures 5a and Figure A.3a). 

 For each membrane layer, total protein was quantified using the Pierce™ BCA 

Protein Assay Kit (Thermo Scientific) and 5 µg of total protein added to Laemmli sample 

buffer before boiling for 10 min. Each boiled sample was run on a 12% SDS gel with 4% 

SDS stacking gel to separate proteins, then proteins were transferred to a nitrocellulose 

membrane (Amersham™ Protran®), and total proteins were stained and visualized with 

incubation in Ponceau S dye (Figures 2.5c and Figure A.3c). The dye was removed and 
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the membrane incubated in blocking buffer (5% condensed milk in tris-buffered saline 

(TBS)) at room temperature for 1 hr. Membranes were washed in TBS with 0.1% Tween® 

20 (TBS-T), cut at the specified molecular weight markers, then incubated at 4°C 

overnight with the appropriate antibody. The antibodies anti-SBPase, anti-TOC75, anti-

PsaF, and anti-FBN1a were used to identify fractions for the stroma, plastid envelopes, 

thylakoids, and plastoglobules, respectively. Membranes were washed with TBS-T, 

incubated with the secondary, polyclonal anti-rabbit HRP antibody for 2 hr at room 

temperature, washed again then imaged using enhanced chemiluminescence. For 

membranes with EYFP, the secondary antibody was stripped, washed, and anti-GFP 

antibody applied and imaged as above, starting with blocking buffer. 

Gas-exchange measurements 

Nicotiana benthamiana plants for gas-exchange measurements were grown from 

seeds in Suremix (Michigan Grower Products) in 5” pots. Plants were grown under a 12-

h photoperiod, a light intensity of 400 µmol m-2 s-1, day/night temperatures of 25°C/20°C, 

and 60% humidity. Plants were kept in a growth chamber (Big-Foot, BioChambers) and 

fertilized using 1/2-strength Hoagland’s solution141. 5-week-old plants were infiltrated with 

Agrobacterium harboring vectors for the indicated squalene pathways and controls at an 

OD600 of 0.8 as described above, except using vacuum instead of syringe infiltration. For 

vacuum infiltration, whole plants were submerged in the respective Agrobacterium 

cultures, placed under a vacuum for 3-4 min, then vacuum quickly released to infiltrate 

leaves. The vacuum and release was repeated once to ensure full infiltration of leaves. 

Gas exchange measurements described below were performed the day before 

infiltration of leaves, and on the 3rd and 5th day after infiltration. For each plant, gas 
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exchange measurements were performed on the 3rd fully expanded leaf counting from 

the top of the canopy. This leaf was tagged and the same leaf was measured 

consecutively prior to infiltration, and on the 3rd and 5th days after infiltration. For squalene 

measurements, on day 3, four 15 mm leaf discs were collected from the leaf immediately 

above the leaf being used for gas-exchange measurements. On day 5, leaf discs were 

collected from the leaf being measured following measurements at the end of the day. 

Squalene was extracted and measured as described above. 

Photosynthetic rates (A), the operational efficiency of photosystem II in light 

adapted leaves (ΦPSII), and stomatal conductance (gsw) were measured simultaneously 

with the aid of a LI-6800 portable gas exchange system (LI-COR Biosciences, Lincoln, 

NE) connected to a Multiphase Flash™ Fluorometer (6800-01A). The environmental 

conditions inside the LI-6800 leaf chamber were set to match daytime growth chamber 

conditions: a light intensity of 400 µmol m-2 s-1 (50% blue light and 50% red light), 

temperature of 25°C, [CO2] of 400 µmol mol⁻¹ and water vapor content of 22 mmol mol⁻¹. 

First, the leaf was inserted into the leaf chamber and allowed to equilibrate for 30 min 

under the above conditions. A measurement was logged after photosynthesis reached 

steady state at the end of this equilibration period. Next, the light intensity inside the leaf 

chamber was then increased to 1000 µmol m-2 s-1 and the leaf was held under this 

saturating light condition until photosynthesis reached steady state. The response of 

photosynthesis to CO2 was determined by measuring photosynthetic rates at varying 

[CO2]. [CO2] was set to change from low to high (50, 100, 150, 200, 300, 350, 400, 450, 

500, 550, 600, 7000, 800, 1000, 1300, 1500 µmol mol⁻¹), and the leaf was allowed to 

equilibrate for 2-3 min at each CO2 concentration before a measurement was logged. 



51 
 

These data were used to generate A/Ci curves. To determine the biochemical capacities 

underlying photosynthesis: maximum carboxylation rate (Vcmax), maximum rate of 

electron transport (J), triose phosphate utilization rate (TPU), A/Ci curves were fitted by 

the Farquhar-von Caemmerer-Berry biochemical model of photosynthesis142,143 using the 

following software: A/Ci curve fitting utility version 2.9 for tobacco143–145. 
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CHAPTER 3 

Engineered poplar for bioproduction of the triterpene squalene 

 

Results from this chapter are being submitted for publication as part of the following 

manuscript:  

 

Bibik, J. D., Kim, B., Sahu, A., Unda, F., Mansfield, S. D., Maravelias, C. T., Sharkey, T. 

D., Hamberger, B. R. Engineered poplar for bioproduction of the triterpene squalene. 

  



54 
 

Abstract 

 Building sustainable platforms for production of biofuels and specialty chemicals 

has become an increasingly important strategy to supplement and replace fossil fuels and 

petrochemicals. Terpenoids are the most diverse class of natural products which have 

many commercial roles as specialty chemicals. Poplar is a rapidly growing, biomass 

dense bioenergy crop with many species known to produce large amounts of the 

hemiterpene isoprene, suggesting an inherent capacity to produce large amounts of other 

terpenes. Here I aimed to engineer poplar with optimized pathways to produce squalene, 

a triterpene commonly used in cosmetic oils, a potential biofuel candidate, and the 

precursor to the diverse classes of triterpenoids and sterols. Squalene production was 

either re-targeted from the cytosol to plastids or co-produced with lipid droplets in the 

cytosol. Squalene and lipid droplet co-production appeared to be toxic, which I 

hypothesize to be due to disruption of adventitious root formation, suggesting a need for 

tissue specific production. Plastidial squalene production enabled up to 0.63 mg/g fresh 

weight in leaf tissue, which also resulted in reductions in isoprene emission and 

photosynthesis. These results were also studied through a technoeconomic analysis, 

providing further insight into developing poplar as a production host. 
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Introduction 

Engineering plants for sustainable bioproduction of high-value chemicals has 

become of great interest5. One class of compounds of particular interest are terpenes and 

the further functionalized terpenoids, the most chemically diverse class of natural 

products. Terpenoid diversity throughout species has established their significance as 

major products in many herbal and medicinal plants used by humans for thousands of 

years11. Many plants are known for naturally producing large amounts of terpenes and 

terpenoids, including mono- and sesqui- terpenoids in the Lamiaceae (mint) family, 

diterpenoid oleoresins in conifers, and isoprene in poplars146. While these plants can 

produce these chemicals in relatively large amounts, scaling up for industrial production 

is often limited by a lack of plant biomass, accumulation of structurally similar compounds, 

low economic value, and many other factors. Furthermore, terpenoid diversity and 

complexity often makes them expensive and difficult, if not impossible, to chemically 

synthesize. With increased characterization of terpenoid biosynthesis in nature, 

biosynthetic pathways can be engineered into fast growing, non-food crop species as an 

inexpensive, ecologically sustainable, and larger scale alternative to chemical synthesis.  

Terpenoids are derived from two common building blocks, dimethylallyl 

diphosphate (DMADP) and the isomer isopentenyl diphosphate (IDP), which are 

synthesized within plastids via the methylerythritol 4-phosphate (MEP) pathway or 

cytosolically from the mevalonate (MVA) pathway. The C5 hemiterpenes, notably 

isoprene, are synthesized in plastids directly from one DMADP. The C10 monoterpenes 

and C20 diterpenes are also synthesized in plastids, using one DMADP and either one or 

three IDP molecules, respectively. Additionally, the C40 tetraterpenes (including 
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carotenoids) are synthesized in plastids from two DMADP and six IDP molecules. Co-

localized to the cytosol, or endoplasmic reticulum with access to cytosolic substrates, are 

the enzymes responsible for synthesis of the C15 sesquiterpenes and the C30 triterpenes. 

Many studies have developed strategies to engineer these pathways for increased 

production, re-direct biosynthesis between the cytosol and plastids, and even engineer 

co-production with or scaffolding on lipid droplets12–15. Much of this research, however, 

has been performed using Agrobacterium-mediated transient expression. While recent 

efforts have made transient expression capable of producing terpenoids in gram-scale 

quantities27, there remains great interest in developing transgenic crops for economically 

and environmentally sustainable bioproduction. It is therefore important to translate these 

strategies from transient expression to stably transformed, transgenic lines in species 

capable of sustainable bioproduction.  

Due to its rapid growth, high lignocellulosic biomass, and established production 

for the pulp and paper industry, many poplar (Populus spp.) hybrids have become target 

feedstocks for production of biofuels and bioproducts64. Bioengineering of poplar has 

been predominantly directed towards manipulation of the lignocellulosic content to 

improve conversion for pulp and paper, monolignol derived chemicals, or fermentable 

sugars147–149. These fermentable sugars are then supplied as carbon sources for 

microbes, which in turn synthesize target biofuels and bioproducts, as opposed to the 

poplar directly producing the compounds. Recent analyses of another bioenergy 

feedstock crop, sorghum, have demonstrated potential to improve the economics of such 

systems by engineering the crops to directly produce higher-value chemicals, such as 

terpenes, which can be extracted prior to feedstock conversion63. These platforms would 
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allow a more sustainable strategy for co-production of high-value chemicals and microbial 

feedstocks.  

While most engineering of poplar has focused on production and conversion to 

monomeric sugars, there have been some examples of engineering for direct chemical 

production66,67. One study engineered production of the phenylalanine-derived 2-

phenylethanol, and its phenylethanol glucoside form, which accumulated in leaves and 

stems of a poplar hybrid66. In an additional study, the same poplar hybrid was engineered 

with the pathways for either of the coniferyl alcohol derivatives eugenol or isoeugenol, 

which were further studied in 4-year field trials67. These biosynthetic pathways were 

targeted because they are derived from the same precursors of the monolignols that form 

lignocellulosic biomass in poplar. In addition to monolignol production, poplars are major 

contributors to global emissions of the hemiterpene isoprene, demonstrating significant 

metabolic capacity for production of terpenoids, particularly in leaves. Therefore, with 

poplars demonstrating robust growth and biomass production, ability to naturally produce 

large amounts of terpenes (isoprene), and having well-established deployment for 

industrial use, it is a promising platform for sustainable terpenoid production. 

