
ABSTRACT 

WILSON, NATHAN JOHN LEE. A Synthetic Carbon Fixation Cycle to Increase Carbon 

Assimilation in Plants. (Under the direction of Dr. Heike Sederoff). 

 

Plants employ the Calvin-Benson cycle (CBC) to fix atmospheric CO2 for the production 

of biomass. Toward the development of sustainable agriculture and biofuels, increasing the 

efficiency and productivity of photosynthesis is crucial. The flux of carbon through the CBC is 

limited by the activity and selectivity of ribulose-1,5-bisphosphate carboxylase/oxygenase 

(RuBisCO). Attempts to engineer RuBisCO kinetics more favorable to agriculture have led to 

only moderate success. Alternative pathways that do not use RuBisCO to fix CO2 exist but occur 

only in autotrophic bacteria or archaea. Synthetic biology is a growing field that considers 

possibilities that are not bound by evolutionary constraints. Rather than modifying existing 

routes of carbon metabolism in plants, we have developed a carbon fixation cycle that does not 

exist in nature. This pathway is a carbon-fixation cycle inspired by the metabolisms of bacterial 

autrotrophs: a condensed, reverse tricarboxylic acid (crTCA) cycle. The crTCA cycle operates 

with five bacterial enzymes that utilize endogenous plant metabolites as carboxylation substrates 

while using 20% less energy per CO2 capture compared to the Calvin cycle. The crTCA cycle 

functions in vitro under aerobic conditions and the crTCA enzymes have been demonstrated to 

retain activity when transiently expressed in plant systems. The following work uses a systems 

approach to understand if and how the expression of crTCA cycle in Camelina sativa can 

functionally enhance CO2 fixation.  

The first chapter is an introduction to the mitochondrial TCA cycle and its activity in 

supporting photosynthesis. The metabolic intermediates of the engineered crTCA cycle are 

shared with the mitochondrial TCA cycle and have been shown to be transported across 

organelles. The review focuses on how the organic acids of the TCA (and conceptually the 



crTCA) support various metabolic and physiologic processes under both current conditions and 

increased CO2 concentrations.  

The second chapter introduces the research of the crTCA cycle in C. sativa by using a 

systems analysis on glasshouse-grown transgenics. Both the full expression of the crTCA and 

partial expression lead to changes in the phenotype and photosynthetic physiology of Camelina. 

RNA-seq analysis confirmed the expression of the transgenes and determined the effects of 

crTCA cycle expression on the transcriptome, revealing significant changes in amino acid and 

carboxylic acid metabolism. The results show that while expression of the crTCA can be used to 

increase total carbon assimilation, there is no translational significant yield increase.  

The third chapter uses a series of elevated CO2 experiments in an attempt to increase 

crTCA efficacy. The changed metabolic activities of transgenic crTCA plants grown at elevated 

CO2 were assessed using both steady-state and flux approaches. The most consistent and altered 

metabolic changes were found in photorespiratory and amino acid metabolism. Furthermore, this 

chapter also uses experiments of both heat-stress and low-CO2 exposure to examine the stomatal 

response in the transgenic lines. Consistent with previous experiments, this chapter solidifies that 

stomatal changes are associated with crTCA expression in C. sativa and is likely the mechanism 

for increased photosynthetic rates in the transgenic lines.  

The fourth chapter uses a reductionist approach to understand if a single genes of the 

crTCA cycle are responsible for any phenotype. We use the model organism Arabidopsis 

thaliana to individually express crTCA enzymes and assess their changes in phenotype and 

photosynthesis at both ambient and elevated CO2 concentrations. While no significant changes 

were found in the phenotypes or net CO2 assimilation, there are changes in stomatal conductance 



that echo the C. sativa results, suggesting that transgenes of Construct 1 are the most influential 

in changing the stomatal conductance.  

The dissertation concludes with future directions and considerations for the project.
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CHAPTER 1: The Role of the Mitochondrial TCA Cycle in Photosynthetic Tissues 

Nathan Wilson and Heike Sederoff 

Abstract 

Plant mitochondria are unique and dynamic organelles that have various roles within a 

cell. Foremost is the role the mitochondrial electron transport chain and TCA cycle play to 

support respiration along with the process of glycolysis. The TCA cycle also supports other 

various biological processes, not only by producing cellular energy through oxidative 

phosphorylation but by providing carbon skeletons in the form of organic acids. The activity and 

flux of the TCA cycle vary dependent on factors including development, tissue and species. In 

photosynthetic tissues, the primary exports of the TCA cycle are citrate and malate. It has been 

shown that manipulation of the mitochondrial TCA cycle has varied effects on photosynthetic 

CO2 assimilation, efficiency and overall plant physiology. With growing interest in increasing 

plant primary productivity and photosynthesis, this review focuses specifically on how 

mitochondrial function actively supports photosynthesis of a C3 plant.  

1.1 Introduction to Plant Mitochondria 

The mitochondria, like the chloroplasts, are membrane-bound organelles that are derived 

from an endosymbiotic event. Mitochondria are an essential feature of all eukaryotic cells. Plant 

mitochondria, however, have several unique features that distinguish them from the other 

domains of life. The number and morphology of plant mitochondria varies greatly, for instance 

Arabidopsis mesophyll has 200-300 while tobacco mesophyll protoplasts contain 500-600 

(Logan, 2010). Generally, there are several hundred of mitochondria in a cell that display varied 

morphology from spherical, rod-like, or “vermiform”. The population is dynamic through time, 
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moving along actin filaments, and the composition is changing and mixing via fusion and fission 

events  (Logan, 2010; Logan & Paszkiewicz, 2018). 

The mitochondrial genome size is the largest in plants: from 186 kbp in the liverwort 

Marchantia polymorpha to greater than 2 Mbp in some Cucurbitaceae; while in animals the 

mitochondrial genome is about 16 – 17 kbp (Knoop et al., 2011; Mackenzie, 2007). The plant 

mitochondrial genome is a heterogeneous population of large linear and smaller circular DNA 

forms. This is distinct from animal mitochondrial genomes which are not only smaller but are 

simpler: a mostly circular and highly homogeneous population of DNA. The mitochondrial 

genome exhibits great variation in plants and fungi, a characteristic that is in part due to its 

propensity for double-stranded breaks and homologous recombination. Even the replication 

mechanism of the plant mitochondrial genome is not perfectly understood but is likely via strand 

invasion or rolling circle mechanisms (Arrieta-Montiel & Mackenzie, 2011). Studies on the plant 

mitochondrial genome are complicated by the large amount of repetitive and intronic sequences, 

which are not present in animal mitochondrial genomes. Plant mitochondrial introns are stable 

within monophyletic groups but differ greatly between them and are often used to resolve 

phylogenies. Many of these introns belong to the “group II” class, which are characterized by a 

conserved secondary structure which may aid in splicing, but evidence of “ribozyme” activity is 

limited to few examples (Bonen, 2011; Knoop et al., 2011).  

Even though the genome in plants is the largest, the total number of protein-encoding 

genes is similar between domains of life. In Arabidopsis there are ~60 mitochondrial genes while 

in humans and yeast there are ~40.  (Arrieta-Montiel & Mackenzie, 2011). Even so, the 

mitochondrium is a protein-rich organelle, with concentrations as high as 500 mg/ml. The 

majority of this protein is found in the inner mitochondrial membrane (60%) and the matrix 
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(34%) (Møller et al., 2021). Some mitochondrial proteins have been found in super complexes or 

“metabolons” wherein sequential enzymes in a given pathway form dynamic protein-protein 

complexes that assist in substrate channeling. This non-covalent or structural association allows 

intermediates to directly pass from one enzyme into the active site of the subsequent enzyme in 

the pathway (Zhang & Fernie, 2018, 2021). This has been found to be true in vivo with enzymes 

of the plant mitochondrial TCA cycle (Zhang et al., 2017) and the plant glycolytic enzymes 

which form complexes on/with the outer mitochondrial membrane (Giegé et al., 2003).   

The paradox of having a high protein concentration with low numbers of protein-

encoding genes is explained by the import and coordination of the mitochondria with the 

nucleus. Most of the mitochondrial proteins are encoded within the nucleus, as a result of 

endosymbiotic gene transfer, and are translated on cytosolic ribosomes and are post-

translationally imported (Finkemeier & Schwarzländer, 2018). The mitochondrial protein import 

complexes are analogous to the translocons of the inner/outer chloroplast membranes (TIC/TOC) 

(Nakai, 2018) and are named TOM (translocase of the outer mitochondrial membrane) and TIM 

(translocase of the inner mitochondrial membrane). In addition, there is a sorting and assembly 

machinery (SAM) complex which is located at the outer mitochondrial membrane (OMM) and 

the mitochondrial intermembrane space assembly pathway (MIA) (reviewed in Bohnert et al., 

2015). Beyond the structural components of the import machinery, little is known about import 

regulation. Once in the mitochondria, proteins are subject to various levels of regulation 

including post-translational modifications, small molecules and thiol-redox regulation (reviewed 

in Finkemeier & Schwarzländer, 2018). 

The mitochondria is capable of its own transcription, translation and turnover, but even 

the genes for core components of the mitochondrial electron transport chain (mETC) are split 
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between the nuclear and mitochondrial genomes. Within the mitochondria transcription and 

splicing are also dynamic and more complicated than in animal models. Splicing can work in 

trans, meaning that separate RNA molecules can be joined together to assemble protein-coding 

reading frames from exons of different primary transcripts, regardless of genomic origin (Møller 

et al., 2021). This is likely a consequence of the mitochondrial genome’s expansion in the plant 

lineage – the widely dispersed protein-coding segments in the genome can be functionally 

produced via trans-splicing of introns (Reviewed in Bonen, 2011). Plant mitochondrial 

translation, until recently, has been relatively under-studied. However, a recent structural 

determination of the mitochondrial ribosome was elucidated (Waltz et al., 2020). The plant 

mitochondrial ribosome was found to have a larger head extension and is associated with more 

rRNAs and proteins than animal or bacterial mitochondrial ribosomes. While research is ongoing 

to understand this expansion in the ribosomal repertoire, it was found that half of the proteins 

that co-crystallized with the plant mitochondrial ribosome were pentatricopeptide repeat domain 

(PPR) proteins. These are a well-known family of proteins with, on average, 400 individual 

members in most plant species (mammals have ~10) with most localized to either the 

mitochondria or plastid. PPR proteins are characterized by their predicted associations with RNA 

and have roles in RNA editing, RNA processing, translational activation and now ribosomal-

association (Møller et al., 2021; Waltz et al., 2020). Future work aims to elucidate the roles of 

the PPR proteins in mitochondrial translation – but several PPR proteins are already established 

in the process of retrograde signaling. Retrograde signaling is the process of organellar 

communication to the nucleus and is a common phenomenon of the endosymbiotic organelles 

(mitochondria and plastids). To identify the key regulators of retrograde signaling, forward 

genetic screens were initially used to identify mutants with that had altered responses to specific 
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organellar stresses using the transcripts of LHCB1.2 and AOX1a, for plastidic and mitochondrial 

signaling, respectively (Finkemeier & Schwarzländer, 2018). With regards to the plastid, this led 

to the identification of the GUN (genomes uncoupled) mutants, most of which are involved in 

tetrapyrrole biosynthesis with the exception of one PPR protein (GUN1) which has been shown 

to interact directly on plastid DNA and influences gene expression (Colombo et al., 2016). In 

mitochondria, the best studied and specific mitochondrial transcription factors to be associated 

with retrograde signaling are the NAC domain (NO APICAL MERISTEM/ARABIDOPSIS 

TRANSCRIPTION ACTIVATION FACTOR/CUP-SHAPED COTYLEDON) transcription 

factors (TFs) ANAC017 and ANAC013 (Ng et al., 2013; De Clercq et al., 2013). Both TFs were 

identified by their in vitro and in vivo binding to nuclear genes that have mitochondrial 

dysfunction motifs in their promoters (De Clercq et al., 2013). ANAC017 is localized to the ER 

membrane and is cleaved upon ROS stress (i.e. H2O2) after which the N-terminus is localized to 

the nucleus where it is predicted to interact physically with a suite of genes related to stress (Ng 

et al., 2013). Research into mitochondrial retrograde signals, including the NAC TFs, is ongoing. 

Recently, it was shown that ANAC17 is involved in senescence, where an overexpression (OE) 

line was “super-primed” for early leaf senescence (Broda et al., 2021). The currently identified 

retrograde TFs also include other, more general TFs such as ABI4 (ABA-insensitive 4) and 

various WRKY TFs. These TFs are found to be associated with multiple biological processes 

and may be more general stress-responsive TFs than mitochondria-specific (Finkemeier & 

Schwarzländer, 2018). Within the field of retrograde signaling, there is an alternative hypothesis 

that posits that mitochondrial and plastid retrograde signaling may be more common than 

distinct. This is due to the fact that many TFs identified for organelle-specific retrograde 

signaling defects (e.g. GUN1 for plastid or ABI4 for mitochondria) see altered expression of 
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genes belonging to both organelles. This leads some to believe that retrograde signaling may be 

more holistic as an operational process (i.e. stress-specific) rather than organelle specific 

(Finkemeier & Schwarzländer, 2018).  