In Chapter 2, I developed strategies to produce the C30 triterpene squalene through 

pathway optimization and compartmentalization using transient expression in Nicotiana 

benthamiana. Squalene is commonly used in cosmetic oils, vaccines, and is a candidate 

biofuel in addition to being the precursor to higher-value triterpenoids with broad 

biotechnological applications. Squalene biosynthesis in plants natively occurs through 

condensation of one DMADP and two IDP molecules to form farnesyl diphosphate (FDP) 

by the soluble FDP synthase (FDPS), followed by further condensation of two FDP 
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molecules by the endoplasmic reticulum bound squalene synthase (SQS). The squalene 

production strategies were previously developed through transient expression to 

successfully re-target FDPS and SQS to plastids or the surface of lipid droplets (Figure 

3.1).  

I previously developed engineered squalene pathways to either re-target squalene 

biosynthesis from the cytosol to plastids or co-produce cytosolic lipid droplets with and 

without scaffolding of squalene biosynthetic enzymes at the surface (in Chapter 2). The 

first strategy used here in poplar engineering re-targets an Arabidopsis thaliana FDPS 

(AtFDPS) and a SQS from the fungal species Mortierella alpina with a 17 amino acid C-

terminal truncation to remove the endoplasmic reticulum retention sequence (MaSQS 

CΔ17), to plastids by fusion with an N-terminal transit peptide from the A. thaliana Rubisco 

small subunit122 (Figure 3.1, right). To increase the amount of available IDP/DMADP in 

plastids, overexpression of the gene for 1-deoxy-d-xylulose-5-phosphate synthase from 

Coleus forskohlii (CfDXS) was included. As the entry step to the MEP pathway, DXS has 

been shown to be rate limiting and overexpression of the gene can overcome some of 

these limitations.  
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Figure 3.1: Representation of engineered squalene pathways used for poplar 
transformations. The enzymes required for biosynthesis of squalene, FDPS and SQS, 
were re-targeted to plastids (right) or used in combination with lipid droplet co-production 
or scaffolding through fusions with LDSP (left). Variations of both strategies were 
attempted when engineering poplar. 

 
 The second strategy tested here was designed for co-production of cytosolic lipid 

droplets and squalene also utilizing AtFDPS and MaSQS CΔ17 (Figure 3.1, left). To 

upregulate production of IDP/DMADP in the cytosol, the gene for the committed step to 

the MVA pathway, 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR), from Euphorbia 

lathyris (ElHMGR159-582) was included. Overexpression of the gene in truncated form of 

HMGR improves flux through the MVA pathway and increases cytosolic terpenoid 

yields15. In addition to the squalene biosynthetic pathway, this strategy co-produces lipid 

droplets through expression of the gene for truncated WRINKLED1 transcription factor 

from A. thaliana (AtWRI11-397), which upregulates expression of pathways involved with 

fatty acid and lipid production130,131, as well as the gene for Lipid Droplet Surface Protein 
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from Nannochloropsis oceanica (NoLDSP), which inserts into and aids in formation of 

lipid droplets15,121. Demonstrated in Chapter 2, co-expressing AtWRI11-397 and NoLDSP 

with the soluble squalene pathway increased squalene yields in a Nicotiana benthamiana 

transient expression system, and even further increases were seen when fusing AtFDPS 

and MaSQS CΔ17 to NoLDSP, scaffolding the pathway on the surface of lipid droplets. 

In this work, we aimed to engineer poplar for squalene production either through 

cytosolic lipid droplet scaffolding and co-production, which demonstrated the highest 

squalene yields in transient expression, or in plastids, which is where poplars natively 

produce isoprene (Figure 3.1). The hybrid poplar NM6 (P. nigra L. x P. maximowiczii A. 

Henry) is a female, clonally propagated, commercially valuable clone which has 

demonstrated rapid growth and biomass accumulation in northern climates150 and is 

amenable to engineering through Agrobacterium-mediated transformation151–153. We 

engineered poplar NM6 with overexpression constructs of squalene pathways, measured 

yields of transgenic lines throughout the crop, determined the effects of these pathways 

on photosynthesis and isoprene emission, and performed a technoeconomic analysis to 

gain insight into future production requirements. We also attempted to engineer the 

routinely manipulated poplar hybrid P39 (P. alba x P. grandidentata), though we were 

unable to generate transformants. While our efforts in poplar P39 were unsuccessful, 

engineering poplar NM6 to redirect terpenoid precursors away from isoprene and towards 

terpenes and terpenoids of biotechnological interest may add value to poplar plantations, 

reduce greenhouse gas emission due to isoprene, and advance poplar as a bioproduct 

feedstock. 
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Results and Discussion  

Engineering squalene production in transgenic NM6 poplar 

To introduce these compartmentalized squalene pathways into hybrid poplar, two 

constructs for the plastid targeted squalene pathway, three constructs for the cytosolic 

lipid droplet pathways, and an empty vector were created for transformations (Figure 3.2). 

A modified pEAQ-HT vector72 containing two multiple cloning sites (MCS1 and MCS2) 

was used to generate construct variations for each transformation. The LP4/2A hybrid 

linkers104, which enable co- and post- translational cleavage into separate protein 

products, were used to separate genes in a single MCS to allow expression of multiple 

genes from a single promoter (Figure 3.2). The two plastid targeting constructs were 

generated to contain either CfDXS and AtFDPS in MCS1, separated by LP4/2A, and 

MaSQS CΔ17 in MCS2 (pDF1S2), or all three genes in MCS1, each separated by LP4/2A 

sequences, and an empty MCS2 (pDFS1E2). Three cytosolic lipid droplet constructs were 

created similarly but using ElHMGR159-582 and AtWRI11-397 in addition to AtFDPS and 

MaSQS CΔ17, with variations in NoLDSP fusion combinations (Figure 3.2). These three 

constructs were designed to enable co-production of lipid droplets and squalene with 

either soluble AtFDP and MaSQS CΔ17 (pWL1HFS2), soluble AtFDPS and MaSQS 

CΔ17 fused to NoLDSP (pWSL1HF2), or both AtFDPS and MaSQS CΔ17 fused to 

NoLDSP (pWH1SLF2).  



62 
 

 
Figure 3.2: Construct design for squalene pathways used for poplar 
transformations. Constructs used in this study were derived from the pEAQ-HT vector 
(top) modified to contain two multiple cloning sites (MCSs). 
 

Successful transformation of NM6 was initially only achieved with the empty vector 

construct, pE1E2 (“E” lines), and one of the constructs for plastid targeted squalene 

production, pDF1S2 (“F” lines). During regeneration of transformed poplar NM6, it was 

difficult to obtain transformants with pWL1HFS2. In some instances, shoots were formed 

from callus tissue, but upon transfer to rooting medium plantlets did not survive. To 

determine whether this was unique to NM6, this construct along with two other constructs 

with variations of squalene pathway lipid droplet scaffolding (Figure 3.2), were used in 

attempts to transform the hybrid poplar P39. Poplar P39 is a hybrid line suitable to lab 

manipulation and is commonly used for generating transformants. When transforming 

poplar P39, however, similar effects were observed for all three lipid droplet constructs 
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where plantlets become chlorotic on rooting medium and do not survive, whereas 

transformed plantlets were able to be generated with the empty vector pE1E2. Further 

transformation attempts of poplar NM6 eventually led to generation of transgenic plantlets 

with pWL1HFS2 (“G” lines). However, upon analysis of genomic DNA, only the selection 

marker located toward the left border was detected, while sequences near the right border 

were undetectable. Still, these lines were included for analysis to determine if they could 

produce squalene at higher levels than empty vector lines.  

A general analysis of squalene production was performed on leaf tissue across 

transformants and micro-propagated clones (Figure 3.3). One transformant with the 

pDF1S2 construct, F4-1, produced the highest squalene yields and the clones, F4-2 and 

F4-3, produced the next highest yields (Figure 3.3a). While F5-2 was the independent 

transformant which produced the second highest yields, it was significantly less than F4-

1. The two independent lines transformed with pWL1HFS2, G1 and G71, produced 

detectable levels of squalene, but not more significantly than the empty vectors (Figure 

3.3b). Similar mean squalene yields were seen as before (Figure 3.4a) and, in general, 

higher yields were seen in older leaves (Figure 3.4b). The highest mean yield across leaf 

stages was 0.63 mg/g fresh weight (mg/gFW) as produced in line F4-1, with the highest 

mean yield in the 7th leaves at 0.89 mg/gFW. Possible somaclonal variation is seen 

between micro-propagated clones when comparing squalene yields, especially in F4 

lines. Studies have indicated significant changes in DNA methylation levels between early 

generations of micro-propagated clones, which may be one explanation of phenotypic 

variation seen here154,155. 
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Figure 3.3: Survey of transgenic poplar for production of squalene in leaf tissue. 
Panel (a) shows poplar lines transformed with the plastid targeted squalene pathway in 
vector pDF1S2 compared with empty vector (EV) transformed poplar and panel (b) shows 
poplar lines transformed with the cytosolic and lipid droplet (“LD”) co-production vector 
pWL1HFS2 compared to the same EV samples from panel (a). Leaf samples were taken 
at random across six leaves for each indicated transformant, except empty vector lines 
E2-3 and E3-3 were 3 leaves each. Bars represent the mean squalene yield, with dots 
representing individual measured leaf samples and error bars representing standard 
error.  
 

While successful transformants producing squalene were generated for the 

plastidial squalene pathway, it appears that either the overproduction of cytosolic 

squalene, lipid droplets, or both may be toxic to regenerating poplar plants, though we 

were unable to confirm this before the plantlets died. When shoots were regenerated from 

callus, they would often not survive when transferred to rooting medium, suggesting there 

may be a root specific regeneration issue when these pathways are expressed. It is likely 

the lines that were eventually regenerated did not contain the complete construct, 

considering only the selection marker, but no region near the right border, was detected 

and no significant production of squalene was measured. Further analysis of young, 

green stems and root tissue of plastidial squalene lines confirm production is occurring 

throughout the plants, though with significantly lower yields than leaves (Figure 3.4c and 

3.4d).  
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It can only be hypothesized why the lipid droplet and squalene co-production 

pathways appear toxic to the plants. Lipid droplet formation was seen transiently 

expressing WRI1 and EYFP-NoLDSP in poplar NM6 (Figure B.1), confirming the 

functionality of the platform. It has been demonstrated that WRI1 can influence auxin 

homeostasis156,157 and auxin has been shown to have an essential role in formation of 

adventitious roots in species like poplar158. In this case, overexpression of WRI1 in stems 

and roots may be disrupting auxin homeostasis and therefore interfering with adventitious 

root formation, which is essential for micropropagation of poplar.  

 
Figure 3.4: Leaf stage, stem, and root analysis of squalene yields in select poplar 
transformants. The mean squalene yield across four leaf stages (a) and the mean yield  
at each of these four stages (b) was measured. Samples were collected from the first fully 
expanded leaf (leaf 1), third, fifth, and seventh leaves from three separate branches, 
representing three biological replicates, with the mean squalene yield for each stage 
shown in (b) and the mean squalene yield for all 12 samples in (a). Analysis of squalene  
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Figure 3.4 (cont’d) 
yields in young stems (c), and in roots (d). Empty vector lines E2-3 and E3-3 in panel (a) 
represent the same data from Figure 3.5. Each stem and root mean were calculated from 
two replicates of separate extractions from the same bulk tissue. Dots represent individual 
measurements and error bars represent standard error. 
 

Transient expression in N. benthamiana (Chapter 2) demonstrated squalene yields 

using lipid droplet scaffolding were more than twice that of the plastidial squalene 

pathway. These results suggest significant increases in transgenic poplar NM6 may be 

possible through implementation of lipid droplet scaffolding strategies. Future work could 

incorporate tissue specific expression of lipid droplet and squalene co-production 

pathways to avoid negative impacts on plant regeneration and development. For 

example, using leaf specific promoters for each gene in the pathway to reduce possible 

toxic effects from squalene and lipid droplet co-production in other tissues. 

Analysis of isoprene emission and photosynthesis 

While Chapter 2 investigated the effects of these engineered pathways on the N. 

benthamiana when transiently expressed, I sought to determine whether there were 

similar effects on photosynthesis in the transgenic poplar lines. Additionally, with poplar 

known to emit large amounts of isoprene natively, I aimed to measure how introducing 

direct competition for IDP/DMADP by the engineered squalene pathway influences total 

isoprene emission. Three clones of F4 (F4-1, F4-2, and F4-3), two clones of F5 (F5-1 and 

F5-2), and two independent empty vector lines (E2-3 and E3-3) were chosen to measure 

changes in isoprene emission and photosynthesis, and how these correlated with 

differences in squalene yields (Figure 3.5). Compared to the empty vector lines, the five 

squalene producing plants reduced isoprene emission, with significant reduction in F4-1, 

(Figure 3.5b) and all except F4-3 significantly reduced photosynthesis (Figure 3.5c). 
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Analysis of squalene production, isoprene emission, and photosynthesis was repeated, 

and a significant isoprene emission reduction was seen compared to the empty vector 

line E2-3, but not E3-3 (Figure B.2). In this experiment, however, squalene yields were 

reduced across all lines and photosynthesis was not significantly affected, suggesting a 

need to repeat the analysis. When the plastid targeted squalene pathway was previously 

tested through transient expression in N. benthamiana (in Chapter 2), reduction in 

photosynthesis was seen. Interestingly, there were no significant differences in 

photosynthesis in line F4-3, though the other two clones, F4-1 and F4-2, displayed 

significant reductions. The poplar line with the greatest reduction in isoprene emission 

was F4-1, which demonstrated the highest squalene yields. Future engineering could 

incorporate the plastid targeted membrane scaffolding developed in Chapter 2 to 

potentially reduce the negative effects plastid squalene production has on 

photosynthesis. 
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Figure 3.5: Analysis of isoprene emissions and photosynthesis in squalene 
producing poplar lines. Five plastid squalene producing transformants, three F4 and 
two F5 clones, and two empty vector lines were chosen to investigate how squalene 
production (a) may be affecting isoprene emissions (b) and photosynthesis (c). For each 
plant the seventh fully formed leaf was selected from three branches to measure isoprene 
emission and photosynthesis with biological triplicates. Following measurements, the 
measured leaves were collected for squalene extraction. Each dot represents individual 
measurements and error bars represent the standard error. Asterisks indicate statistical 
significance compared to E2-3 (‘*’: p < 0.05; ‘**’: p < 0.01) as determined by t test. 
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Isoprene emission in poplar has been implicated to have roles in various biotic and 

abiotic stresses68,159, in particular tolerance to heat160. However, studies have shown non-

emitting poplars demonstrate similar biomass productivity to isoprene emitting lines under 

more temperate conditions161,162. In particular, transgenic lines with suppressed isoprene 

emission through RNA interference to reduce ISPS expression maintained similarly high 

biomass productivity in a 4-year field trial162. Additionally, this study found increases in 

expression of compensatory pathways of protective compounds may have enabled this 

high productivity. This suggests poplar may be amenable to further engineering of plastid 

terpenoid pathways to redirect IDP/DMADP away from isoprene and towards squalene 

and other terpenoids with industrial applications.  

Technoeconomic analysis of poplar NM6 squalene production 

 To begin understanding the economic viability of engineered poplar NM6 for large-

scale production of squalene, a technoeconomic analysis (TEA) was performed. A lab-

scale, bulk tissue extraction of poplar leaves was performed to simulate squalene 

extraction and hexane recovery in an industrial setting (Figure 3.6). Analysis was 

performed assuming only production and extraction from leaf tissue with an average 

squalene yield of 0.63 mg/gFW. The lab-scale simulation resulted in a hexane loss of 

30% due to a lack of separation between leaf tissue and the hexane layer, and this 

resulted in a minimum selling price (MSP) of squalene to be $743/kg (Figure 3.6). This is 

an order of magnitude higher than the current median cost of plant-derived squalene of 

$40/kg or shark-derived squalene of $45.75/kg163. Analyzing the TEA results, it is clear 

the two major limitations in large-scale production would be hexane recovery and 

feedstock cost, which could both be made up for by increasing squalene yields (Figure 
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3.6). Performing the TEA with a hexane recovery at 95% reduced the squalene price to 

$150/kg, which comes in at 375% of commercial competitiveness. Use of a decanter 

centrifuge is commonly used in industrial extraction processes, which may allow a much 

higher hexane recovery, and future TEA simulations could be performed modeling this 

process. These models do not include microbial production from converted lignocellulosic 

biomass, as was performed with sorghum63, which could provide further insight into how 

terpenoid producing poplar may improve economics of the platform. Regardless, it is clear 

improvements in squalene yields are needed to make this platform economically viable 

at an industrial scale.  

 

 

Figure 3.6: Technoeconomic analysis of squalene production, extraction, and 
purification from poplar leaves. Results from technoeconomic analysis with either 70% 
hexane recovery as measured in the lab simulation with centrifugation to separate tissue 
or 95% hexane recovery, which is attainable through separation with a decanter 
centrifuge. The breakdown of feedstock input and utility costs to extract and purify 
squalene are presented in Figure B.3 and other assumptions in Table B.1. 
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Conclusions 

 In this work, I engineered poplar for production of squalene, which may provide an 

alternative, sustainable source. Transgenic lines produced up to a mean of 0.63 mg/gFW 

across leaf stages and accumulated much smaller amounts in stems and roots. While the 

TEA results indicate that further optimization is needed to improve economic viability, 

there is great opportunity to further engineer squalene production. To improve plastid 

targeted squalene production, one strategy which may greatly improve yields would be 

knockdown or knockout or ISPS to direct more IDP/DMADP towards squalene. As 

demonstrated in transient expression systems in Chapter 2, the cytosolic lipid droplet 

scaffolding strategy produced more than twice the amount of squalene compared to the 

plastidial pathway. Here, transgenic poplar lines could not be generated containing this 

pathway which may be due to constitutive expression of genes interfering with 

adventitious root formation. Analysis of root and stem tissue indicates activity of the 

pathways, which may in-turn cause the developmental issues when regenerating 

transformants. Future engineering strategies could incorporate tissue-specific expression 

of desired pathways to avoid any possible unintended effects in other tissues or during 

regeneration. This work demonstrates novel engineering approaches in a bioenergy 

feedstock crop, laying the groundwork for a sustainable terpenoid production platform for 

and as a potential strategy to improve economic viability of such crops. 

Methods 

Generation of poplar transformants 

Constructs for transformation were derived from the pEAQ-HT vector72 with the 

P19 gene removed and replaced with a second multiple cloning site (MCS2) (Figure 3.2). 
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To remove the P19 gene, primers were designed to amplify the entire vector, without the 

P19 gene, and containing 5’ overhangs for re-ligating the vector with a SwaI restriction 

site in place of the gene using In-Fusion cloning mix (Takara Bio). Therefore, both cloning 

sites were under the control of the constitutively expressing CaMV 35S promoter.  

Each set of genes and LP4/2A linkers were consecutively inserted into the 

indicated MCS (Figure 3.2) using In-Fusion cloning. There are two DNA sequence 

variants of LP4/2A linkers to avoid identical sequences and assist with cloning. The 

transgenic poplars were generated as described previously152,153. Briefly, sterile stem 

internodes or leaves (1 cm long) taken from in vitro grown hybrid poplar NM6 were 

inoculated with Agrobacterium tumefaciens strain C58 carrying the selected vector 

construct. Shoot regeneration was induced in the presence of kanamycin. The 

regenerated shoots were further screened for antibiotic resistance by transferring to 

rooting media containing kanamycin. Genomic PCR specific to the selection marker was 

used to confirm the transgenic events. Genomic DNA was also used in attempts to 

confirm sequences near the right border in the lipid droplet and cytosolic squalene 

constructs. 

Following rooting and selection marker confirmation, transgenic poplar plantlets 

were transferred to soil and placed in a growth chamber for acclimation. Chamber 

conditions were set to a light intensity of 200 µmol m-2 s-1 at pot level, 12 hr day length, 

23°C during the day and 20°C during the night, and a relative humidity of 60%. Poplar 

plantlets were allowed to acclimate in the chamber for 2-3 weeks before transplanting to 

larger pots and transferring to the greenhouse. 
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Transient expression in poplar NM6 

 Agrobacterium-mediated transient expression was performed similar to methods 

in Chapter 2, but in poplar NM6 leaves. Agrobacterium strains harboring a pEAQ-HT 

vector72,140 containing either an EYFP-NoLDSP fusion or AtWI1-LP4/2A-EYFP-NoLDSP 

were infiltrated with a syringe at an OD600 of 1.0. Infiltration was much more difficult than 

tobacco leaves, however, enough Agrobacterium was infiltrated around the infiltration site 

to measure fluorescence (Figure B.1). Infiltrated leaf areas were cut off and using a razor 

blade the adaxial layers of leaf tissue were gently scraped off to reveal a thin abaxial layer 

for imaging in an Olympus Fluoview FV10i microscope. Fluorescent images were taken 

at excitation:emission wavelengths of 473nm:527nm for EYFP and 559nm:600nm for 

chlorophyll. 