1.2 The Powerhouse of the Cell: Energy and Flux Modes of the TCA Cycle 

In the plant cell, energy (e.g. ATP, NAD(P)H) is generated in different compartments: 

chloroplasts produce ATP and NADPH in the process known as photosynthetic electron transfer 

(pET); both the chloroplast and the cytosol participate in the oxidative pentose phosphate (OPP) 

pathway which generates NADH (Sharkey, 2019; Sharkey & Weise, 2016); glycolysis produces 

ATP and NADH via substrate-level phosphorylation and also occurs in both the cytosol and 

plastid. However, the mitochondrial TCA cycle and oxidative phosphorylation are the largest 

supplier to cellular ATP pools (Scheibe, 2004). The TCA cycle consists of eight enzymes in the 

mitochondrial matrix that utilize cytosolic malate and/or pyruvate to yield 15 ATP per molecule 

of pyruvate. In addition to its role in generating energy via the mitochondrial respiratory chain, 

the TCA cycle provides carbon skeletons (organic acids) that are used in diverse metabolic 

processes (Figure 1.1A).  In fact, there is a viewpoint that the organic acids of the TCA cycle 

represent pools of fixed carbon that are partially oxidized and can be easily remobilized. These 

pools are dynamic and can be rebuilt into carbohydrate, used in amino acid biosynthesis or 

undergo terminal oxidation to yield CO2 and H2O (Igamberdiev & Eprintsev, 2016). The pools of 

organic acids extend beyond the mitochondria, as noted by the number of TCA cycle genes and 

their cellular localization (Table 1.1, Figure 1.1B). This process is aided via transport processes 

that are found throughout the cell. While the OMM is relatively permeable due to the presence of 

many porins that facilitate movement of molecules up to 5 kDa, the IMM is not so permeable 

and contains a vast amount of transporters. The genome of A. thaliana, contains at least 128 
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different mitochondrial transport proteins, many of which belong to the mitochondrial carrier 

family (MCF). In A. thaliana, there are approximately 60 MCF members in the genome, with as 

many as 30 having been reported for mitochondrial localization, whereas up to 12 others have 

been shown to localize to other organelles such as the plastid or peroxisome. The specific 

metabolites or cofactors that are transported are vast but include phosphate, CoA, NAD+, 

organic acids, di/tricarboxylic acids, etc. (Kuhnert et al., 2021; Møller et al., 2020; Nunes-Nesi et 

al., 2020). The distribution of isozymes and transporters for their activity leads to the 

predominant view of the mitochondrial TCA cycle as more of an interconnected hub for 

(re)directing organic acids depending on energetic needs of the cell (Sweetlove et al., 2007, 

2010; Weber & Fischer, 2007). 

While it has been established for decades that several mitochondrial TCA enzymes are 

light-regulated, either post-translationally or transcriptionally, other groups were able to detect in 

vivo flux using isotope labelling techniques. Together, these results suggested that, at least in 

photosynthetic tissue, the TCA cycle activity may be reduced or altered in some manner but 

remains active (Igamberdiev, 2020). Meta-analyses using computational and in vivo flux 

approaches have developed models of an open (non-cyclic) mode of the mitochondrial TCA 

cycle that operates in photosynthetic tissues (Figure 1.2).  When a genome-scale model was used 

to predict fluxes to maximize biomass, an incomplete cycle was predicted with 2-oxoglutarate 

(2-OG) as the terminal product (Figure 1.2B). Using an enzyme kinetics model of carboxylic 

acid metabolism, the most stable flux modes were the canonical cyclic TCA cycle or an open 

state with citrate as the terminal product (Figure 1.2A). Both computational approaches were 

performed using A. thaliana as the model. Other flux modes have been empirically determined 

using in vivo flux measurements. The flux model of leaves of Spinacia oleracea was also 
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determined to be in an open state in which the terminal product was also citrate, which would be 

exported and converted to 2-OG in the cytosol for N-assimilation (Figure 1.2C). Finally, a model 

developed in Xanthium strumarium using isotope labeling identified two active pathways: one 

importing cytosolic oxaloacetate (OAA) toward the production of malate and fumarate and the 

other importing stored citrate for the production of 2-OG (Figure 1.2D). The major takeaways 

from these analyses are that the TCA cycle often operates in an open, non-cyclic flux mode and 

that in a photosynthesizing C3 leaf, where ATP is plentiful, the main exports of the TCA cycle 

are likely citrate, 2-OG and malate (Araújo, Nunes-Nesi, et al., 2012; Igamberdiev, 2020; 

Sweetlove et al., 2010). The exports of the TCA cycle contribute to cellular metabolism. Citrate 

and 2-OG, as mentioned previously (Table 1.1, Figure 1.1B), can be interconverted in the cytosol 

as well. 2-OG is the substrate used in nitrogen (N) assimilation. Plants assimilate nitrogen via 

ammonium (NH4
+), which is toxic to the cell and must be rapidly converted into the amino acids 

glutamine and glutamate by glutamine synthase (GS) and glutamate 2-oxoglutarate 

aminotransferase (GOGAT), respectively (Plaxton & Podestá, 2007). Glutamate and glutamine 

are central to amino acid biosynthesis and are the primary amino-group donor of various 

nitrogenous compounds including other amino acids, nucleic acids, chlorophylls, and secondary 

metabolites (Figure 1.1A). The importance of TCA metabolism and N assimilation will be 

discussed further in a later section.  

The mitochondria of the C3 leaf also participates in photorespiration. This is a salvage 

pathway for 2-phosphoglycolate (2PG) which is generated when RuBisCO uses O2 as substrate 

instead of CO2. The metabolism occurs in all oxygenic photosynthetic organisms and is 

hypothesized to have co-evolved with CO2 fixation in cyanobacteria. There are multiple 

functions ascribed to photorespiration including amino acid biosynthesis (i.e. glycine and serine), 
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dissipation of excess reducing power, and in C1 (formate) metabolism. In C3 plants, this process 

takes place across various cellular compartments (Figure 1.7). The 2PG generated by RuBisCO 

is dephosphorylated to glycolate in the plastid and exported to the cytosol. The glycolate is then 

imported into the peroxisome where it is oxidized to glyoxylate and generates H2O2, which is 

scavenged by catalase. Glyoxylate is then transaminated to glycine by glutamate:glyoxylate 

aminotransferase and is then exported. Glycine can then enter the mitochondria and be 

decarboxylated into serine, CO2, and NH4
+ by the glycine decarboxylase complex. Serine can 

then be transported out of the mitochondria and into the peroxisome to be converted into 

glycerate. Glycerate can then be exported out of the peroxisome and re-imported to the 

chloroplast where it is phosphorylated into 3-phosphoglycerate and can reenter the Calvin cycle 

(Eisenhut et al., 2019; Fernie et al., 2004). Photorespiration is an energetically costly process and 

several synthetic bypasses have proven to be an effective method to improve plant 

photosynthetic efficiency in several species (Dalal et al., 2015; Kebeish et al., 2007; Khurshid et 

al., 2020; Maier et al., 2012; South et al., 2019), however some researchers posit that 

photorespiration is a necessary pathway that supports various physiologic processes (Busch et 

al., 2018; Eisenhut et al., 2019).  

1.3 Valves & Shunts of the TCA Cycle Support Photosynthetic Metabolism 

The flux of the TCA cycle in photosynthetic tissues drives citrate and malate production, 

contributing to two metabolic processes known as the citrate- and malate-valve(s). These 

“valves” operate to release and redistribute excess reducing power in the form of NADH or 

NADPH (Figure 1.3A). This is an indirect transport: plant membranes are impermeable to the 

large, charged molecules of NAD(P)+ and NAD(P)H, therefore the plant cell mobilizes the 

easier-to-transport metabolites of citrate and malate. The destination organelle has NAD(P)-
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linked enzymes that generate NAD(P)H using citrate or malate as substrate  (Medeiros et al., 

2021).  

Citrate exported from the mitochondria can be stored in the vacuole or converted to 

isocitrate in the cytosol by cytosolic aconitase. Cytosolic aconitase is severely under studied. In 

A. thaliana, there are three genes that encode aconitases (Table 1.1). Research into these 

isoforms conflict with each other and bioinformatics predictions as to their localization. It is 

generally agreed, however, that one isoform is predominantly cytosolic (ACO1), another is 

predominantly mitochondrial (ACO2) and the last is found/predicted to be associated with both 

the mitochondria and cytosol (ACO3) and may be developmentally regulated. Functional 

characterization studies on the variants is limited; however the genes’ expression has been shown 

to be associated with citrate metabolism and the glyoxylate cycle (De Bellis et al., 2020). The 

isocitrate generated by cytosolic aconitase can be utilized by various NADP-dependent isocitrate 

dehydrogenases (ICDH) which are found in the mitochondria, cytosol and peroxisome. The 

existence of plastidial forms of NADP-ICDH has been identified in duckweed (Spirodela 

polyrhiza) and pea (Pisum sativum) but remain poorly characterized (Chen, 1998; Popova & 

Pinheiro de Carvalho, 1998). In other plants, such as A. thaliana, a chloroplast localized NADP-

ICDH has not been identified (Igamberdiev, 2020). Predominantly, NADP-ICDH is found in the 

cytosol where it can use the isocitrate to generate NADPH and 2-OG. In Arabidopsis, T-DNA 

insertion lines (i.e. knockouts) of the cytosolic NADP-ICDH had slight decreases in growth and 

very few changes in amino acids or other hallmarks associated with C/N metabolism. However, 

these plants were shown to have enhanced sensitivity to pathogens and, when crossed with a 

catalase mutant, to have further perturbations in oxidative stress signaling and pathogen response 

(Mhamdi et al., 2010). In tomato, however, even mild reductions of this isozyme’s expression 
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and reduced activity significantly decreased both amino acid contents and changed the ratios of 

photosynthetic pigments. The tomato plants had no significant changes in any parameter of 

photosynthetic gas exchange, but did show slight decreases in overall plant biomass and 

significant decreases to their maximum photosynthetic efficiency (Fv/Fm), reflective of their 

altered pigment content (Sulpice et al., 2010). Transgenic poplar seedlings overexpressing a 

cytosolic NADP+ isocitrate dehydrogenase had increased growth, but with a significant reduction 

in total amino acid content throughout the course of its development. There was a significant 

increase in GABA and organic acids such as citrate, malate and 2-OG. In addition, the vascular 

development was significantly enhanced in these woody plants and may be an attractive 

bioengineering target (Pascual et al., 2018). While these results point to a further role in 

balancing energy for N-assimilation and amino acid biosynthesis, the cytosolic isozymes 

represent the least-characterized participants of TCA flux (Møller et al., 2021).  

Peroxisomal NADP-ICDH is one of the few enzymes of the peroxisome that generates 

NADPH in this organelle. T-DNA mutants of peroxisomal NADP-ICDH do not exhibit 

significant phenotypic or growth changes in controlled environments but did have significantly 

reduced photosynthetic rates that correlated with decreases in stomatal conductance. It was found 

that this isozyme is critical to the process of opening of the stomata. The effect could be 

overcome by exogenous applications of H2O2 (hydrogen peroxide) or NO (nitric oxide) 

scavengers (ascorbate and cPTIO respectively). The mutants displayed no significant changes in 

their stomatal closure mediated by application of ABA. Since H2O2 and NO have established 

roles in mediating stomatal closure, the mutants appear to be deficient in their ability to detoxify 

these reactive oxygen species (ROS). The authors posit, then, that the peroxisomal ICDH is 

necessary to provide the NADPH required for ROS-scavenging mechanisms such as the 
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ascorbate-glutathione system (Leterrier et al., 2016). In summary, the citrate exported from the 

mitochondrial TCA cycle can provide NADPH to both the peroxisome and cytosol via the so-

called citrate “valve” which mobilizes citrate and provides a substrate for NAD(P)H-generating 

enzymes, known as NAD(P)-ICDHs. The NADPH generated via the citrate goes to power key 

metabolic processes in the plant cell, primarily involving N assimilation and redox regulation.  

The other arm or “valve” to the open flux mode of the TCA cycle is the export of malate. 

Similar to the citrate valve, the malate valve functions to export and balance cellular energy in 

the form of NAD(P)+/NAD(P)H (Figure 1.3A). The malate valve consists of transporters that 

exchange malate/oxaloacetate (or malate/2-OG, Kinoshita et al., 2011) and several isozymes of 

malate dehydrogenase (MDH) (Figure 1.3B). MDH is present in all cellular compartments: 

cytosol, plastid, mitochondria and peroxisome. Malate is exported by both the mitochondria and 

the plastid and can be converted back into oxaloacetate in the cytosol by MDH and provides 

cytosolic NADH for nitrate reduction or can be imported into the mitochondria for ATP 

generation via oxidative phosphorylation. In A. thaliana there are three cytosolic MDHs and only 

one isoform has been shown to be regulated via thioredoxins and is sensitive to ROS. While the 

cytosol is thought to be a critical mediator in regulating the transfer of reducing equivalents, little 

more is known about the cytosolic enzymes (Huang et al., 2018; Selinski & Scheibe, 2019). The 

best characterized MDHs are the plastidial isozymes. Chloroplasts have both a constitutive 

NAD-MDH and a redox-controlled NADP-MDH that is only active during the day (Scheibe, 

2004). This NADP-MDH enzyme is activated by light through the ferredoxin/thioredoxin system 

and uses excess NADPH to convert OAA to malate which is then exported. This functionally 

serves to remove the excess NADPH generated by the Fd-NADPH reductase of the 

photosynthetic electron chain (pET) that occurs during high light (Selinski & Scheibe, 2019). 



   

13 

 

This serves to both relieve the pET of excess reducing power that could potentially generate 

damaging reactive oxygen species (ROS) while also exporting malate which can be oxidized into 

OAA in another compartment (e.g. the cytosol) to generate NADPH used to power reactions in 

those compartments. In conditions of high NADP+ (e.g. low light), the activity of the plastidial 

NADP-MDH is suppressed (Medeiros et al., 2021). The malate valve is an established 

homeostatic mechanism for the chloroplast to maintain proper ATP/NAD(P)H ratios for 

photosynthetic efficiency.  

In the mitochondria, the malate valve operates to support photorespiration by maintaining 

homeostatic NADH concentrations and exporting malate. Loss-of-function studies on 

mitochondrial MDHs found no phenotype in A. thaliana at ambient CO2 but was significantly 

dwarfed under low CO2. The plants also had an increased glycine:serine, indicating lower 

activity of the glycine decarboxylase complex (GDC), which oxidizes photorespiratory glycine 

to serine. Additionally, the plants had increased levels of 2-OG, but lower levels of glutamate 

and glutamine, indicating inhibited N assimilation due to decreased reducing power (Lindén et 

al., 2016). Mitochondrial MDH is also proposed to interact with respiration since the enzyme is 

found to physically interact with the cytochrome bc1 complex of the mitochondrial electron 

transport chain (Wang et al., 2010) and T-DNA insertion(s) in A. thaliana lead to increases in 

respiration rates with decreases in photosynthesis when both mitochondrial MDH isoforms are 

knocked out (Tomaz et al., 2010).  

Peroxisomal MDHs operate similarly, providing the NADH necessary for enzymatic 

reactions, namely glycerate regeneration performed by hydroxypyruvate reductase during 

photorespiration. In T-DNA insertion mutants of A. thaliana peroxisomal MDH, 

photorespiration was still found to occur and did not significantly alter photosynthetic 
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performance in controlled environments. However, it was found that the ambient growth rate 

was slower and that photorespiratory CO2 loss is greater in mutants of the peroxisomal MDH 

(Cousins et al., 2008). 

The function of the TCA cycle as a metabolic hub is reinforced by the existence of 

natural variation in auxiliary reactions and shunts (Figure 1.4A). The γ-aminobutyrate or GABA 

shunt is the primary auxiliary pathway that is found in mitochondria of land plants (Figure 1.4B). 

It revolves around the synthesis, accumulation, and degradation of GABA, a non-proteinogenic 

amino acid. The pathway begins when glutamate is decarboxylated into GABA in the cytosol by 

glutamate decarboxylase. GABA is then taken into the mitochondria and converted to succinic 

semialdehyde (SSA) by GABA transaminase. GABA transaminase can transfer the amino group 

to either pyruvate, generating alanine, or to glyoxylate, generating glycine (Clark et al., 2009; 

Shelp et al., 2012). SSA is then converted into succinate via NAD+-dependent succinate 

semialdehyde dehydrogenase (Li et al., 2021). This succinate can feed into the TCA cycle and, in 

turn, the 2-OG generated from the TCA cycle can be used to regenerate glutamate (Figure 1.4B). 

Alternatively, GABA can be synthesized via a polyamine metabolic pathway where arginine is 

ultimately converted to GABA (Shelp et al., 2012).  GABA has been shown to accumulate under 

a large range of abiotic and biotic stress conditions, which have been expertly reviewed 

elsewhere (Li et al., 2021) but range from high/low temperature to herbivory and heavy metal 

toxicity. Accumulation of GABA has been linked to several hallmarks of plant stress tolerance 

including proline accumulation, inhibition of the formation of reactive oxygen species (ROS) 

and stomatal regulation in drought stress (Li et al., 2021; Signorelli et al., 2015). GABA also 

plays a central role in nitrogen (N) metabolism as A. thaliana plants can use GABA as their sole 
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source of N (Breitkreuz et al., 1999) and it is so intimately linked with 2-OG levels which are 

central in N assimilation (Bown & Shelp, 2016; Li et al., 2021; Michaeli & Fromm, 2015).  

1.4 Improving Photosynthesis by Modifying Mitochondrial TCA Cycle Activity 

Photosynthesis and respiration are two pillars of plant primary metabolism that balance 

one another. Photosynthesis captures CO2 and yields O2 while respiration utilizes O2 and yields 

CO2. Without taking photorespiration into account, it is estimated that ~45% of the carbon fixed 

during photosynthesis during the day is subsequently lost to respiration at night. This process, 

like photosynthesis, has inefficiencies and represents potential applications for crop and yield 

improvements (Amthor et al., 2019). Indeed, significant differences in photosynthetic carbon 

assimilation and even yield have been found through several reverse genetic and transgenic 

approaches (predominantly in tomato species) that overexpress or knockout mitochondrial 

isoforms of the TCA cycle (Figure 1.5B).  Of the eight enzymes explored in tomato, four had 

significant differences in their rates of net photosynthetic carbon assimilation (Anet) and growth. 

That is not to say that the others did not have changes, though. For instance, antisense repression 

of the 2-oxoglutarate dehydrogenase complex in tomato lead to no significant changes in 

photosynthesis but dramatically accelerated plant maturation, fruit ripening, and senescence 

(Figure 1.5A, Araújo et al., 2012). In terms of photosynthesis, though, it was found that 

decreased expression of the iron-sulphur subunit of succinate dehydrogenase (SDH) and malate 

dehydrogenase (MDH) had significant increases of Anet. Decreased expression of fumarase, 

however, had decreased rates of Anet (Araújo et al., 2011; Nunes-Nesi et al., 2005, 2007; Zhang 

& Fernie, 2018). Mitochondrial MDH was also shown to have a strong significance coefficient 

for the determination of fruit yield in a recent multi-gene study of tomato in both glasshouse and 

polytunnel conditions, but that fruit-specific reduction in the enzyme had no effects (Vallarino et 
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al., 2020). Compared to A. thaliana, however, the same trend is true for a flavoprotein subunit of 

succinate dehydrogenase (Fuentes et al., 2011) but the malate dehydrogenase knockout has 

reduced photosynthesis and growth (Tomaz et al., 2010). In both the cases of fumarase mutants 

and succinate dehydrogenase mutants, the changes in Anet are correlated with changes in stomatal 

conductance. Altered concentrations of malate and fumarate in leaf cells are associated with 

changes in stomatal conductance: an increase in malate causes stomatal closing whereas a 

decrease causes stomatal opening (Figure 1.6). Interestingly, in the antisense expression of a 

succinate dehydrogenase it was found that this effect was necessary to occur in the mesophyll. 

Antisense expression in only guard cells elicited no changes in stomatal conductance (nor Anet) 

(Araújo et al., 2011). This mechanism is further established by work in transporters of guard 

cells. GCAC1, an anion release channel in the plasma membrane of guard cells of the C3 plant 

Vicia faba was shown in patch-clamp experiments to be regulated by extracellular malate 

concentrations. The elevated malate stimulated stomatal closure and this effect helps explain the 

stomatal closure upon increased CO2 concentrations (Hedrich et al., 1994). In A. thaliana, an 

ATP Binding Cassette (ABC) transporter named AtABCB14 was shown to be involved in 

transporting malate into guard cells from the apoplast. Reduced expression of AtABCB14 was 

shown to limit photosynthesis via a stomatal mechanism that could be overcome with exogenous 

malate application (Lee et al., 2008). Another transporter AtQUAC1 is an R-type anion channel 

that mediates the release of malate from guard cells into the apoplast. A. thaliana plants lacking 

this transporter showed significant increases in Anet that were correlated with a higher respiration 

rate and increased sugar contents. This increase was found to be due to lower diffusional 

limitations mediated by a stomatal response. The plants not only had increased stomatal 

conductance, but were slower to respond to stomatal closure signals such a light-to-dark 
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transition, exposure to elevated CO2 or even drought stress. The accumulation of malate in the 

guard cells of these plants lead to more open, but less responsive stomata. These changes lead to 

significant increases in biomass in the controlled environment, but these plants were also more 

susceptible to drought conditions due to excessive transpiration (Medeiros et al., 2016). These 

studies, among many others, have proven that manipulation of TCA cycle activity can have 

extensive and mixed effects on overall plant physiology. Modifications of the TCA cycle in other 

tissues leads to interesting results. For instance, in the roots of many plants, organic acids (e.g. 

citrate and malate) are exuded into the surrounding environment. These organic acids have been 

shown to chelate toxic heavy metals, like Al3+, which aids in Al3+ tolerance (Zhang & Fernie, 

2018).  

The reverse genetic approaches have been useful in establishing individual enzyme’s 

contributions to the interplay of photosynthetic, respiratory and photorespiratory metabolisms. 

With the emerging field of synthetic biology, however, there is further potential to explore how 

modifications to organic acid metabolism can be built to suit specific biosynthetic pathways of 

interest. This topic is further explored in a later section.  

1.5 TCA Cycle at Increased CO2 Concentrations: Regulation of the C/N Ratio 

With rising atmospheric CO2 concentrations due to anthropogenic activities, there is an 

increased urgency to understanding how plants perform and respond to elevated CO2. It is 

estimated that, by the end of this century, current atmospheric CO2 concentrations may double, 

reaching over 800 ppm (www.climate.gov; www.ipcc.ch). The response of plants to elevated 

CO2 can vary slightly depending on species and experimental setup, but generally a few trends 

hold with C3 species. Foremost, as to be expected, is that elevated CO2 favors RuBisCO 

carboxylation activity while oxygenation activity (photorespiration) is suppressed. The reduction 

http://www.climate.gov/
http://www.ipcc.ch/


   

18 

 

of photorespiration changes the demand of cellular energy in the cell, with the demand for ATP 

relative to NADPH being lower at elevated CO2. This decreased demand reduces the reliance on 

cyclic electron transport (cET) that usually supplements ATP supply in the chloroplast. Increased 

rates of Anet are generally accompanied by greater supplies of carbohydrates which have 

numerous downstream effects, one of which is often a higher rate of dark respiration (Rd) when 

plants are grown at elevated CO2 (Dusenge et al., 2019; Singer et al., 2020; Zhao et al., 2021). 

When grown under elevated CO2, soybean shows a 37% increase in night respiration 

accompanied by higher expression of respiration-related genes and a higher number of 

mitochondria per cell (Leakey et al., 2009). However this trend varies by species and is thought 

to be linked with nitrogen status/metabolism (Dusenge et al., 2019). With the increased 

photosynthetic efficiency and less energetic demand in the cell (due to less photorespiration), 

some plants do see an increase in harvestable yield or biomass, however the increase is less than 

what is predicted (Leakey et al., 2009; Zhao et al., 2021).  

Two major mechanisms have come to underpin these new environmental constraints to 

photosynthesis. The first is due to decreases in stomatal gas exchange, with stomatal 

conductance decreasing by about 20% (Dusenge et al., 2019).  Generally, plants experience a 

decrease in stomatal conductance (gs) when exposed to elevated CO2 concentrations. Under 

elevated CO2, stomata tend to be more closed (to conserve H2O) and stomata are less dense 

(fewer stomata per area). This restriction partially offsets the stimulation of RuBisCO gained by 

high CO2 concentrations due to increasing diffusional resistance of CO2, which in turn lowers 

intercellular CO2 concentrations overall (Dusenge et al., 2019). Guard cell metabolism is 

complex and is regulated by various ions, organic acids, and other signals (e.g. K+, Ca2+, malate, 

ABA) and interactions are environmental-specific (Reviewed in Lawson & Matthews, 2020; Xu 
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et al., 2016). Recent work has identified CO2-sensing transporters in guard cells (SLAC1) that 

are regulated independently by both ABA and CO2, suggesting that hormonal signaling 

converges with the physiological (CO2) signaling (Yamamoto et al., 2015).  