Analysis of squalene production in transformants 

Leaf tissue was collected, extracted, and measured using gas chromatography 

with flame ionization detection (GC-FID) similar to methods in Chapter 2. 15 mm leaf 

discs were cut, weighed, frozen in liquid nitrogen in 2 mL screw cap tubes containing 0.1 

mm glass beads and two 3 mm tungsten carbide beads, and stored at -80°C until 

extraction. Frozen tissues were ground to a fine powder in a Qiagen TissueLyser at 30m 

s-1 for 2 min until the tissue was a fine powder. 600µL of hexane containing 50 ng/µL of 

n-hexacosane was added and samples shaken at room temperature for two hours, 300 

µL of water added to aid in separation, and samples were centrifuged at 17,000 x g for 5 

mins before transferring the hexane layer to GC vials for analysis. Samples for stem and 

root extraction were collected from multiple young, green stems or roots, flash frozen in 

liquid nitrogen and stored at -80°C until extraction. Stem or root samples were ground 
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with a mortar and pestle into a fine powder, approximately 500 mg of ground tissue 

weighed in 2 mL screw cap tubes, and squalene extracted as described above. Squalene 

was quantified as described in Chapter 2. 

Analysis of isoprene emission and photosynthesis 

 Isoprene measurements were recorded in real time using a Fast Isoprene Sensor 

or FIS (Hills Scientific, Boulder, Colorado). Isoprene reacts with ozone to produce 

formaldehyde and glyoxal that are electronically excited. When they return to the ground 

state, green light is emitted and photons are detected by a photomultiplier tube164. We 

measured isoprene emission and photosynthesis rates simultaneously using the FIS and 

the LI-6800 portable gas exchange system (LI-COR Biosciences, Lincoln, NE) 

respectively. The airflow from the LI-6800 leaf chamber was redirected to the FIS for 

isoprene measurement. The flow rate in the LI-6800 was set at 500 µmol s-1 and the FIS 

flow rate was set such that it draws sample air from the LI-6800 at 600 sccm (420 µmol 

s-1). A 3.225 ppm isoprene standard from Airgas was used for the FIS calibration. First, 

we determined the background signal by measuring isoprene levels in the air flowing from 

the gas chamber. Then the leaf was inserted into the chamber and allowed to equilibrate 

under the following conditions: light intensity of 1000 µmol m-2 s-1 (50% blue light and 50% 

red light), temperature of 30°C, [CO2] of 420 µmol mol⁻¹ and water vapor content of 22 

mmol mol⁻¹. A measurement was logged after both photosynthesis and isoprene reached 

steady state at the end of the equilibration period. We subtracted the background signal 

from each reading of isoprene measurement and calculated mean isoprene emission over 

the time period it stabilized. Photosynthesis was reported by calculating mean of 

assimilation rates recorded for 1 min after stabilization. Measurements were done in three 
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leaves for each genotype. At the end of the day following isoprene emission and 

photosynthesis measurements two 15 mm leaf discs were collected, weighed, and 

extracted as described above. Squalene quantification was performed as done in Chapter 

2. 

Technoeconomic analysis of squalene producing poplar 

 Lab-scale extraction of squalene from poplar leaf tissue was performed to simulate 

industrial extraction process. Fresh leaf tissue from transgenic poplar line F4-1 was flash 

frozen in liquid N2 then ground to a fine powder. Approximately 3 g of ground tissue was 

weighed in a 50 mL polypropylene conical tube, 5 mL of hexane containing 50 ng/µL 

added, samples mixed and allowed to incubate with shaking at room temperature for 2 

hr. Tubes were centrifuged at 10,000 x g for 5 mins and as much of the solvent layer as 

possible was removed with Hamilton syringes to accurately determine the volume of 

hexane remaining in the leaf tissue layer and unable to be recovered. This extraction 

resulted in ~70% hexane recovery, which was the value used for the simulation, along 

with a squalene yield of 0.63 mg/gFW as previously experimentally determined (Figure 

3.3). 

Based on the experimental data, a process simulation model integrating squalene 

extraction and separation units was developed in Aspen Plus®, and an approximate MSP 

for the squalene was determined. The designed process was composed of (1) extraction 

of squalene from poplar leaves, (2) separation of solvent phase from aqueous phase, (3) 

recovery of solvent, and (4) purification of squalene. A detailed process flow diagram is 

depicted in Figure B.3 with other parameters and assumptions outlined in Table B.1. 

Capital and variable operating costs are estimated from the simulation results based on 
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squalene flow rate of 100 kg/h. Note that fixed operating cost is not considered here. 

Equipment costs were estimated using an exponential scaling expression based on 

equipment size and cost data from Aspen Plus® and the literature165. The costs for hexane 

makeup and feedstock are the biggest cost contributors so increasing solvent recovery 

and squalene yield reduces the MSP of squalene.  
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CHAPTER 4 

High-throughput identification, characterization, and engineering of plant 

bidirectional promoters 

 

Results from this chapter are being submitted for publication as part of the following 

manuscript:  

 

Bibik, J. D., Baldermann, A., and Hamberger, B. R. High-throughput identification, 

characterization, and engineering of plant bidirectional promoters. 
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Abstract 

 Plant metabolic engineering quickly becomes complex when aiming to introduce 

large, multigene biosynthetic pathways. Limitations in gene-stacking to reduce insert 

sizes and the need for multiple selection markers, as well as genetic tools to precisely 

regulate expression of several genes makes engineering difficult. In this work, I aimed to 

develop a set of bidirectional promoters, which drive expression of divergent flanking 

genes, with a range of expression strengths to enable greater gene regulation in more 

compact constructs. 34 putative bidirectional promoters from poplar (Populus trichocarpa) 

and Arabidopsis thaliana were identified, many of which demonstrated a range of 

fluorescent reporter production. These bidirectional promoters were also paired with 

various terminator sequences previously shown to increase gene expression, which 

further broadened expression regulation. In many cases, bidirectional promoter 

expression appeared to be context specific depending on the promoter orientation and 

the associated terminator. Synthetic bidirectional promoters were also created either from 

newly characterized unidirectional promoters or from bidirectional promoters based on 

predicted regions of dense transcription factor binding sites. Ultimately, this work 

establishes a high-throughput pipeline to identify, characterize, and engineer bidirectional 

promoters to improve plant metabolic engineering. 
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Introduction 

Engineering plants as hosts for bioproduction has become an attractive platform 

for many chemicals that may not be easily chemically synthesized or biosynthesized in 

other living hosts. Products with interest for commercial uses can be rather complex and 

require a large number of genes to build an efficient biosynthetic pathway. Compared to 

many microbial engineering strategies to express complex pathways, one major limitation 

in plant engineering is a general lack of genetic tools to effectively regulate large pathways 

in a plant host166. Designing sustainable plant production of compounds requires insertion 

of several genes to integrate the biosynthetic pathway, engineer the precursor pathways, 

and incorporate pathway compartmentalization strategies. Terpenoids, for example, are 

the most diverse class of natural products and contribute a dominant fraction of plant 

specialized metabolism. Production of bioactive terpenoids considered for commercial 

applications typically requires a variety of modifying enzymes, including multiple 

cytochromes P450, to functionalize terpene core structures which can result in large 

biosynthetic pathways. In one example, biosynthesis of the anti-malarial sesquiterpenoid 

artemisinin involves 5 enzymes, including a cytochrome P450 and other dehydrogenases 

and reductases, to synthesize the product from farnesyl diphosphate167. Biosynthesis of 

paclitaxel is an even more complex example, involving at least 19 enzymes to convert 

geranylgeranyl diphosphate into the chemotherapeutic diterpenoid21. The complexity of 

many terpenoids makes them extremely difficult or impossible to chemically synthesize, 

so engineering the biosynthetic pathways in hosts, like plants, may be one of the most 

promising ways to efficiently produce these valuable chemicals. However, advancements 
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in plant metabolic engineering are needed to enable more complex regulation of 

pathways. 

Generating transgenic plants using Agrobacterium-mediated transformation, or 

other methods, as described in Chapter 1 becomes difficult when inserting large pathways 

to yield high levels of desired products. Major limitations for inserting large pathways 

include time, selection marker availability, transformation efficiencies, and availability of 

diverse genetic tools to regulate pathways74,75. Consecutive re-transforming is time 

consuming, as plant transformations can take several months to complete and require 

separate selection makers each transformation. Co-transformations using multiple genes 

on separate constructs are inefficient and still require multiple selection markers. 

Transformation of large, multigene constructs containing all desired genes often results 

in low transformation efficiency. In all cases, the multiple genes in a pathway require 

unique promoters to reduce likelihood of unintended gene silencing effects in the host 

plant74,75. Additionally, products and intermediates of desired pathways can prove toxic 

to the host24,111,112, requiring specific regulation of which tissues or cell types genes are 

expressed. Therefore, installation of complex pathways requires strategies to build 

constructs containing the entire pathway under precise regulation of each gene involved, 

while keeping constructs compact to reduce size. 

Advancements in recombination-based cloning methods have enabled quick 

assembly of large constructs76, but gene expression has still been limited to a few 

common promoters which lack diverse expression profiles74,75. There have been recent 

advancements in characterization and engineering promoters for plant gene regulation, 

though the extent to how effectively they function in broader plant species warrants further 
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investigation82,83. Many of these promoters have been developed for tunable 

expression84–87, tissue specificity44,46–49,84,168, and inducibility88,169,170, all of which may aid 

in overcoming current metabolic engineering limitations. Of particular interest are 

bidirectional promoters (BDPs), or promoters which can regulate divergent expression of 

genes on either side of the promoter sequences and enable gene stacking (Figure 4.1).  

Bidirectional promoters are commonly used in microbial systems to improve gene 

stacking in efforts to express a greater number of genes in more compact 

constructs101,102. An analysis performed from poplar, Arabidopsis, and rice revealed 

occurrence of putative bidirectional promoters throughout plant genomes171. While there 

have been several studies characterizing natural BDPs45,93,172–174, there have only been 

a few successful attempts to engineer plant BDPs46,49,95,96, which may be in part due to 

difficulties in predicting what drives promoter directionality when considering transcription 

factor (TF) binding sites (TFBSs)175. BDPs may prove especially useful not only as 

providing regulatory tools, but also as tools to create compact, synthetic gene clusters. 