The other mechanism limiting plant productivity under elevated CO2 is N availability and 

assimilation. Plants predominantly assimilate nitrogen in the forms of nitrate (NO3
-) and 

ammonium (NH4
+). Nitrate reduction and assimilation is more energetically costly (an estimated 

32 mols of photons per mol of N) while ammonium assimilation is significantly less (~9.5 mols 

of photons per mol of N) (Domiciano et al., 2020). Nitrate can be transported from the roots to 

the leaves where the majority will be reduced to ammonium. First, nitrate is reduced to nitrite 

(NO2
-) in the cytosol by nitrate reductase, utilizing NADH (generated from active operation of 

the malate valve). Nitrate is imported into the chloroplast where it is converted into ammonium 

via nitrite reductase using electrons from reduced ferredoxin. Ammonium is assimilated by the 

glutamine synthase (GS) enzymes which can be found in both the plastid and the cytosol. 

Glutamine can be an amino donor to 2-OG and yield glutamate, catalyzed by glutamine 2-

oxoglutarate aminotransferase (GOGAT). Glutamate can be an amino donor for a wide range of 

amino acids (Figure 1.1A).  

Elevated CO2 has been shown to significantly reduce the rate of nitrate assimilation in the 

chloroplasts of wheat and A. thaliana. Wheat plants provided with NO3
- as their sole source of 

nitrogen accumulated less N per dry weight at elevated CO2 than at ambient concentrations. In 

Arabidopsis, elevated CO2 lowered nitrate uptake by 16% while no change was detected for 

ammonium use (Bloom et al., 2020; Dusenge et al., 2019). Indeed, meta-analyses have found 

that, while there are species-specific differences, the rates of NO3
- and NH4

+ assimilation shifts 

favoring NH4
+ assimilation but the mechanism is unresolved and is actively debated (Andrews et 
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al., 2020; Bloom et al., 2020; Domiciano et al., 2020).  Insufficient N assimilation limits plant 

productivity, causing reductions in sink development (i.e. yield) but also lowers total protein and 

amino acid content of the whole plant. In general, less resource investment is put into the 

photosynthetic apparatus. Within a wide range of species, C3 plants grown under elevated CO2 

have lower RuBisCO, chlorophyll and amino acid contents. Lower protein contents in plants 

grown at elevated CO2 may be a significant nutritional concern for food and feed crops grown 

under future atmospheric CO2 concentrations (Bloom et al., 2020; Zhao et al., 2021). 

The prevailing hypothesis behind limitations on N assimilation at elevated CO2 

concentrations is the decreased availability of reducing power that is needed to reduce NO3
- in 

the cytosol. Under ambient conditions, the plant can use up to 25% of the reducing power gained 

through pET to support N assimilation. This helps explain the shift towards NH4
+ assimilation in 

some plants due to their relative energetic assimilation requirements. This is supported by a 

study on Arabidopsis protoplasts which linked the reduced amount of cytosolic reductant upon 

exposure to high CO2 to inhibited photorespiratory export of reducing power from chloroplasts 

(Busch et al., 2018; Zhao et al., 2021).  

In classic mathematical models of photosynthesis, the assumption is that CO2 

assimilation is limited by one of three processes: the consumption of ribulose-1,5-bisphosphate 

(RuBP) by RuBisco, the regeneration of RuBP by the Calvin cycle or the export/utilization of 

triose phosphates from the chloroplast (Busch et al., 2018; Farquhar et al., 1980). 

Photorespiration in these models is treated as a mostly linear process. A recently updated 

stoichiometric model of photosynthesis was generated that incorporates a more complete picture 

of photorespiration, taking into account the fraction of photorespiratory glycolate that leaves the 

pathway as glycine and serine (i.e. does reenter the chloroplast as 3-phosphoglycerate). 
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Additionally, the model incorporated the loss of CO2 and NH4
+ due to glycine decarboxylation 

and the additional electrons needed to reassimilate the NH4
+. This model found that 

photorespiration, by increasing the carbon skeleton supply for amino acid biosynthesis during N 

assimilation, increased total CO2 assimilation capacity. The carbon that leaves photorespiration 

as amino acids establishes an additional sink that supplements the limited triose phosphate sink 

(Busch et al., 2018). Another recent model, this one using a dynamic systems approach, 

predicted that, under elevated CO2, total assimilation was limited by decreased quantities of 2-

OG. These quantities are predicted to be the main bottleneck in NH4
+ assimilation whereas 

reduced redox potential was predicted to limit the assimilation of NO3
- (Zhao et al., 2021). The 2-

OG required for NH4
+ assimilation can be generated in the TCA cycle and is modeled to be 

primary export in flux modes supporting N assimilation under ambient conditions (Figure 1.2). 

However, 2-OG can be produced in several other aminotransferase reactions, such as glutamate 

pyruvate transaminase (glutamate + pyruvate ↔ 2-OG + alanine), glutamate aspartate 

aminotransferase (glutamate + oxaloacetate ↔ 2-OG + aspartate), glutamate glyoxylate 

aminotransferase (glutamate + glyoxylate ↔ 2-OG + glycine) and the relative contributions of 

these reactions to the 2-OG pool size varies upon experimental condition (Zhao et al., 2021).  

1.6 Synthetic biology approaches to modify the TCA cycle 

Modification of primary metabolism is common in microbial bioengineering approaches. 

Commonly, TCA cycle genes (primarily 2-oxoglutarate dehydrogenase and fumarate reductase) 

to re-direct flux of the TCA cycle or ATP toward their pathway of interest. The most common 

genes to be manipulated are fumarate reductase, to reduce succinate production, or 2-

oxoglutarate dehydrogenase, which limits carbon loss. These strategies are specific to the desired 
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product (i.e. metabolite of interest) and often alter the growth physiology of the microorganism 

(reviewed in Aslan et al. 2017). 

 As previously mentioned, there are also alternative shunts, valves and bypasses to the 

mitochondrial TCA cycle that exist in other organisms (Figure 1.4A). Prokaryotic enzymes 

display a wide range of variation for the TCA cycle, some using different cofactors (e.g. 

ferredoxin instead of NAD+) or bypassing enzymatic reactions altogether. Cyanobacteria display 

extreme TCA flexibility with several shunts having been discovered and may be to improve plant 

performance or tailor primary metabolism towards a specific metabolic pathway (Figure 1.4, 

Zhang & Fernie, 2018). Within recent years, the advent of improved cloning and transformation 

strategies have allowed complex multi-gene engineering approaches to modify plant metabolism 

and a similar approach could be used in plants. Enzymes from other organisms, such as bacteria 

or archaea, could be introduced into a plant setting to alter the flux of the TCA cycle or change 

the energy requirements for certain reactions. For instance, some bacterial TCA enzymes 

perform the same reactions as the mitochondria but use different cofactors, e.g. plant 2-

oxoglutarate dehydrogenase uses NAD+ as a cofactor, but some bacteria utilize a ferredoxin-

dependent 2-oxoglutarate synthase for the same reaction, albeit in reverse (Zhang & Fernie, 

2018). Introduction of these enzyme isoforms, or entire shunts and bypasses may be a promising 

strategy to improve plant performance in specific environments or to specific stresses.  

Of all the variations on the TCA cycle, perhaps the most dramatic variation is the reverse 

TCA cycle, also known as the Anon-Buchanan cycle. The reverse, or reductive TCA (rTCA) 

cycle generates acetyl-CoA from 2 CO2 molecules rather than oxidizing acetyl-CoA into 2 CO2 

molecules (Figure 1.8). In this variation, several of the forward TCA cycle enzymes are replaced 

with enzymes that prefer the reverse reaction. Succinate dehydrogenase is replaced by a fumarate 
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reductase while the NAD+-dependent 2-oxoglutarate dehydrogenase is replaced by ferredoxin-

dependent 2-oxoglutarate synthase (2-oxoglutarate:ferredoxin oxidoreductase). Additionally, the 

citrate synthase of the mitochondrial TCA cycle is replaced by ATP citrate lyase. These reactions 

(from succinate to acetyl-CoA) are endergonic (ΔGº’ +27 kJ) and therefore represent a 

thermodynamic constraint (Fuchs, 2011). The 2-oxoglutarate synthase reaction is aided by 

reduced ferredoxins with high potentials (-500 mV). These reduced ferredoxins donate electrons 

to drive carboxylation of 2-oxoglutarate, however the mechanism of ferredoxin reduction 

remains unclear and remains a central question in rTCA research (Buchanan et al., 2017; Fuchs, 

2011). Additionally, to compensate for the endergonic reactions, members of Hydrogenobacter 

and Aquifex replace isocitrate dehydrogenase with a two-component system that favors isocitrate 

formation. The two-component system consists firstly of an ATP- and biotin-dependent 2-

oxoglutarate carboxylase that forms oxalosuccinate and secondly a nondecarboxylating isocitrate 

dehydrogenase that reduces oxalosuccinate to isocitrate (Fuchs, 2011). The rTCA cycle can be 

synthetically condensed to one of the shortest synthetic carbon fixation cycles, consisting of only 

4 steps (Figure 1.8, Bar-Even et al., 2010). The introduction of the isocitrate lyase enzyme can 

provide a metabolic shortcut that still fixes CO2 but now generates glyoxylate as the product. 

This modified rTCA cycle may not the most feasible synthetic carbon fixation cycle due to the 

use of oxygen-sensitive 2-oxoglutarate:ferredoxin oxidoreductases. However, the rTCA and its 

shortened version consume significantly less energy than other naturally occurring carbon 

fixation cycles, such as the Calvin cycle (Bar-Even et al., 2010; Buchanan et al., 2017).  

1.7 Conclusions 

The role of the mitochondria in supporting photosynthetic processes is vast. While not 

every aspect or component has been identified, it is clear that the plant mitochondria are unique 



   

24 

 

organelles that are involved in the coordination of metabolic activities of the plant cell. 

Mitochondria play a role in supporting photosynthesis via providing reducing equivalents in the 

form of malate/OAA and as citrate/isocitrate. Several experiments using mitochondrial TCA 

cycle mutants found a change in stomatal conductance associated with changed malate/fumarate 

levels. These organic acids, generated in the mesophyll, were found to be influencing guard cell 

behavior which can increase or decrease the potential for CO2 diffusion into the chloroplast.  

Additionally, the mitochondria house two enzymatic reactions of photorespiration and 

also provides 2-OG that is used for the re-assimilation of NH4
+ release. The 2-OG generated 

from the TCA cycle is used in N assimilation processes and towards the generation of many 

amino acids. 2-OG concentrations decrease under elevated CO2 by an unknown mechanism and 

are hypothesized to be a limiting factor reducing total N assimilation and protein content in 

plants grown at elevated CO2.   
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Table 1.1: Genetic and subcellular details of the 8 TCA cycle enzymes in A. thaliana. The variable number of genes encoding 

TCA cycle enzymes in A. thaliana and their subcellular localization. a: To date, only a single mitochondrial fumarase gene has been 

identified in tomato, rice, and poplar. This table is updated from the original in Araujo et al. 2012. 

Enzyme Number of Genes Localization 

Citrate synthase 2 Mitochondrial and peroxisomal 

Aconitase 3 Mitochondrial and cytosolic 

Isocitrate dehydrogenase 5 Mitochondrial, cytosolic, peroxisomal 

2-oxoglutarate dehydrogenase 6 Mitochondrial 

Succinyl-CoA ligase 3 Mitochondrial and cytosolic 

Succinate dehydrogenase 11 Mitochondrial 

Fumarase 2a Mitochondrial and cytosolic 

Malate dehydrogenase 8 Mitochondrial, plastidial, peroxisomal, cytosolic 
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Figure 1: The mitochondrial tricarboxylic acid (TCA) cycle is a hub that provides organic 

acid substrates to various metabolic processes. A) The TCA cycle provides intermediates for a 

variety of metabolic reactions. Reactions are shown that consume or produce TCA cycle 

intermediates. Co-enzymes are omitted from the TCA cycle. TCA cycle enzyme names are 

shown in blue. Abbreviations: ICDH, isocitrate dehydrogenase (NAD(P) dependent); MDH, 

malate dehydrogenase (NAD+ dependent); 2OGDH, 2-oxoglutarate dehydrogenase; PDH, 

pyruvate dehydrogenase; and SDH, succinate dehydrogenase. Metabolite abbreviations: AICAR, 

aminoimidazole carboxamide ribonucleotide; CoA, coenzyme A; Fd(ox), oxidized ferredoxin; 

Fd(red), reduced ferredoxin; 2-OG, 2-oxoglutarate; OAA, oxaloacetate; and Pi, inorganic 

phosphate. Numbered reactions are catalyzed by the following enzymes: 1, ATP citrate lyase; 2, 

aspartate transaminase; 3, malate synthase; 4, arginosuccinate lyase; 5, adenylosuccinate lyase; 

6, glutamate synthase (NADH); 7, glutamate synthase (ferredoxin); 8, 2-aminoadipate 

transaminase; 9, saccharopine dehydrogenase (NADH, l-lysine forming); 10, glutamate 

dehydrogenase; 11, alanine transaminase; 12, aspartate transaminase; 13, branched chain amino 

acid transaminase; 14, aromatic amino acid transaminase; 15, ornithine transaminase; 16, 

glutamate-prephenate aminotransferase; 17, histidinol-phosphate transaminase; and 18, 

phosphoserine aminotransferase. B) Cytosolic bypasses of the mitochondrial TCA cycle. The 

direct conversion of citrate to OAA in the cytosol uses ATP citrate lyase; and the cytosolic 

isoform of fumarase has so far been identified in Arabidopsis, a unique feature of a relatively 

small number of species that accumulate fumarate in their leaves. This slightly modified figure is 

from Sweetlove et al. 2010.  
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Figure 1.2: Carboxylic acid metabolism flux modes predicted from metabolic models. Predicted flux modes are shown in blue. 

Reactions shown in grey see less flux and are quantitatively less important or even insignificant. A) A stable non-cyclic flux mode 

predicted from analysis of an enzyme kinetic model in Arabidopsis. B) Non-cyclic flux mode predicted to occur under conditions of 

low ATP demand in a genome scale metabolic model of Arabidopsis. C) Flux mode in Spinacia oleracea leaves. D) Non-cyclic flux 

mode in Xanthium strumarium leaves. The dotted line represents a proposed cytosolic mobilization of citrate also from X. strumarium. 

This figure is a modified combination of Figure 2 and Figure 3 from Sweetlove et al. 2010.  a:Steuer et al., 2007 b:Poolman et al., 2009 
c:Manning & Heldt, 1993 d:Tcherkez et al., 2009 
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Figure 1.3: The malate and citrate valves of the photosynthetic plant cell. Reducing power (i.e.) NADPH generated by the 

photosynthetic electron transport chain (pETC) drives the formation of malate from oxaloacetate (OAA), catalyzed by NADP-malate 

dehydrogenase (MDH). Isoforms of NAD-MDH located in the cytosol, peroxisomes, and mitochondria can oxidize malate to generate 

NADH in their respective cellular compartment. Increased mitochondrial reducing power stimulates NADH oxidation via 

mitochondrial electron transport (mETC), transhydrogenation of NADH to NADPH and stimulates citrate efflux. Cytosolic aconitase 

uses citrate to generate isocitrate, which can be used by NADP-isocitrate dehydrogenase (ICDH) to raise NADPH concentrations. 

NADP-ICDH isoforms are present in the chloroplast, peroxisome, mitochondria and cytosol. The final product is 2-oxoglutarate 

which is used for synthesis of glutamate and other amino acids. This unmodified figure is from Igamberdiev 2020.   
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Figure 1.4: The GABA shunt and variations of the TCA cycle in nature. A) Natural variation and bypasses/shunts of the TCA 

cycle. Reactions of the classical TCA cycle are represented by the black, unbroken line. 1) The citramalate shunt in yellow broken 

arrows; 2) The glyoxylate shunt in green broken arrows; 3) A cyanobacterial TCA variant in blue broken arrows; 4) The GABA shunt 

in red broken arrows; 5) An incomplete TCA cycle shunt found in cyanobacteria; 6) The acetate shunt in broken purple arrows. 

Enzyme names are shown on the arrows and abbreviations are AlaAT, alanine aminotransferase; AspAT, aspartate aminotransferase; 

GABA-T, g-aminobutyric acid aminotransferase; GAD, glutamate decarboxylase; ICL, isocitrate- lyase; MS, malate synthase; OGDC, 

2-oxoglutarate decarboxylase; SSADH, succinic semialdehydedehydrogenase; CMS, citramalate synthase; ASCT, acetate:succinate 

CoA-transferase. This slightly modified figure is from Zhang and Fernie, 2018.  B) The GABA Shunt is a part of mitochondrial 

metabolism involved in abiotic stress, biotic stress, and N assimilation. Cytosolic glutmatate is decarboxylated into GABA and 

transported into the nucleus. GABA-T can use either glyoxylate or pyruvate as donors for amino transfer generating glycine and 

alanine respectively, but also producing SSA. SSA can be converted into succinate in the mitochondria or exported to the cytosol or 

plastid. GABA: γ-aminobutyrate; SSA: succinic semi aldehyde. Enzyme names are abbreviated in red. GAD: glutamate 

decarboxylase; GABA-T: GABA transaminase; SSADH: succinic semialdehyde dehydrogenase. 
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Figure 1.5: Manipulations of the TCA cycle leads to changes in photosynthesis and yield. A) Known pathway interactions of the 

TCA cycle in the photosynthetic C3 leaf. Enzyme names are in blue rectangles. The enzymatic subunits are represented by spheres 

with the size roughly proportional to the molecular mass of the protein. Names of subunit proteins are described as text next to the 

spheres. Abbreviations: PDC, pyruvate dehydrogenase complex; ME, malic enzyme; CSY, citrate synthase; ACO, aconitase; IDH, 

isocitrate dehydrogenase; ODC, oxoglutarate dehydrogenase complex; SCoAL, succinyl-CoA ligase; SDH, succinate dehydrogenase; 

FUM, fumarase; MDH, malate dehydrogense; AcCoA, acetyl-CoA; 2OG, 2-oxoglutarate; SucCoA, succinyl-CoA; MPC, 

mitochondrial pyruvate carrier; SFC, succinate/fumarate carrier; and DC, dicarboxylate carrier. This unmodified figure is from Zhang 

and Fernie, 2018. B) Characteristics of tomato plants deficient in the enzymes of the TCA cycle. Top: Activity of the target enzyme in 

the tomato transgenic lines. Middle: Assimilation rate at 1,000 mmol m2 s1. Bottom: Fruit yield based on total dry weight accumulated 

in the fruits at the end of development. For each set of transgenics, one of the moderately inhibited lines was chosen. For full details, 

see the respective references. WT, Wild type (S. lycopersicum ‘Moneymaker’); ScoAL, succinyl-CoA ligase; Fum, fu- marase; CS, 

citrate synthase; IDH, isocitrate dehydrogenase; MDH, malate dehydrogenase; ACO, aconitase. The lines used were as fol- lows: 

succinyl-CoA ligase, RL40; fumarase, FL11; citrate synthase, CS22; isocitrate dehydrogenase, IDH4; malate dehydrogenase, AL21; 

aconitase, Aco-1. Asterisks indicate values that were determined by Student’s t test to be significantly different (P < 0.05) from the 

respective wild type. This is an unmodified figure from Nunes-Nesi et al. 2011. 
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Figure 1.6: Stomatal influence of the tricarboxylic acid (TCA) cycle in the illuminated 

leaves. The malate (and/or fumarate) produced by the TCA cycle is transported to the vacuole, 

where it is stored. By an unclear mechanism, the level of organic acid is altered in the subsidiary 

cells, leading to an increased (decreased) concentration in the guard cells that culminates with 

the closing (opening) of stomata. This slightly modified figure is from Zhang & Fernie, 2018.
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Figure 1.7: Photorespiratory metabolism and connections in A. thaliana. The process of photorespiration interacts and cross-talks 

with nitrogen, C1 and sulfur metabolism. Abbreviations: PGLP1, phosphoglycolate phosphatase 1; GOX1, glycolate oxidase 1; 

GOX2, glycolate oxidase 2; CAT2, catalase 2; GGAT1, glutamate:glyoxylate aminotransferase 1; GGAT2, glutamate:glyoxylate 

aminotransferase 2; GDC, glycine decarboxylase complex; SHMT1, serine hydroxymethyltransferase 1; SGAT, serine:glyoxylate 

aminotransferase; HPR1, hydroxypyruvate reductase 1; HPR2, hydroxypyruvate reductase 2; HPR3, hydroxypyruvate reductase 3, 

GLYK, glycerate kinase, GS2, glutamine synthetase 2; GOGAT, glutamine:oxoglutarate aminotransferase; THF, tetrahydrofolate; 

MTHDF2, bifunctional 5,10-methylene-THF dehydrogenase/5,10-methenyl-THF cyclohydrolase; 5-FCL, 5-formyl-THF cycloligase; 

FDF, 10-formyl-THF deformylase; FDH, formate dehydrogenase; SAT3, serine o-acetyltransferase; OAS-TL C, o-acetylserine lyase 

isoform C. This unmodified figure is from Eisenhut et al. 2019. 
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Figure 1.8: The reverse TCA cycle. The cycle in black is as studied in Hydrogenobacter thermophilus. The red arrow indicates a 

synthetic addition to shorten the reverse TCA cycle into four reactions (reactions 5, 6, 7 and 12). Reaction 1: Malate dehydrogenase 

(NADH) (G◦–30kJ; Keq1.8×105 M−1; HTH_0756). Reaction 2: Fumarate hydratase (G◦ +3kJ; Keq0.3M; HTH_0301). Reaction 3: 

Fumarate reductase (G◦ –68kJ assuming NADH as electron donor; Keq108 M−1; HTH_0983/1421). Reaction 4: Succinyl-CoA 

synthetase (ADP forming) (G◦ +3kJ; Keq0.3; HTH_1892/1893). Reaction 5: 2-Oxoglutarate synthase (Fd2−red) (G◦+19kJ; 

Keq5×10−4M−1; HTH_1094/1095/1096/1097/1098/1099). Reaction 6a: 2-Oxoglutarate carboxylase (ADP forming) (HTH_1392/1393) 

+ Reaction 6b: Isocitrate dehydrogenase (nondecarboxylating) (NADPH) (HTH_0836) (G◦–25kJ; Keq 2×104), or Reaction 6: isocitrate 

dehydrogenase [NAD(P)H] (decarboxylating) in many other bacteria (G◦+8kJ; Keq 0.04M−1). Reaction 7: Aconitase (G◦–7kJ; Keq  17; 

HTH_0755). Reaction 8a: Citryl-CoA synthetase (HTH_0201/1737) + Reaction 8b: Citryl-CoA lyase (HTH_0311) or ATP citrate 

(pro3S)-lyase in many other bacteria (G◦+4kJ; Keq 0.2). Reaction 9: Pyruvate synthase (Fd2−red) (G◦+19kJ; Keq 5×10−4M−1; 

HTH_1551/1552/1553/1554/1555). Reaction 10: Pyruvate:water dikinase [phosphoenolpyruvate (PEP) synthetase] (AMP+Pi 

forming)(G◦–12kJ; Keq 120; HTH_1644). Reaction 11: PEP carboxylase (G◦–24kJ; Keq 1.6×104). In H. thermophilus, pyruvate 

carboxylase is active (pyruvate− + HCO3
− + ATP → oxaloacetate2− + H2O + ADP + Pi; G◦–5kJ; Keq 8M; HTH_1452/1598). Overall 

equation: 2CO2 + 3NAD(P)H + 5H+ + Fd2−red + CoASH + 2ATP → CH3CO-SCoA + 3NAD(P)+ + Fdox + 3H2O + 2ADP + 2Pi; G◦–

68kJ [assuming normal NAD(P)H-dependent isocitrate dehydrogenase is active and fumarate reductase also works with NAD(P)H]. 

Abbreviation:Fd2−red, reduced ferredoxin. Reaction 12: Isocitrate lyase (24.3 µmol/min/mg, from Bar-Even et al. 2010). This figure is 

modified from Fuchs 2011 to include the isocitrate lyase reaction posited in Bar-Even et al. 2010. 
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CHAPTER 2: Physiologic, phenotypic, and transcriptomic characterization of crTCA 

expression in Camelina sativa grown in a greenhouse 

Nathan Wilson, Brianne Edwards, Swathi Barampuram, Christophe La Hovary, Amy Grunden, 

and Heike Sederoff 

Abstract 

Plants employ the Calvin-Benson cycle to fix atmospheric CO2 for the production of biomass. 

The flux of carbon through the Calvin cycle is limited by the activity and selectivity of ribulose-

1,5-bisphosphate carboxylase/oxygenase (RuBisCO). Attempts to engineer RuBisCO kinetics 

more favorable to agriculture have led to only moderate success. In nature, alternative, 

RuBisCO-independent pathways that fix CO2 exist but occur only in bacteria or archaea. 