The hybrid LP4/2A linker enables co- and post-translational cleavage between linked 

genes, creating operon-like constructs of at least three genes as demonstrated in Chapter 

2104. Combining the LP4/2A linker with BDPs could enable expression of at least six genes 

from a single promoter, reducing the number of promoters needed and reducing construct 

sizes of large pathways. Additionally, genes associated with BDPs are often co-

expressed but can vary in expression strengths171, providing the potential for 

development of differential expression and improving fine tuning of genes involved in 

metabolic pathways. 
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In this work, I developed a high-throughput strategy to identify and characterize 

BDPs from Populus trichocarpa and Arabidopsis thaliana. Using publicly available data, I 

searched genomic sequences for putative BDPs and selected candidates based on 

reported expression strengths in leaf tissue. I then developed a high-throughput screening 

method using Agrobacterium-mediated transient expression to investigate activities of 

BDPs in Nicotiana benthamiana based on fluorescence reporters. Using predicted TFBSs 

within functional BDPs, I truncated select BDPs for construction of synthetic variants 

(sBDPs). I also isolated and characterized select unidirectional promoters (UDPs) to use 

for construction of additional sBDPs. Finally, I tested select BDPs in combination with 

previously characterized terminators shown to improve expression in Nicotiana 

benthamiana91 to introduce additional regulatory control. This strategy presents an 

efficient platform for identification, characterization, and engineering of BDPs in plants to 

develop libraries of promoters to improve plant metabolic engineering. 

Results and Discussion 

Identification and cloning of promoter sequences 

 Utilizing the Department of Energy’s Joint Genome Institute’s Phytozome 

database, putative BDPs were identified from whole transcriptome and genome 

sequences from Populus trichocarpa176 and Arabidopsis thaliana177. Putative BDPs were 

initially identified as genomic regions within 1000 nucleotides between transcriptional start 

sites of two genes divergently expressed in leaf tissue (Figure 4.1a). Further selection of 

BDPs was based on high specificity of leaf tissue expression, resulting in library of BDPs 

with a range of leaf expression and specificity (Table C.1). To expand the list of high leaf 

specificity, selection was expanded to genomic regions within 2000 nucleotides between 
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transcription start sites. Promoters were selected with a range of expression levels for the 

reported flanking genes to develop greater expression regulation. Overall, 24 BDPs from 

P. trichocarpa and 10 BDPs from A. thaliana were selected for characterization. Additional 

analysis of putative PtBDPs was performed based on expression data provided by Dr. 

Shawn Mansfield (University of British Columbia), which was collected at six consecutive, 

developmental leaf stages (Figure 4.1b, unpublished). This provides a higher resolution 

analysis of the native activities for each PtBDP across leaf stages in poplar. 

 
Figure 4.1: Reported leaf expression of selected putative BDPs. Panel (a) indicates 
the log2 transformation of the mean Fragments Per Kilobase of transcript per Million 
mapped reads (FPKM) across reported leaf stages (for PtBDPs) or across leaves under 
different nitrogen conditions (AtBDPs) of each putative BDP. Each BDP was selected with  
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Figure 4.1 (cont’d) 
a genomic sequence of less than 2 kilobase pairs (kb) between transcription start sites of 
flanking genes. Panel (b) indicates relative expression across six consecutive leaf stages, 
where leaf 1 is the first emerging leaf and leaf 6 is the most mature leaf, based on P. 
trichocarpa expression data provided by Dr. Shawn Mansfield, University of British 
Columbia (unpublished). The relative expression is based on the leaf stage with the 
highest FPKM within each expressed gene. 
  
 Candidate promoters were amplified along with the predicted 5’ UTRs from 

genomic DNA using primers indicated in Table C.2. Many BDPs had single nucleotide 

polymorphisms, insertions, or deletions compared to the reference genome. Amplified 

and verified sequences are given in Supplementary File 1. BDP clones with the fewest 

genomic differences to the reference sequence were chosen for further analysis. While 

most of the putative BDPs were cloned, some could not be amplified and subcloned into 

the pJET1.2 vector or the subsequent reporter vectors. The low G-C content of promoters 

and 5’ UTRs in some instances made design of efficient primers for amplification 

challenging. Therefore, these BDPs were not analyzed, but the reference genome 

sequences are included in Supplementary File 1. 

Screening promoters in transient expression 

 To analyze activity of BDP sequences, the pEAQ-HT vector72 was modified to 

replace the expression cassette with that of two fluorescent reporters in opposing 

orientations separated by a cloning site for insertion of BDPs. Two constructs were 

created containing a cloning site between either mCerulean178 and Enhanced Yellow 

Fluorescent Protein (EYFP)179 (pDualFP) or a Red Fluorescent Protein (TagRFP-T)180 

and EYFP (pDualFP2), with 3’ terminator sequences for nopaline synthase terminator 

(NosT) and mannopine synthase terminator (MasT), respectively (Figure 4.2). Initial 

testing of pDualFP using the CaMV 35S promoter oriented in either direction showed 
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fluorescence from EYFP, but no measurable mCerulean fluorescence beyond 

background levels (data not shown). Therefore, screening of promoters was performed 

using pDualFP2. 

 
Figure 4.2: Reporter vectors developed for analysis of promoter activities. Each 
vector was created from the pEAQ-HT vector, which also allows for co-expression of the 
P19 gene to help reduce transgene silencing.  
 
 All BDPs were inserted between TagRFP-T and EYFP in pDualFP2. Each BDP 

was screened using Agrobacterium-mediated transient expression in N. benthamiana 

where crude proteins were extracted, and fluorescence measured. Fluorescence for each 

BDP is indicated as the relative value compared to the CaMV 35S promoter in the 

“forward” orientation expressing EYFP on the (+)-strand, or in the “reverse” orientation 

expressing TagRFP-T on the (-)-strand (Figure 4.3). Some poplar BDPs (PtBDPs) and 

Arabidopsis BDPS (AtBDPs) showed little to no activity in these N. benthamiana transient 

expression experiments. Genetic elements can vary in functionality between species so 

differences of promoter activity in N. benthamiana are expected181–183. However, many 

enabled expression of TagRFP-T, EYFP, or both with a wide range of measurable 

fluorescence. Each BDP tested was inserted into pDualFP2 in the “forward” orientation 

(labelled “F”), which is the 5’ to 3’ sequence as reported in the genome with TagRFP-T 
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and EYFP at the 5’ and 3’ ends, respectively (Figure 4.3a and 4.3c). A select set of 

PtBDPs were also tested in the “reverse” orientation with the 3’ and 5’ ends inserted near 

TagRFP-T and EYFP, respectively (Figure 4.3b). 

 Most BDPs demonstrated TagRFP-T or EYFP production similar to or less than 

CaMV 35S, but a few notable BDPs, PtBDP16, PtBDP24, and AtBDP6, showed 

increased reporter activity. Comparing fluorescence across BDPs and orientations 

demonstrates not only a range in activities, but also differences in activity based on 

orientation. For example, some BDPs, like PtBDP13 and PtBDP18, showed similar 

TagRFP-T and EYFP fluorescence in either orientation, but others like PtBDP3, PtBDP8, 

and PtBDP10 showed a preference for production of EYFP regardless of orientation 

(Figure 4.3a and 4.3b). Across most BDPs, EYFP fluorescence is more often seen and 

compared to TagRFP-T fluorescence. This may, in part, be due to lower sensitivity of 

TagRFP-T in this system, and use of the more sensitive superTagRFP-T184 may be one 

way to improve this screening system. However, this does not appear consistently across 

all BDPs tested, particularly when comparing relative fluorescence to CaMV 35S. For 

example, PtBDP16F shows nearly 1.5x EYFP fluorescence compared to CaMV 35S 

(Figure 4.3a), while PtBDP16R only shows 0.65x TagRFP-T fluorescence (Figure 4.3b). 

Therefore, there may be other factors influencing expression based on orientation or other 

genetic context altering expression of some BDPs. 
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Figure 4.3: Screening of putative BDPs identified from poplar and Arabidopsis. 
Panel (a) represents screenings of PtBDPs in the “forward” orientation (F). Panel (b) 
shows select PtBDPs tested in the “reverse” orientation (R). Panel (c) shows screenings 
of the AtBDPs. Bars represent the mean relative fluorescence compared to mean 
TagRFP-T fluorescence (left) of the CaMV 35S promoter in the "reverse” orientation or 
compared to mean EYFP fluorescence (right) of the CaMV 35S promoter in the “forward” 
orientation. Prior to CaMV 35S comparison, samples were empty vector subtracted by 
subtracting the mean fluorescence of pDualFP2 infiltrated plants. Samples in plots with 
no reported fluorescence have a zero or negative pDualFP2 subtracted mean 
fluorescence. Dashed lines represent the relative fluorescence from the CaMV 35S  
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Figure 4.3 (cont’d) 
promoter at 1.0, error bars represent standard error, and asterisks indicated statistical 
significance (p-value < 0.05) compared to the measured background fluorescence from 
the plants infiltrated with Agrobacterium harboring the empty vector pDualFP2. 
 

The BDPs studied here were tested in the heterologous system of N. benthamiana, 

which likely causes the differences or even loss of expression activity from the reported 

native activity. Additionally, removal of promoters from their native genomic context may 

remove them from important trans- and cis-regulatory elements that enable the native 

expression profiles. However, surveying a large number of candidate promoters allowed 

identification of many BDPs demonstrating a range of activity in N. benthamiana. To 

investigate strategies to further modulate expression strengths using BDPs, PtBDP3, 

PtBDP10, PtBDP 16, and PtBDP17 were chosen for further analysis by pairing with 

previously characterized terminator sequences shown to enhance expression. 

Incorporating terminator sequences to further regulate expression 

 Another recently explored strategy to increase transgene expression in plants is 

through natural and engineered 3’ terminator sequences91. Not only do terminators 

regulate effective termination of transcription, but they have also been shown to have a 

significant role influencing gene silencing of transgenes in plants185. Diamos and Mason 

(2018) developed a library of 3’ sequences which demonstrated a wide range of influence 

on expression of a fluorescent reporter driven by the CaMV 35S promoter91. I developed 

additional pDualFP vectors using select terminator sequences identified by Diamos and 

Mason (2018) to investigate their influence when incorporated into a bidirectional 

expression system (Figure 4.2). Four terminator sequence variations were chosen to 

construct the vectors pDualFP3 and pDualFP4 by replacing the NosT and MasT 

sequences in pDualFP2. The terminators were chosen based on reported expression with 
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two demonstrating over 5-fold increase in Green Fluorescent Protein production 

compared to NosT, Bean dwarf mosaic virus movement protein 3’ end (BDB501) and N. 

benthamiana Heat Shock Protein terminator (NbHSP). Two synthetic variants 

demonstrated near 30-fold increase in production, Arabidopsis thaliana Heat Shock 

Protein terminator (AtHSP-Rb7) and CaMV 35S terminator (35S-Rb7), which incorporate 

a sequence fusion with the Rb7 matrix attachment region (MAR) from tobacco. Due to 

limitations in DNA synthesis, the Rb7 MAR used in this work is a truncated form, which 

only contains the last 399 nucleotides at the 3’ end (Rb7-3’). To form pDualFP3, the NosT 

and MasT sequences were replaced by BDB501 and NbHSP, respectively, and for 

pDualFP4 they were replaced by AtHSP-Rb7-3’ and 35S-Rb7-3’, respectively (Figure 

4.2). 

 The presence of the terminators had distinct effects on TagRFP-T and EYFP 

reporter activity between different BDPs (Figure 4.4). For example, AtHSP-Rb7-3’ 

significantly increased TagRFP-T production with PtBDP16, but not with PtBDP3 or the 

35S promoter. Expression of EYFP using 35S promoter or PtBDP16 paired with the 35S-

Rb7-3’ terminator significantly increased production, but this was not seen in PtBDP3. It 

was previously shown that the different terminators can function differently based on the 

target gene epxressed91. These previous findings in addition to data collected here 

suggest desired expression of target genes may require an optimal pair of promoter and 

terminator sequences. This also provides further evidence that BDP activity may change 

depending on genetic context, including the target gene being expressed. In addition to 

providing greater regulation of reporter genes here, the terminators improve sensitivity for 

screening activities of candidate promoters, providing additional tools to further identify 
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novel promoter activities in future studies. While pairing BDPs with different terminators 

enabled one strategy to alter expression, I also aimed to engineer select BDPs to further 

develop expression strengths by altering the BDPs directly. 

 
Figure 4.4: Testing select PtBDPs in combination with diverse terminator 
sequences. The indicated promoters were tested in pDualFP2 (FP2), pDualFP3 (FP3), 
or pDualFP4 (FP4). Bars represent the mean relative fluorescence compared to the mean 
TagRFP-T fluorescence (left) with the CaMV 35S promoter in the "reverse” orientation 
(R) or compared to the mean EYFP fluorescence (right) with the CaMV 35S promoter in 
the “forward” orientation (F). The mean fluorescence of pDualFP2 infiltrated plants was 
subtracted from the mean fluorescence of each sample prior to CaMV 35S comparison. 
Samples in plots with no reported fluorescence have a zero or negative pDualFP2 
subtracted mean fluorescence. Dashed lines represent the relative fluorescence from the 
CaMV 35S promoter at 1.0, error bars represent standard error, and asterisks indicated 
statistical significance (p-value < 0.05) compared to the measured background 
fluorescence from the plants infiltrated with Agrobacterium harboring the empty vector 
pDualFP2. 
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Engineering and characterizing synthetic BDPs 

 Recent studies have demonstrated the ability to combine elements from different 

promoters, enabling diversification of expression patterns of engineered promoters49,84,87. 

Here I engineered sBDPs from existing promoter sequences found in poplar by stacking 

newly characterized UDPs from poplar head-to-head (5’-to-5’) or designing truncated 

PtBDP variants to alter activity and enable creation of novel sBDPs. PtBDP3 and 

PtBDP16 were selected to validate a strategy of predicting regions with abundant TFBSs, 

truncating around these regions, and building sBDPs with novel expression activities. 

TFBSs in PtBDP3 and PtBDP16 were analyzed using PlantPAN3.0186 with comparisons 

to transcription factors found in four dicot species: P. trichocarpa, A. thaliana, Glycine 

max (soybean), and Malus domestica (apple) (Figure 4.5). These predictions were used 

to guide 5’ truncations in areas with a low number of TFBSs and create 3’ sequence 

variations (Figure 4.6). Additionally, three 1kb UDPs from P. trichocarpa were selected 

based on being reported to have high specificity to leaf tissue (Table C.1) and were used 

to create three initial sBDPs for testing by fusing sequences head-to-head in different 

combinations (Figure 4.6). 
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Figure 4.5: Prediction of TFBSs in PtBDP 3 and PtBDP16 to guide engineering 
design. The count of TFBSs across the promoter sequences as predicted by 
PlantPan3.0, binned by every 5 nucleotides. Dashed lines indicate the 5’ truncation made 
to create the 3’ sequences indicated. TF family names are those reported from 
PlantPan3.0 (http://plantpan.itps.ncku.edu.tw/index.html). 
 

This approach allowed broad prediction of putative TFBSs to guide sequence 

selection for activity in N. benthamiana. TFBS prediction enabled identification of 

potentially key regions with abundant TF binding throughout BDPs that may have 

significant influence on expression (Figure 4.5). Using these predictions, three variations 

of PtBDP3 and PtBDP16 were created by truncating the 5’ ends, starting with the (-) – 

strand 5’ UTR, and creating 3’ sequences for testing (Figure 4.6). 5’ truncations were 

created because EYFP reporter demonstrated higher fluorescence for both promoters, 

suggesting greater expression on the (+)-strand (Figure 4.3a and 4.3b). Each truncation 

was made in regions with no or few predicted TFBSs (Figure 4.5). For PtBDP3, the first 

http://plantpan.itps.ncku.edu.tw/index.html
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truncation was made within the 5’ UTR after nucleotide 207 to form PtBDP3-3’a(208-701) 

and the second and third truncations made PtBDP3-3’b(271-701) and PtBDP3-3’c(381-701). 

For PtBDP16, truncations were made to form PtBDP16-3’a(230-912), PtBDP16-3’b(300-912), 

and PtBDP16-3’c(486-912). The promoter variants PtBDP3-3’b and PtBDP16-3’a are 

predicted to lack the core promoter region required for (-)-strand gene expression. 

 
Figure 4.6: Synthetic BDPs created in this study. sBDPs 1, 2, and 3 were created 
through head-to-head fusions of the indicated PtUDPs. sBDP 4 and 5 were created from 
truncated variants of PtBDP3 and PtBDP16.  
 

These truncated variants were tested through transient expression along the three 

PtUDPs and each sBDP created (Figure 4.7). As a more straightforward approach to 

develop sBDPs, PtUDP1, PtUDP2, and PtUDP3 were used to create sBDP1, sBDP2, and 

sBDP3 by combining each of them head-to-head (Figure 4.6). The individual PtUDPs 

were screened alongside each sBDP (Figure 4.7a). Similar to other BDPs, these 

promoters showed a general preference of EYFP production. Each 3’ variation of PtBDP3 

and PtBDP16 demonstrated a range of changes in activity (Figure 4.7b). All truncations 

maintained activity with significant levels of the (+)-strand EYFP except for PtBDP3-3’c. 

The truncation in PtBDP16-3’a appeared to remove activity of the (-)-strand as 

fluorescence of TagRFP-T was not detectable. Interestingly PtBDP16-3’a still maintained 

similar levels of EYFP fluorescence, indicating expression of the (+)-strand was not 
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significantly affected. PtBDP3-3’a maintained similar EYFP production levels to PtBDP3 

and PtBDP3-3’b showed a slight reduction in EYFP.  

 
Figure 4.7: Analysis of engineered promoter variants. Panel (a) shows the results of 
screening sBDP1, sBDP2, sBDP3, and the PtUDPs which were used to create them, all 
in pDualFP2. Panel (b) shows the results of screening 3’ sequence variants of PtBDP3 
and PtBDP16 in pDualFP2 and sBDP4 and sBDP5 in either pDualFP2 (FP2), pDualFP3 
(FP3), or pDualFP4 (FP4). Unless indicated by FP2, FP3, or FP4, data represents 
promoter activity in pDualFP2. The mean fluorescence of pDualFP2 infiltrated plants was 
subtracted from the mean fluorescence of each sample prior to CaMV 35S comparison. 
Samples in plots with no reported fluorescence have a zero or negative pDualFP2 
subtracted mean fluorescence. Dashed lines represent the relative fluorescence from the 
CaMV 35S promoter at 1.0, error bars represent standard error, and asterisks indicated 
statistical significance (p-value < 0.05) compared to the measured background  
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Figure 4.7 (cont’d) 
fluorescence from the plants infiltrated with Agrobacterium harboring the empty vector 
pDualFP2. 
 

 The truncated variants PtBDP3-3’b and PtBDP16-3’a were used to build additional 

sBDPs (Figure 4.6). For sBDP4, PtBDP16-3’a was combined with an additional truncation 

of PtBDP16, PtBDP16-3’d(524-912), which contains 104 bp upstream from the 

transcriptional start site,  or the predicted 3’ core promoter, and the associated 5’ UTR. 

sBDP5 was created through combination of PtBDP16-3’a with PtBDP3-3’b. These sBDPs 

were tested in pDualFP2, pDualFP3, and pDualFP4 to determine activities (Figure 4.7b). 

Both sBDP4 and sBDP5 demonstrated functionality, but TagRFP-T activity was only 

detected when in pDualFP4. Creating these sBDPs and combining them with different 

terminator pairs further demonstrates a strategy to begin developing more fine-tuning of 

target gene expression, which may enable greater control over individual steps within an 

engineered biosynthetic pathway. 

Conclusions 

 Here I have developed a high-throughput strategy to identify, characterize, and 

engineer novel BDPs to further improve plant metabolic engineering. These promoters 

demonstrate a range of expression strengths, while enabling expression of divergent 

genes. While many of the putative BDPs showed little to no activity in this N. benthamiana 

transient expression system, those that are functional demonstrate the capability to drive 

expression of target genes in broader species. Previous studies identifying BDPs have 

mostly focused in monocot species45,46,171,187, while BDPs characterized here provide a 

library from two dicot species. Through combination with previously characterized 

terminator sequences, expression of fluorescent reporters was further altered and 
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provides a strategy for even greater regulation. Additionally, utilizing TFBS prediction, I 

was able to design and engineer novel synthetic BDPs. The BDPs described here 

represent a set of genetic tools that allow for compact gene stacking while enabling 

differential expression. For example, PtBDP16 demonstrates high production of reporters 

which is further amenable to modification, while only being 912 base pairs long with both 

5’-UTRs. The BDP library established here provides a set of tools to enable complex 

metabolic engineering through improvement of gene stacking as well as multigene 

expression regulation. 