Synthetic biology is a growing field that considers possibilities that are not bound by 

evolutionary constraints. Rather than modifying pre-existing routes of carbon metabolism, we 

have developed a carbon fixation cycle that does not exist in nature. This pathway is a carbon-

fixation cycle inspired by the metabolisms of bacterial autrotrophs: a condensed, reverse 

tricarboxylic acid (crTCA) cycle. The crTCA cycle is designed to operate with five bacterial 

enzymes that utilize endogenous plant metabolites as carboxylation substrates while using 20% 

less energy per CO2 capture compared to the Calvin cycle. The crTCA cycle functions in vitro 

under aerobic conditions, successively incorporating carbon to generate product while re-

generating substrate. crTCA enzymes also have been demonstrated to retain activity when 

transiently expressed in plant systems. We use a systems approach to understand if and how the 

expression of crTCA cycle genes in Camelina sativa can be used to increase plant primary 

productivity.  

2.1 Introduction 
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Within the past decade, there has been great interest in increasing the photosynthetic 

efficiency in plants. This is due to the growing need for increased yields in agriculture as the 

world population continues to increase, a changing climate results in extreme weather events and 

agricultural yields stagnate (Ort et al., 2015; Ray et al., 2013). The photosynthetic process is a 

complex series of chemical reactions that derive their energy from sunlight to fix and store 

carbon from the atmosphere. Improvements to this process are regarded as an achievable route to 

increasing overall agricultural yields (Weber & Bar-Even, 2019; Ort et al., 2015; Zhu et al., 

2010). In C3 plants, the enzyme RuBisCO is the entry point of CO2 into plant metabolism. This 

enzyme, however, is  “notoriously inefficient” due to its low catalytic rate (~1 – 10 CO2 

molecules s-1) and its oxygenase activity (Spreitzer & Salvucci, 2002). The oxygenase reaction 

of RuBisCO necessitates the energetically costly process of photorespiration, by which the plants 

lose up to an estimated 30% of the energy gained from photosynthesis.  Under warmer climate 

conditions, RuBisCO is more likely to participate in oxygenase activity making improvement of 

this inefficiency an imperative under future climate predictions (Erb & Zarzycki, 2018).  

Attempts at engineering RuBisCO directly are hampered by the multifaceted layers of 

regulation, biogenesis/assembly factors and kinetic considerations associated with the enzyme 

(Lin et al., 2014; Parry et al., 2013; Whitney et al., 2015). Alternatively, several approaches to 

decrease or bypass photorespiratory metabolism have been successful in several species of plants 

including Arabidopsis (Kebeish et al., 2007; Maier et al., 2012; Roell et al., 2021), Tobacco 

(Carvalho et al., 2011; South et al., 2019), Camelina (Dalal et al., 2015) and Rice (Shen et al., 

2019). These modifications to photorespiration were done via transgenic approaches to bypass 

existing plant metabolism. An emerging field of research is the use of synthetic metabolisms to 

further redirect or enhance plant metabolism (Reviewed in Batista-Silva et al., 2020). Synthetic 
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carbon fixation pathways are theoretical means to circumvent or “bypass” the inefficiencies 

associated with RuBisCO (Bar-Even et al., 2010). The first example of a synthetic carbon 

fixation pathway to be realized in vitro was the CETCH cycle. This cycle used 13 core enzymes, 

several of which received active site optimization, along with 4 additional co-enzymes to power 

the cycle. These new-to-nature metabolisms have increased carboxylation capacities and use less 

cellular energy than existing pathways (Schwander et al., 2016). To this date, synthetic carbon 

fixation pathways have only been proven to function in vitro; the in planta realization of 

synthetic metabolism primarily focuses on photorespiratory bypasses.  

In this study, we realize the expression of a condensed, reverse/reductive TCA cycle 

(crTCA) cycle in Camelina sativa. Five enzymes make up the core of the crTCA cycle: 1) 

succinyl CoA synthetase (SCS) which converts succinate into succinyl CoA with the use of one 

ATP; 2) 2-oxoglutarate:ferredoxin oxidoreductase (KOR) carboxylates the succinyl CoA into 2-

oxoglutarate by oxidizing ferredoxin; 3) 2-oxoglutarate carboxylase (OGC) subsequently 

carboxylates the 2-oxoglutarate to produce oxalosuccinate at the cost of one ATP; 4) 

oxalosuccinate reductase (OSR, sometimes referred to as isocitrate dehydrogenase or ICDH) 

uses one NADPH to reduce oxalosuccinate to isocitrate; and 5) isocitrate lyase (ICL) hydrolyzes 

the isocitrate to glyoxylate (the cycle’s product) and succinate which serves as substrate for 

another iteration of the cycle. A simplified reverse TCA cycle was first postulated as a feasible 

synthetic carbon fixation pathway in Bar-Even et al. 2010. The authors’ analysis indicates that 

while a modified reverse TCA cycle is the most simple (fewest enzymatic steps), the 

thermodynamics of several reactions are not favorable at physiologic conditions/concentrations. 

This is further complicated that the use of a modified reverse TCA cycle depends on a class of 

enzymes known as 2-oxoglutarate:ferredoxin oxidoreductases (KORs) – which are often oxygen 
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sensitive (Bar-Even et al., 2010). In our work, however, we have identified enzymes that are 

capable of functioning as a metabolic cycle in vitro at aerobic, mesophilic conditions (Appendix 

1). The in vitro results demonstrated several drawbacks to using a simple, synthetic cycle. 

Foremost is that some enzymes of the crTCA cycle are reversible: in vitro characterization 

demonstrated that several selected enzymes of our cycle, notably ICL, had unwanted reversibility 

(Appendix 1). Another negative consequence of our cycle was that it was shown to be 

operational as both a 4-step and 5-step cycle, however the 5-step operation of the cycle had more 

favorable kinetics (Appendix 1). In the initial description of such a synthetic metabolism as the 

crTCA cycle, the authors posited that both a 4- and 5-step reverse TCA cycle could exist, but 

that the 5-step cycle was thermodynamically more feasible (Bar-Even et al., 2010). The enzymes 

of our crTCA cycle have also been shown to be functional when expressed in planta (Appendix 

1). In this study, we realize the stable expression of the five crTCA enzymes in Camelina sativa, 

an emerging biofuel crop and assess the synthetic cycle’s impacts on plant morphology, 

physiology, metabolism and gene expression.  

2.2 Methods 

2.2.1 Vector design and cloning strategy 

The selected crTCA cycle genes were synthesized by GenScript with codon optimization 

for C. sativa onto a pUC57 backbone and flanked by attL/R sites for downstream Gateway 

cloning into the PC-GW vector series (Dalal et al., 2015b). Table 3.1 lists each multi-gene 

vector, its constituent crTCA cycle genes, the att sites used in Gateway cloning (ThermoFisher 

Scientific, Waltham, MA), the constitutive promoter, chloroplast transit peptide and terminator. 

Positive transformants were screened using restriction analysis and verified by sequencing 

(Eurofins Genomics, Louisville, KY).  
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2.2.2 Agrobacterium-mediated transformation and selection of C. sativa  

Once verified by sequence analysis, crTCA plasmids and empty vector controls were 

transformed into Agrobacterium tumefaciens GV3101 via electroporation. Camelina sativa 

“Calena” was transformed via vacuum-assisted floral dip (Liu, et al., 2012).  Seeds collected 

from the transformed plants (T0) were plated onto 0.5x MS + 1% Sucrose + 0.8% agar plates 

(Constructs 1 and 2) or 0.5x MS + 1% Sucrose + 0.8% agar + 25 ug/ml BASTA 

(phosphinothricin) plates (Construct 3). Wild-type plants used in this study are a combined group 

of WT and null segregants (i.e. siblings of T1 plants that are WT) verified by PCR. Genomic 

DNA was extracted from ~50mg of leaf tissue using a CTAB DNA extraction protocol (Clarke, 

2009) and used for genotyping. 

2.2.3 Plant growth conditions and phenotyping   

C. sativa seeds were stratified on 0.5x MS-agar medium for 3 days and selected for 

marker expression after 7-9 days of growth in a controlled environment (Percival Scientific, 

Perry, IA). Individual seedlings were transferred to 6” diameter pots in a 1:1 mixture of SunGro 

Sunshine Mix #8 (SunGro Horticulture, Agawam, MA) and sterile sand. The substrate mixture 

was supplemented with 14-14-14 Osmocote fertilizer following manufacturer’s instructions. 

Positions of the plants were randomized and changed daily. Greenhouse experiments were 

conducted in March and April with supplemental light providing for a minimum of a 14-hour 

light period and temperature control for a maximum of 25 °C during the day.  

2.2.4 Gas exchange and chlorophyll fluorescence 

Photosynthetic gas exchange and chlorophyll fluorescence were measured using a LI-

6400XT portable photosynthesis system (LI-COR Biosciences, Lincoln, NE) equipped with a 

leaf chamber fluorometer (LI-6400-40). The diurnal changes in photosynthesis were measured 
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on 4-5 week-old, fully-expanded leaves every two hours between 4:00 and 16:00. Light levels 

inside of the leaf chamber were set to mimic the ambient light intensities throughout the course 

of the day. Light levels ranged from 0 µmol m-2 s-1 to 750 µmol m-2 s-1 with constant 10% 

blue light. Relative humidity within the leaf chamber was kept >65%.  

A/Ci response was measured by maintaining saturating light levels (1,800 µmol m-2 s-1) 

while changing the concentration of reference CO2 and measuring rates of net photosynthesis 

(Anet). This response was measured first at ambient CO2 concentrations before being decreased 

incrementally to the lowest concentration. The plant was then measured twice at ambient CO2 

before being increased stepwise to the highest concentration. At all measured concentrations, leaf 

temperature (25 °C) and relative humidity (65 + 5%) were kept constant. The A/Ci response was 

measured in at least 3 individuals per line. Chlorophyll fluorescence measurements were 

performed simultaneously with gas exchange measurements. Dark-adapted measurements were 

done at 4am, before dawn. Light-adapted measurements were performed with stable PPFD of 

750 µmol m-2 s-1. Calculations of chlorophyll fluorescence-derived parameters were done as 

previously described (Maxwell and Johnson, 2000). 

2.2.5 Protein extraction and immunoblotting 

Fresh leaf tissue was collected from 4-5 week old plants and immediately frozen with 

liquid nitrogen. This tissue was stored at -80ºC until use. Frozen leaf tissue was then ground in 

liquid nitrogen to a fine powder using a mortar and pestle. For extraction, at least 200 mg of 

tissue was used for each sample. Several extraction buffers were used including: 1) Extraction 

Buffer (Smith-Moore, 2018; Appendix 1) consisting of 50mM Tris-HCl (pH 7.5), 150 mM NaCl, 

10% (v/v) glycerol, 1% (v/v) Triton X-100, 2.5 mM DTT and 1:100 protease inhibitor cocktail 

(Millipore Sigma, St. Louis, MO); 2) Extraction Buffer (Laing & Christeller, 2004) consisting of 
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0.2 M MOPS (pH 7.0), 5% PVPP, 1% (v/v) Triton X-100, 10% (v/v) glycerol, 2 mM DTT and a 

1:100 protease inhibitor cocktail (Millipore Sigma, St. Louis, MO); 3) Plant Extraction Buffer 

(Verma et al. 2008) consisting of 100 mM NaCl, 10 mM EDTA (pH 8.0), 200 mM Tris-HCl (pH 

8.0), 0.05% (v/v) Tween-20, 0.1 % (w/v) SDS, 14 mM β-mercaptoethanol, 200 mM sucrose and 

2 mM PMSF; 4) Pierce Plant Total Protein Extraction Kit (ThermoFisher Scientific, Waltham, 

MA) following the manufacturer’s instructions. Additionally, chloroplast isolation was also 

tested using the Chloroplast Isolation Kit (Millipore Sigma, St. Louis, MO) following 

manufacturer’s instructions for both chloroplast isolation and lysis. With all extraction buffers 

and procedures, the tissue was fully resuspended in an adequate (approximately 2 volumes) of 

buffer by vortexing thoroughly. The mixture was then centrifuged for 5 minutes at 14,000 rpm to 

remove debris. The supernatant was retained and assayed for protein concentration using a Bio-

Rad DC (detergent compatible) Protein Assay (Bio-Rad, Hercules, CA) following the 

manufacturer’s instructions and using a BSA standard curve. The protein lysate was mixed with 

4X reducing LDS-sample buffer (ThermoFisher Scientific, Waltham, MA). Equal concentrations 

of proteins were separated on Bolt 4-12% gradient Bis-Tris SDS PAGE (ThermoFisher 

Scientific, Waltham, MA) and transferred onto 0.2 µm PVDF membrane using a Mini Trans-

Blot Cell (Bio-Rad, Hercules, CA) run for 4 hours at 25 mV at 4ºC. Following transfer, 

membranes were blocked for at least 1 hour in TBST with 2.5% (w/v) nonfat milk. After 

blocking, membranes were washed with TBST three times for 15 minutes. Primary antibody 

incubation was tested at a range of concentrations (1:50 – 1:5000) in TBST and incubated 

overnight. Primary antibodies were prepared by GenScript (Piscataway, NJ) using protein 

specific peptide sequences as antigens. The secondary antibody, goat anti-rabbit conjugated with 

horseradish peroxidase (ThermoFisher Scientific, Waltham, MA) was used at concentrations 
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from 1:2500 – 1:20000 in TBST. Blot visualization was visualized with either 

chemiluminescence using the Bio-Rad Clarity Western ECL substrate (Bio-Rad, Hercules, CA) 

or using TMB substrate solution (ThermoFisher Scientific, Waltham, MA). As a positive control, 

recombinant crTCA enzymes expressed in and purified from E. coli was used.  

2.2.6 Modelling photosynthesis and statistical analysis   

All photosynthetic and plant physiology measurements were conducted in at least 

triplicate for each transgenic or control line. Results presented in tables are mean + standard error 

of the mean (SEM) for each treatment. A/Ci response was analyzed using the R package 

plantecophys using the “default” fit method for the Farquhar-von Caemmerer-Berry model of C3 

photosynthesis and the measured Rd (Duursma, 2015). Where indicated, statistical differences 

between treatments were evaluated using ANOVAs and the Tukey HSD method using the R 

package agricolae with a significance threshold of 0.05 (De Mendiburu & Simon, 2015). 

2.2.7 RNA-seq, differential gene expression and correlation network analysis  

Leaf discs of the youngest, fully-expanded leaves of 5-6 week old plants were collected 

under liquid nitrogen and stored at -80ºC until extraction. Total RNA was extracted from 

pulverized leaf tissue using the PureLink RNA mini kit (ThermoFisher Scientific, Waltham, 

MA) following manufacturer’s instructions. Contaminating gDNA was digested out of the 

samples using the PureLink DNase (ThermoFisher Scientific, Waltham, MA). Concentrations 

and purity was determined using both a Qubit 2 fluorometer and a Nanodrop spectrophotometer 

(ThermoFisher Scientific, Waltham, MA). Purified RNA was sent to BGI (Shenzhen, 

Guangdong, China; https://www.bgi.com/) for cDNA synthesis, library preparation and 

sequencing. Trimmomatic (Bolger et al., 2014) was used to trim off sequencing adapters and 

remove low quality reads. Paired-end reads were aligned to the most recent C. sativa reference 

https://www.bgi.com/
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genome (Cs_genome_v2.fa) using HISAT2 (Kim et al., 2019). FeatureCounts (Liao et al., 2014) 

was then used to quantify read count per transcript. DESeq2 (Love et al., 2014) was then used to 

analyze differential gene expression between different transgenic lines. Genes were considered to 

be differentially expressed between WT and transgenic plants if the Bejamini-Hochberg adjusted 

p-value was < 0.05. Bedtools (Quinlan, 2014) was used to quantify reads that mapped to crTCA 

transgenes. For weighted gene co-expression network analysis (WGCNA), we used the full 

expression dataset with incorporation of the transgene counts. Low abundance (< 5 reads) and 

low variance (< 10) reads were filtered to reduce noise in the analysis. Hierarchical clustering 

was performed on expression data using Euclidian distance of samples (hclust(), method = 

average). An unsigned weighted gene co-expression network was then created using the R 

package wgcna (Langfelder & Horvath, 2008) to create modules that correlate to specific crTCA 

transgene expression. The transgenes that had strong correlation (r > 0.6 or r < -0.6) were 

combined into a list with their respective strength of correlation. We then performed GO 

enrichment analysis for both positively and negatively correlated genes. These lists were then 

analyzed using g:profiler and Cytoscape (Reimand et al., 2019) to generate network plots. The 

nodes in the plots are functional categories significantly enriched and colors denote negative 

(blue) or positive (red) correlation. The size of the nodes represents the number of genes 

represented in each functional category and if there are common genes they are connected by 

edges. The width of the edge indicates the number of shared genes.  

2.3 Results 

2.3.1 Generation and verification of C. sativa transformants 

For the initial test of the ability of this crTCA cycle in augmenting carbon fixation, we 

designed multigene binary vectors specifically for expression in C. sativa. Each coding sequence 
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for crTCA genes was designed with four elements in consideration: (1) constitutive expression, 

(2) plastid localization via chloroplast transit peptide (ctp), and (3) transcript termination. To 

minimize the risk of transgene silencing, a variety of promoters, transit peptides, and terminators 

were used (Table 2.1). All elements were codon optimized for C. sativa. To understand the 

cycle’s operation in planta, the crTCA genes were split across three vectors (Figure 2.2). The 

first two vectors, Construct 1 (C1) and Construct 2 (C2) contain the core elements of the crTCA 

cycle. Constructs 1 and 2 contain carboxylase enzymes, 2-oxoglutarate carboxylase (OGC) and 

isocitrate dehydrogenase (ICDH) in C1 and ketoglutarate oxidoreductase (KOR) in C2. 

Construct 3 contains co-enzymes potentially necessary for both Construct 1 (biotin ligase, BirA, 

which biotinylates OGC) and Construct 2 (HyTh-Ferredoxin or FDX, a bacterial ferredoxin from 

H. thermophilus, that donates electrons to KOR). 

 Following transformation of C. sativa with the respective vectors, PCR-confirmed 

positive T1 seedlings were allowed to complete their life-cycle, self-fertilize, and set seed. This 

process was continued until homozygous T3 lines were obtained and confirmed by PCR and 

segregation analysis. Stacked lines (e.g. Construct 1 + Construct 3; C1C3) were generated by co-

transformation of two A. tumefaciens cultures in equal volume. Homozygous T3 lines of C1C3 

and C2 were crossed to generate F1 progeny that would be heterozygous for each transgenic 

cassette and thus express the full suite of crTCA cycle enzymes. F1 seed was screened by plating 

onto MS media containing BASTA (25µg/ml) and resistant seedlings were then screened for 

mCherry and eGFP fluorescence. In order to obtain homozygous crTCA plants, segregation 

analysis was performed in each subsequent generation to infer the parental genotype until 

homozygosity was reached. Plants used in this study hail from independent transformation 

events and crosses in order to nullify TDNA insertion site effects. 
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Transgene transcript abundance was analyzed by RNA-Seq performed on leaf tissue of 4-

5 week old plants. Figure 2.3 shows the transcript abundance for each crTCA gene in both partial 

and full crTCA lines, with an endogenous ubiquitin (UBQ3 or Csa20g003250) as a reference. 

Each transgene for the crTCA cycle is under a constitutive promoter, but there was significant 

variability in transcript abundance for each transgene. The SCS large subunit (LSU) of Construct 

2 had the highest transcript abundance overall while the bacterial ferredoxin (FDX) had the 

lowest. This was especially true in the Construct 3lines, where FDX was almost undetectable 

against the background signal. The full crTCA lines differed in the degree of transgene 

expression from the partial lines, having significantly lower OGC LSU, KOR LSU and SCS 

SSU. Both the OGC LSU and KOR LSU genes are driven by the Act2 promoter, while SCS SSU 

is under Entcup4 control. 

Protein detection was attempted using several different methods for the transgenic lines 

in C. sativa. ICDH and ICL proteins were detected in crTCA samples, however OGC, SCS, 

KOR, and BirA were unable to be detected by any method (Figure 2.4). A variety of detergent 

agents (Triton X-100, Tween 20, SDS) were used to ensure chloroplast lysis and membrane 

disruption. In an attempt to concentrate crTCA transgenic protein, chloroplast isolation was 

performed, however this method did not improve the detection of crTCA enzymes. FDX was not 

able to be detected previously and its custom antibody was spent (Smith-Moore, 2018).  

2.3.2 Partial crTCA cycle expression alters C. sativa phenotype but does not cause 

significant changes in photosynthetic physiology 

To understand how the expression of the crTCA cycle may change plant phenotype and 

physiology, we started by analyzing how the individual crTCA vector expression affects C. 

sativa phenotype and photosynthetic physiology. Phenotypically, we used total plant height as a 
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general growth indicator (Figure 2.6A). Of the three vectors used, only Construct 2 (C2) 

expression did not have a marked effect on the phenotype of the plants. Plants expressing 

Construct 1 (C1) began their lifecycle identical to controls, but around the 37-40 days post 

transplantation (DPT) were noticeably shorter. This trend continued through development with 

C1 lines completing their lifecycle significantly shorter than the controls. While C1 plants were 

overall shorter than controls, they developed significantly more axillary branches as they 

developed (Figure 2.6B). Construct 3 (C3) expression, showed an opposite trend with regards to 

plant height. Plants of this line started off markedly shorter but this phenotype gradually 

dissipated later in development, around 54-58 DPT. Early in development not only were C3 lines 

shorter, but they had altered leaf angles and leaf morphology (Figure 2.6C). These changes in 

phenotype translated to changes in overall seed yield, where C3 expression led to a significant 

decrease in overall seed yield and seed weight and C1 expression led to a significant increase in 

overall seed yield and seed weight (Figure 2.7). 

We then investigated whether the partial cycle’s expression caused physiological 

changes. Since Construct 1 and Construct 2 each contain a carboxylase, we investigated these 

lines’ abilities to enhance photosynthetic carbon assimilation throughout the day. Starting before 

sunrise and ending before dusk, we surveyed young, photosynthetically active leaves (n > 3 

plants per line) for changes in CO2 assimilation (Anet), transpiration, stomatal conductance (gs), 

and internal carbon concentrations (Ci) throughout the day. Only Construct 1 lines showed 

significant differences in Anet compared to controls, at 4am and 1pm (Figure 2.8). At 4:00, in the 

dark, the gas exchange measurements functionally serves as a measure of dark respiration (Rd), 

with net CO2 assimilation being negative. Construct 1 lines had an average ~10% decrease in 

night respiration rates. At midday, these same lines assimilated significantly less CO2 than any 
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other line. This decrease in Anet is preceded by a significant decline in stomatal conductance (gs) 

and with the intercellular CO2 concentration (Ci), which begins at the 10am time point. Construct 

2 and Construct 3 lines have the opposite effect in regards to gs and transpiration, having points 

of significant increases that begin at the onset of the light period and persisting through midday 

(Figure 2.9).  

The A/Ci curve is a fundamental tool to determine the photosynthetic capacity (A) of 

plants in relation to the intercellular carbon concentration (Ci). A saturating light intensity of 

1800 µmol m-2 s-1 is used and the plant is exposed to fluctuating carbon concentrations and 

measured for changes in assimilation. These curves are then used to determine other biochemical 

parameters such as: the CO2 compensation point (CCP), the maximum rate of carboxylation 

(Vcmax), the maximum rate of electron transport (Jmax), and the transition point from 

carboxylation-limitation to electron transport limitation (Citrans). In the partial lines, the only 

deviation from WT biochemical parameters was found in the Construct 2 lines, where the Citrans 

was found to be lower suggesting that Construct 2 expression may change the efficiency of 

photosynthetic CO2 conversion. Furthermore, the response in Construct 3 lines exhibits an 

overall lower Anet response to increasing Ci, indicating that this line is limited in its overall 

capacity to fix CO2 (Figure 2.10 and Table 2.2).  

Chlorophyll fluorescence was used in conjunction with gas exchange measurements to 

probe changes to the allocation of light energy. With this data, we determined the quantum yield 

of photosystem II (ΦPSII), the maximum quantum yield of PSII (Fv/Fm), non-photochemical 

quenching (NPQ), and the light-adapted maximum quantum yield of PSII (Fv’/Fm’). With the 

lines expressing the partial crTCA cycle, there were no significant differences in these 

parameters. Construct 3 expression did slightly alter some of these parameters. NPQ was lower 
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in the lines expressing the C3 construct while ΦPSII was higher, although these differences were 

not determined to be statistically significant (p > 0.05) (Table 2.3). Leaf tissue from these plants 

was used to extract and quantify the chlorophyll present in these plants. There was no significant 

difference in chlorophyll content or makeup between the transgenic and control lines (Table 2.3). 

2.3.3 Full crTCA cycle expression alters C. sativa phenotype and increases overall CO2 

fixation capacity when grown in a greenhouse.  

Since partial cycle expression lead to changes in phenotype and photosynthesis, we 

hypothesized that expression of the full cycle would show similar changes. We characterized the 

full crTCA lines in the same greenhouse environment. Phenotypically, the expression of the full 

crTCA cycle shares similar characteristics with the Construct 3 phenotype: slower growth early 

in development but developing to reach heights identical to controls. However, no leaf angle 

phenotypes manifested in the full crTCA lines (Figure 2.5). The full expression of the crTCA 

cycle did not lead to increased seed yield. In contrast, there was a slight decrease in overall yield 

compared to WT or EV control lines but no change to seed weight (Figure 2.12).  