Methods 

Promoter identification, selection, and cloning 

 Promoters were identified using genomic and transcriptomic data from P. 

trichocarpa v3.1 and A. thaliana Araport 11 obtained from the Phytozome database at 

https://phytozome-next.jgi.doe.gov/188 (Table C.1). Data files 

“Ptrichocarpa_444_v3.1.gene.gff3” for poplar and “Athaliana_447_Araport11.gene.gff3” 

for A. thaliana along with expression data for all genes in either organism downloaded 

from PhytoMine (https://phytozome-next.jgi.doe.gov/phytomine/begin.do) were sorted 

using R version 4.0.0 with the tidyverse package version 1.3.0. BDPs were identified as 

genomic regions less than 2000 nucleotides between two divergently expressed genes 

and most BDPs tested here were selected as regions 1000 or less nucleotides in length. 

Candidates were further selected based on reported expression of flanking genes in leaf 

tissue reported as Fragments Per Kilobase of transcript per Million mapped reads 

(FPKM). The mean FPKM values from all measured leaf stages were transformed to 

log2(FPKM + 1) where the addition of one to raw FPKM values avoids generating large 

https://phytozome-next.jgi.doe.gov/
https://phytozome-next.jgi.doe.gov/phytomine/begin.do
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negative values when log2 transforming. The mean transformed FPKM values were 

calculated across each reported leaf tissue stage or condition. The genes associated with 

each PtBDP tested here had a mean transformed FPKM value of at least 2 across all leaf 

stages. These values are indicated in Table C.2. AtBDPs were selected similarly, but 

using mean transformed FPKM values across plant treatment conditions and with higher 

leaf specificity of flanking genes. In this case, AtBDPs were selected based on having a 

mean transformed FPKM values of greater than 1 in leaves and less than 0.5 in roots. 

PtUDPs were also selected for high leaf specificity, where the mean transformed FPKM 

values for the associated genes were greater than 4 across leaves, less than 2 in stems, 

and less than 1 in roots. 

 Genomic DNA from P. trichocarpa Nisqually-1 and from A. thaliana Col-0 were 

used as template for amplification using Phusion polymerase (New England Biolabs). 

Each BDP successfully amplified was inserted into the pJET1.2 vector and sequences 

were confirmed through Sanger sequencing. Confirmed promoters were amplified from 

pJET1.2 and inserted into the indicated test vectors, between reporter genes following 

NruI restriction digest, for screening. 

Agrobacterium-mediated transient expression and measurement of fluorescent 

reporters 

 Agrobacterium-mediated transient expression was performed similar to Chapter 2. 

Briefly, Agrobacterium tumefaciens strain LBA4404 was transformed with the respective 

fluorescent reporter construct harboring the intended promoter. Cultures were induced 

with water and acetosyringone for 2 hours at an OD600 of 1.0 prior to infiltrations. For each 

promoter screening, three leaves on either two or three plants were infiltrated depending 
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on the experiment, for a total of six or nine replicates, respectively. Plants were allowed 

to transiently express reporters until samples were collected for analysis on day 4. 

 Fluorescent protein extraction and measurement was performed similar to a 

previously developed method189, but optimized for more high-throughput analysis. On day 

4 after infiltrations, four 15 mm leaf discs were collected, placed in 2mL screw cap tubes 

containing 0.1 mm glass beads and two 3 mm tungsten carbide beads, then flash frozen 

in liquid nitrogen and stored in -80 °C until extraction. Frozen samples were ground in a 

Qiagen TissueLyser at 30 m s-1 for 2 mins, allowed to thaw, and ground again. 750 µL of 

50 mM sodium phosphate buffer, pH 8.0, was added to samples, mixed thoroughly, and 

centrifuged at 17,000 x g for 10 min. 150 µL of crude protein extract was added to 150 µL 

of sodium phosphate buffer in black 96 well plates for analysis of fluorescence. Duplicate 

plates were prepared. Fluorescence was measured at excitation:emission wavelengths 

of 550nm:593nm for TagRFP-T measurements and 497nm:540nm for EYFP 

measurements. Measurements were performed in a BioTek Synergy H1 microplate 

reader.  
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CHAPTER 5  

Conclusions and future directions 
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Summary  

Plants are becoming a more desirable engineering platform for production of 

specialty chemicals and bioproducts. The research performed throughout this dissertation 

demonstrates strategies to further advance the capabilities of complex metabolic 

engineering in plants for production of terpenoids. Through pathway optimization and 

compartmentalization (Figure 2.1), production of squalene was improved while enabling 

co-production of lipids which may also be of biotechnological importance. Lipid droplet 

scaffolding of the biosynthetic pathways results in squalene yields over twice as high as 

the plastidial targeting, but concurrently reduces photosynthesis in the plant (Figure 2.6). 

However, targeting the scaffolding to plastids ameliorates some of the negative effects 

on photosynthesis (Figure 2.6). The NoLDSP scaffolding also demonstrates modularity, 

as different fusion variations result in improved yields (Figure 2.3). These strategies were 

developed in an Agrobacterium-mediated transient expression system and installing them 

in poplar provides the opportunity to analyze their functionality in a stably engineered 

host.  

Here I show that poplar can be engineered as a platform for production of squalene 

by generating transgenic lines with plastidial targeted biosynthesis (Figure 3.4). To the 

best of my knowledge, this is the first case of poplars being engineered for production of 

terpenoids, and these results establish proof-of-concept towards economic viability on 

large scale. Given the cytosolic lipid droplet scaffolding demonstrated over twice the 

squalene yields of plastidial targeting (Figure 2.6), implementing this platform in poplar 

could significantly improve squalene yields. This pathway appears to have a negative 

impact during tissue regeneration, however, and I hypothesize this may be due to 
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overexpression of AtWRI1, or the combination with the squalene pathway, interfering with 

adventitious root development. Squalene production is seen in stem and root tissue with 

the plastid targeted lines, indicating the pathways are expressed at the junction of 

adventitious root formation (Figure 3.4c and 3.4d). Additionally, transient expression in 

poplar NM6 demonstrates co-expressing AtWRI1 and NoLDSP leads to lipid droplet 

formation (Figure B.1), suggesting the scaffolding strategy is active in transgenic 

plantlets. Future iterations would likely benefit from regulating tissue or temporal 

specificity of these pathways to develop transgenic poplar lines. 

Having a diverse set of genetic tools available is essential for metabolic 

engineering of complex pathways. BDPs naturally provide more efficient gene stacking 

than regularly used UDPs, with many showing different levels of expression for the 

divergently expressed genes. Building on this idea, the library of BDPs I have developed 

here provide additional tools to enable more regulation of compact, multigene constructs. 

Rapid development of these tools is often difficult due to plant transformation limitations 

but by leveraging transient expression methods here, I could perform rapid identification 

(Figure 4.1), characterization (Figure 4.3), and engineering (Figure 4.7) of BDPs showing 

a range of expression. Additionally, combining these BDPs with previously characterized 

terminator sequences91 introduced further modularity to regulating expression (Figure 4.4 

and 4.7). These provide not only a new set of genetic tools for metabolic engineering, but 

also a diverse set of sequences which may provide further insight into which regulatory 

elements may be important for future construction of synthetic BDPs.  
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Future work 

Developing compartmentalization of pathways 

Results from Chapter 2 and previous work performed in the Hamberger lab15 

demonstrates scaffolding terpenoid biosynthesis on the surface of lipid droplets is an 

effective strategy to improve yields and store target compounds. This work was 

developed for production of squalene, which has commercial uses in cosmetic oils, 

vaccine adjuvants, and with potential as a biofuel107,108,110. Squalene is also the precursor 

to an array of higher-value triterpenoids which may also be compatible with the 

compartmentalization strategies developed here. These strategies can be leveraged for 

squalene derivatives like ambrein, which is a valuable compound in the fragrance 

industry19,20,109. Previous work has established ambrein biosynthesis using two bacterial 

squalene-hopene cyclases, but there are multiple co-products as each enzyme can 

cyclize squalene and use either product as substrates.19,20. This pathway could be used 

to investigate the capabilities of using lipid droplet scaffolding to drive substrate 

channeling as synthetic metabolons190. 

Utilizing lipid droplet scaffolding in species already well established for lipid production 

is also an interesting consideration. Many plant sources have become a target for lipid 

production191 and scaffolding other proteins important for lipid production or metabolic 

pathways for co-products may be able to further modulate lipid and lipid droplet formation 

or add value to production hosts. In addition to plants, microalgae are commonly 

employed for lipid production119,120, including Nannochloropsis where NoLDSP was 

discovered121. Nannochloropsis could be engineered with a more functionalized LDSP to 

develop lipid-terpenoid co-production strategies. The algae Haematococcus pluvialis has 
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attracted interest as a platform for co-production of triacylglycerols and the tetraterpenoid 

astaxanthin119,120. Production of astaxanthin establishes a metabolic capacity for 

terpenoid production and adapting LDSP scaffolding for squalene and other terpenoids 

could expand the production capabilities of this alga. 

Developing poplar as a terpenoid production host 

Research in this dissertation lays the groundwork to utilize poplar as a production host 

for terpenoids and doing so could add value to the lignocellulosic conversion pipeline and 

further establish poplar as a bioenergy crop. Plastid targeted squalene production was 

successful in poplar, yet it caused concurrent reductions in photosynthesis as seen in 

transient expression experiments. Implementing membrane scaffolding in poplar may 

ameliorate some of these effects. Previous TEA performed in sorghum predicts 

engineering bioenergy crops for terpenoid production may reduce the costs of products 

formed through lignocellulosic biomass conversion63. Performing a similar analysis with 

the squalene producing poplar model could determine if this is an economically viable 

option for a crop like poplar. However, the current TEA analysis suggests more 

engineering is needed to establish poplar as a standalone production platform for 

squalene, with squalene yields still being a major limitation. 

One strategy which could improve plastid targeted squalene yields is by creating 

isoprene synthase knockouts in transformed lines. While squalene production reduced 

isoprene emissions, isoprene was still produced even in the highest squalene producing 

line. As a direct competitor for IDP/DMADP, knockouts of ISPS could be the most direct 

way to further improve flux towards squalene biosynthesis. Given the diverse roles of 

isoprene in plants68,159,160, however, further investigation would be needed to determine 
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how these squalene producing, ISPS knockout lines would perform in the stress 

conditions seen in production fields. Implementing lipid droplet scaffolding strategies may 

also significantly improve yields, but the negative impacts during regeneration prevented 

transformant generation. It is also possible overproduction of squalene may alter levels 

of the squalene-derived sterols, many of which are essential for normal plant 

development192. However, previous work (in Chapter 2) demonstrated overexpression of 

HMGR alone induces high accumulation of squalene, and a separate study generated 

HMGR overexpression lines in a different poplar hybrid without the same lethality seen 

here193. The lipid droplets may also be sequestering squalene and related metabolites, 

preventing their conversion towards triterpenoids and sterols important for development. 

These theories could be further investigated in future iterations of engineered poplar, by 

inserting genes for lipid droplet production alone and cytosolic squalene production alone. 

Hypothesizing the lipid droplet and squalene co-production pathways are disrupting 

adventitious root formation from stems, targeted gene expression could reduce or avoid 

regeneration interference by using leaf specific or inducible promoters83,84,88,194.  

Engineering and expanding available plant BDPs 

Development of novel genetic tools will drive complex metabolic engineering in 

plants. Using transient expression and dual fluorescent reporter vectors established here 

enabled rapid characterization and engineering of BDPs. While the reporters used here 

were effective, modifying TagRFP-T to superTagRFP-T184 may improve the sensitivity 

and allow more accurate screening of BDPs driving low expression. Results in Figure 

4.3a and 4.3b suggest TagRFP-T and EYFP may have different effects on expression 

strength of promoters. A similar effect was seen in previous work characterizing 
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terminator sequences, where some terminators showed antagonistic effects when paired 

with GFP91. Developing these BDPs in a N. benthamiana transient expression system 

enables rapid testing of promoters and gene combination compatibility. The library of 

BDPs characterized here also provide a set of sequences for future analysis to guide 

further engineering of sBDPs. Understanding which elements of the promoters 

significantly contribute to expression profiles will enable modifying natural BDPs while 

also providing sequences required to build sBDPs. 

The BDPs characterized here could be used to drive expression of terpenoid 

pathways in more compact constructs. Using these BDPs, expression of lipid droplet 

scaffolding for squalene production would only require a single BDP, as each side of the 

BDP could drive expression of two or three genes separated by LP4/2A linkers. For 

example, PtBDP16 could express AtWRI1-LP4/2A- ElHMGR159-582
 on the (-) – strand 

while also expressing MaSQS CΔ17-LP4/2A-AtFDPS on the (+) – strand, a pathway that 

required four plasmids in transient expression or two MCSs in poplar constructs. The use 

of these BDPs would be especially effective for much more complex pathways like 

paclitaxel which is predicted to contain 19 enzymes21.  

Conclusion 

 This dissertation presents strategies to improve production of terpenoids in plants 

as well as tools to facilitate complex engineering of plants with the required pathways. 

Optimization, re-targeting, and compartmentalization of terpenoid biosynthesis was 

shown to improve yields and ameliorate some of the negative effects the pathways can 

have on the host. Introducing these pathways in commercial species may provide 

sustainable strategies for production of terpenoids, and consideration of tissue specificity 
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or temporal expression may be required depending on the pathway. BDPs are an 

effective strategy to improve gene stacking and modulate gene expression, and the 

natural and synthetic promoters developed here can facilitate engineering of complex 

pathways for terpenoids and other bioproducts. 
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APPENDIX A 
 
 

Supplemental Data for Chapter 2
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Table A.1: Genes used in Chapter 2 and their associated accession numbers. 

 
 
Table A.2: Analysis of photosynthesis response to CO2 in leaves expressing 
plastid targeted and cytosolic squalene pathways, with and without NoLDSP 
scaffolding. A/Ci curves were fitted by the Farquhar-von Caemmerer-Berry biochemical 
model of photosynthesis using the following software: A/Ci curve fitting utility version 2.9 
for tobacco143–145, to determine how the biochemical capacities underlying 
photosynthesis: maximum carboxylation rate (Vcmax), maximum rate of electron transport 
(J), triose phosphate utilization rate (TPU), were affected in leaves expressing plastid 
targeted and cytosolic squalene pathways, with and without NoLDSP scaffolding. Values 
represent means ± standard error. n = 4 plants per treatment. 
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Figure A.1: Additional boxplots comparing soluble and NoLDSP scaffolding 
pathways in the cytosol and plastids. Panel (a) shows additional plastidial, SQS 
comparisons with pDFS (plast:CfDXS, plast:AtFDPS, and plast:MaSQS CΔ17 separated 
by two LP4/2A hybrid linkers in pEAQ-HT) and the cytosolic co-production of lipid 
droplets, without scaffolding, and cyt:ElHMGR159-582 , cyt:AtFDPS, and cyt:MaSQS CΔ17. 
LD indicates co-expression with AtWRI11-397 and NoLDSP. Panel (b) shows comparisons 
between the pDFS vector and vectors used for plastid scaffolding in the photosynthesis 
experiments. Panel (c) shows additional combinations of cytosolic lipid droplet  
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Figure A.1 (cont’d) 
scaffolding, including the initially tested AtFDPS-NoLDSP fusion variant. Each panel 
represents data from separate transient expression experiments. Open circles are 
individual data points, blue circles are mean value, and horizontal line within box 
represents the median value. The box shows the range from the lower 25th percentile to 
the upper 75th percentile. The upper and lower whiskers extend to the largest and smallest 
data point no further than 1.5x the inter-quartile range, with points lying outside the 
whiskers considered outliers. Paired statistical comparisons were performed by t test 
indicated by brackets with the corresponding p-values. 
 

 
Figure A.2: Confocal microscopy comparing cytosolic EYFP and EYFP-NoLDSP. 
EYFP fluorescence and chlorophyll autofluorescence were measured with 
excitation:emission wavelengths of 513.9 nm:585 nm and 561 nm:700 nm, respectively. 
Pink arrows point to EYFP seen aggregating at lipid droplets in the cytosol. 
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Figure A.3: Additional plastid fractionation and western blots demonstrating EYFP-
NoLDSP localization in chloroplast membranes. During chloroplast isolation and 
fractionation (a), a possible upper layer in the stroma was included for analysis. The 
nitrocellulose membrane was cut after Ponceau S dye staining (c) to form fragments 
which could be visualized with each fraction marker by the indicated antibodies (b). The 
20 – 37 kDa and 37 kDa – 50 kDa fragments in (b) were first visualized by the fraction 
specific antibody then washed and re-visualized with anti-GFP. Each lane is indicated as 
uninfiltrated, wild type plants (WT) or the presence of EYFP with (+) or without (-) fusion 
to NoLDSP. 
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Figure A.4: Comparison of the effects of transient expression of plastid targeted 
squalene pathways in leaves and subsequent effects on photosynthesis compared 
to controls. Alongside plants expressing the plast:Squalene pathway with (+LDSP) and 
without (-LDSP) NoLDSP scaffolding, controls were included for uninfiltrated plants, 
plants infiltrated with water + 200 µM acetosyringone, and plants infiltrated with 
Agrobacterium harboring the pEAQ-HT empty vector (EV). Black circles show individual 
data points and bars represent means ± standard error. n = 4 plants per treatment. 
Individual t test statistical comparisons between means are shown by brackets and the 
indicated p-value. 
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Figure A.5: A/Ci curves comparing plastid targeted and cytosolic squalene 
pathways, with and without NoLDSP scaffolding. Each curve was generated from a 
representative plant for each treatment indicated by color. Data points in each curve 
represent photosynthesis measured at the indicated internal CO2 concentration under a 
saturating light intensity of 1000 µmol m-2 s-1. Maximum carboxylation rate (Vcmax), 
maximum rate of electron transport (J), and triose phosphate utilization rate (TPU) 
determined by fitting the Farquhar-von Caemmerer-Berry biochemical model of 
photosynthesis to A/Ci curves, are presented in Table A.2. 
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APPENDIX B 
 
 

Supplemental Data for Chapter 3 
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Figure B.1: Transient expression of lipid droplet scaffolding in poplar NM6 leaves. 
Panel (a) shows the fluorescent images of poplar NM6 plants either uninfiltrated, 
transiently expressing EYFP-NoLDSP fusions, or transiently expressing AtWRI1 and 
EYFP-NoLDSP. Panel (b) is a representative infiltrated poplar NM6 leave showing the 
infiltrated areas around the syringe marks that were imaged. Pink arrows point to EYFP-
NoLDSP anchored to lipid droplets. 
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Figure B.2: Additional analysis of isoprene emission and photosynthesis in 
squalene producing poplar NM6. Squalene production (a), isoprene emission (b), and 
photosynthesis (c) measured for select transgenic poplar clones. For each plant the 
seventh fully formed leaf was selected from three branches to measure isoprene emission 
and photosynthesis with biological triplicates. Following measurements, the measured 
leaves were collected for squalene extraction. Each dot represents individual 
measurements and error bars represent the standard error. Asterisk indicates statistical 
significance compared to E2-3 (p < 0.05) as determined by t test. 
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Figure B.3: Parameters used to the technoeconomic analyses performed for 
squalene extraction and purification from poplar leaves. The design basis (a) 
indicates the input and output values used for each step in the simulation of squalene 
extraction from bulk poplar leaves. In (b), the simulation of utility costs is determined for 
each step involved processing squalene. The following assumptions were used in the 
analysis represented: (i) 0.63 mg/gFW squalene yields, (ii) 90% leaf water content, (iii) 
70% hexane recovery from tissue, (iv) hexane cost of $0.89/kg, (v) feedstock cost of 
$0.04/kg, and (vi) final squalene purity of 93%. 
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Table B.1: Economic parameters and assumptions used in technoeconomic 
analyses. Indicated are the assumptions included in the analyses and where they were 
derived from. 
Biomass ($ per ton) 40 For harvesting and collection195 

Hexane ($ per ton) 890 196 

Cooling water ($ per GJ) 0.212 Aspen Energy Analyzer V11 

Low pressure steam ($ per GJ) 1.9 Aspen Energy Analyzer V11 

High pressure steam ($ per GJ) 2.5 Aspen Energy Analyzer V11 

Plant operating hours per year 8410 197 

Plant life (year) 30 197 

Internal rate of return (%) 10 197 
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APPENDIX C 
 
 

Supplemental Data for Chapter 4 
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Table C.1: Promoters characterized in this study, the associated gene IDs, and 
reported native expression of each. Values are mean log2(1 + FPKM) of raw FPKM 
values reported across the different reported conditions for each tissue type. 
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Table C.2: Primers used to amplify candidate promoters from genomic DNA. Red 
letters indicate where a point mutation was introduced in the primer to remove a start 
codon in the flanking gene if the primer needed to be designed in a portion of the gene.
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