 To understand if the full expression of the crTCA cycle would translate to greater gains 

in Anet or changes other photosynthetic parameters, we repeated the gas exchange and 

chlorophyll fluorescence measurements. The full crTCA cycle expression did have an effect on 

photosynthetic rates: at both 7:00 and 13:00 there were statistically significant increases in Anet 

of ~4% and ~13% over control lines, respectively (Figure 2.13). Transpiration and gs were found 

to correlate with the higher photosynthetic rates in the crTCA lines when compared to the 

controls (Figure 2.14). The differences seen between the full crTCA lines and the control group 

coincides with previously seen differences with the partial crTCA lines. For instance, the full 

crTCA lines have significant gains in transpiration and gs at 7:00 and 13:00 and the same is true 
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for C2 and C3 lines (Figures 2.9, 2.14). The only unique difference associated with the full 

crTCA lines was a significant increase of Ci at 13:00 which was not seen in any of the partial line 

data.  

The largest changes seen with the photosynthetic gas exchange parameters were at 

midday, so we assayed the plants using a saturating light intensity. The crTCA lines were shown 

to have increased CO2 assimilation by ~12% (Figure 2.13B). If the crTCA cycle can facilitate 

increased carbon assimilation at ambient concentrations, we would expect to see a positive A/Ci 

response. We found that the overall photosynthetic response to increased internal CO2 

concentrations to be somewhat increased in the full crTCA-expressing lines compared to the 

control plants. However, there were no changes in the estimated parameters of the A/Ci response 

compared to controls (Figure 2.15, Table 2.4). 

Chlorophyll fluorescence determined that, similar to what was seen with Construct 3, the 

crTCA plants had a reduction in NPQ and an increase in Fv’/Fm’. No changes were seen in 

chlorophyll content or makeup (Table 2.5).  

2.3.4 RNA-seq: differential gene expression, weighted gene co-expression network analysis, 

and gene ontology analysis 

The morphological phenotype associated with the transgenic plants is reflected in the 

changes in gene expression; the strongest phenotypes have the highest number of differentially 

expressed genes (DEGs). There was not a strong number of DEGs associated with expression of 

the crTCA cycle in this study. The C1 line had 239 significant differentially expressed genes (padj 

< 0.05). C2 expression, which lead to no distinguishable phenotype, led to only 36 DEGs. 

Construct 3 led to the greatest total number of DEGs (n = 316). The expression of the full crTCA 

cycle led to only 92 DEGs. In all the transgenic lines, there was overall more significant down-
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regulation than up-regulation of genes. Of the DEGs, there is a surprising lack of overlap 

between the transgenics. Of the total upregulated DEGs, C3 and crTCA share 10 total up-

regulated DEGs. Of the down-regulated DEGs, there is slightly more overlap: C3 and crTCA 

share 16 DEGs compared to the control; C1 and C2 overlap in 11 DEGs; and C3 and C2 only 

have 1 DEG in common (Figure 2.16).  

Due to the similarities in the enzymatic activity and potential for metabolite shuttling 

between the mitochondrial TCA cycle and the plastid-localized crTCA cycle, we investigated for 

changes in expression of the TCA cycle genes. Figure 2.17 shows the log2fold changes 

associated with TCA cycle transcripts. Many of the changes seen in the partial lines are also seen 

in the full crTCA lines. C. sativa has an allohexaploid genome, and thus for every enzyme there 

are three homeologous genes. Not only are there changes associated with the TCA transcript 

abundances, but the changes in homeolog-specific transcripts are often similar between the core 

cycle constructs (Construct 1 or 2) and the full crTCA lines. One malate dehydrogenase gene is 

downregulated moderately in the partial lines, but strongly down-regulated once the full cycle is 

established. The same trend is true in the suite of genes associated with succinyl-CoA synthetase, 

most of them being downregulated in the transgenic lines, with the exception of the SCS alpha 2 

gene being moderately up-regulated in Construct 1 and crTCA lines. The endogenous isocitrate 

dehydrogenase genes are also responsive to the expression of the crTCA cycle. IDH4 shows 

moderate to strong up-regulation in both Constructs 1, 2, and crTCA lines, while IDH6 shows 

moderate down regulation in Construct 1 and crTCA lines.  

The patterns in the DEG analysis lead us to use weighted gene co-expression network 

analysis (WGCNA) to understand if there were specific genes or processes that were correlated 

with one or more of the transgenes of the crTCA cycle. From the association network, we 



   

61 

 

performed gene ontology (GO) analysis to see the larger scale functional enrichments that were 

associated with crTCA gene expression. We found several associations of biological processes 

associated with the expression of Construct 1 and Construct 2 genes but only one for the 

expression of Construct 3 genes (Table 2.6). Construct 1 gene expression was associated with the 

GO terms carboxylic acid metabolic process, organic acid metabolic process, and oxoacid 

metabolic process. Construct 2 gene expression was associated with the GO terms of 

Photosynthesis (light harvesting, light reactions), carboxylic acid metabolic process, carboxylic 

acid biosynthetic processes, and oxoacid metabolic process. C3 expression was mostly 

associated with the GO term oxidation-reduction process.  

A fundamental question regarding the potential for crTCA to supplement CO2 fixation 

relies on the hypothesis that the crTCA enzymes can compete with RuBisCO. We utilized 

transcript information from the RNA-Seq data to compare the expression of the crTCA 

transgenes with that of RuBisCO. Expression of RuBisCO between the control and crTCA lines 

was consistent and there is significantly more RuBisCO transcript than that of any crTCA gene. 

Table 2.7 provides a summary comparison of normalized expression data between ICDH and 

RbcS, the nuclear-encoded subunit of RuBisCO. ICDH is an example of a highly expressed 

transgene among all individuals (Figure 2.3). The ratio of RbcS transcript to ICDH transcript 

gives us an estimate of how much more RbcS protein is being made than that of ICDH.  On 

average, there are ~4,000 RbcS transcripts for every 1 ICDH transcript.  

2.4 Discussion 

The goal of this study was to test if the crTCA cycle could be functionally expressed and 

enhance net CO2 photoassimilation in C. sativa when grown in the greenhouse. The expression 

of the full crTCA cycle led to increases in Anet at two time points in the day, 7:00 and 13:00 
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(Figure 2.13). We hypothesized that plants with significantly increased carbon assimilation 

would also have increased height and/or yield, but instead found a decreased plant height and no 

significant changes in yield in the crTCA lines compared to the controls (Figure 2.11, 2.12). This 

data suggests that while the crTCA cycle may slightly enhance overall carbon assimilation it 

does not directly contribute to the growth or yield of C. sativa. The full crTCA cycle had a 

moderately diminished phenotype but had increased rates of net CO2 assimilation near midday 

and under saturating light intensities. It is striking that these are optimal conditions for 

photorespiration, raising a fundamental question about how crTCA activity could be interacting 

with the process of photorespiration (Figure 2.1, Figure 1.7). Initially, we hypothesized that the 

plants could experience increased rates of photorespiration when grown in the greenhouse: if the 

Km values of the crTCA enzymes are lower for CO2 than RuBisCO’s 10.7 µM (Tobacco; 

Andrews & Whitney, 2003), it would push RuBisCO towards oxygenation and drive 

photorespiration. The diminished phenotype lends credence towards this hypothesis. Including a 

metabolic analysis could help resolve this question. Hallmark metabolic shifts of 

photorespiration would be most easily seen in quantifying levels of glycine, serine, glycerate and 

glycolate (Eisenhut et al., 2017, Timm et al., 2021). Increased photorespiration is often 

associated with lower rates of Anet (Timm et al. 2017). The crTCA plants have a higher rate of 

Anet at times of day when photorespiration would be the highest (12:00 – 15:00) but this may be 

due solely to a stomatal effect that the crTCA cycle is having through a yet unidentified 

mechanism (Figures 2.13, 2.14). Therefore, resolving the question of flux through the 

photorespiratory pathway will greatly enhance our understanding of the phenotypic and 

physiologic differences seen in the crTCA lines.  
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The physiological data presented in this study suggest that the expression of the crTCA 

cycle contributes to changes in stomatal behavior (Figures 2.9, 2.14) that led to changes in net 

photoassimilation (Anet). The increases in Anet that are associated with crTCA expression 

correlate with increases in stomatal conductance (gs) and transpiration. Interestingly, the opposite 

was true for the Construct 1 line, plants of this line experienced a significant reduction in net 

photoassimilation which correlated with a significant reduction in stomatal behavior (Figures 

2.8, 2.9). The greatest increase in Anet associated with crTCA expression was found under 

exposing the plant to a high light intensity, which also saw a comparable increase in stomatal 

conductance (Figure 2.13B). These data suggest a stomatal basis for increases of Anet rather than 

significantly increased potential for carboxylation. The lack of A/Ci response in any transgenic 

line further suggests that there may be only slight increases to overall carboxylation capacity 

when grown in the greenhouse (Figures 2.10, 2.15). 

Expression of Construct 1 (C1) led to decreases in stomatal parameters that negatively 

affected Anet (Figure 2.8, 2.9). While this line had a slightly negative Anet, this line had changes 

in morphological phenotype and increased yield (Figures 2.6, 2.7). The crTCA enzymes in 

Construct 1 (OGC, ICL and ICDH, Figure 2.2) were designed to utilize 2-oxoglutarate and 

generate succinate and glyoxylate in the plastid. Previous work using antisense suppression of 

the Fe-S subunit of succinate dehydrogenase (SDH) of the mitochondrial TCA cycle has yielded 

a similar phenotype and physiology in tomato (Araújo et al., 2011). The antisense plants 

exhibited greater photoassimilation rates and increased above-ground biomass while having 

increased concentrations of succinate and reduced concentrations of 2-oxoglutarate. The 

physiologic changes are correlated with increases of stomatal aperture, an effect that is 

hypothesized to be mediated by decreased concentrations of malate and fumarate (Araújo et al., 
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2011). Even though the crTCA is designed to be operational in the chloroplast and the 

aforementioned was mitochondrial, the flux of TCA and carboxylic acids takes place through 

various cellular compartments (Figure 2.1, Sweetlove et al., 2010). The transcriptomic response 

of Construct 1 plants suggest that this may be the case. We found up-regulation of isocitrate 

dehydrogenase 4, and down-regulation of the succinate dehydrogenase complex suggest that flux 

is being driven towards production of 2-oxoglutarate and reducing fumarate production from 

succinate (Figure 2.17). With the phenotypic, physiologic, and transcriptomic data presented 

here, it suggests that the in planta physiologic changes are due to the changes in generation and 

utilization of 2-oxoglutarate and succinate which may be altering the malate and fumarate pools. 

Metabolic quantification of the crTCA, TCA and glycolytic intermediates could shed further 

light on the underlying mechanisms presented here.  

In contrast, Construct 2 expression lead to no discernible changes in morphological 

phenotype or physiology. This construct contains the genes for the KOR and the SCS enzymes 

(Figure 2.2). The KOR enzyme possesses one of the lowest activities present in the cycle, is the 

least thermodynamically favorable reaction, and is the most oxygen-sensitive enzyme (Appendix 

1). This low activity is compounded by the fact that the KOR is missing its cognate ferredoxin, a 

component of Construct 3. It is likely the case that KOR is relatively inactive in this line and any 

effects we see in Construct 2 lines is due to the SCS enzyme. In the RNA-Seq analysis, 

Construct 2 had the fewest DEGs (Figure 2.16) and had very few changes in transcripts of the 

mitochondrial TCA cycle (Figure 2.17). There was a moderate upregulation in two homeologs 

for oxoglutarate dehydrogenase 1 and a moderate down regulation of the succinyl-CoA ligase, 

suggesting an increased flux towards production of succinyl-CoA from 2-oxoglutarate. WGCNA 

gene correlation indicate that the expression of these genes is correlated with transcriptional 
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downregulation of genes associated with photosynthesis, specifically reactions that are involved 

in light harvesting and light reactions (Table 2.6). This negative correlation is in conflict with the 

fact that Construct 2 lines had no morphological phenotype and little to no changes in 

photosynthetic physiology. The WGCNA uses information from the transcriptomes of both the 

full crTCA plants and the Construct 2 plants, which helps explain that conflict. However, it is 

still unclear why the expression of the KOR and SCS enzymes correlates to downregulation of 

the photosynthetic processes.  

The last partial construct of the cycle, Construct 3, contains co-enzymes/accessory 

proteins and was not hypothesized to have an effect on C. sativa phenotype or physiology by 

itself (Figure 2.2). However, this vector’s expression had a dramatic negative effect. The C3 line 

had an overall diminished phenotype and had an altered leaf angle (Figure 2.6). Plants expressing 

these transgenes ended up with slightly lower overall seed yield and a slightly lower seed weight 

(Figure 2.7). The bacterial ferredoxin that is expressed in this line is an electron acceptor/donor. 

It is the coenzyme for KOR, both of which hail from the thermophilic bacteria Hydrogenobacter 

thermophilus, which oxides hydrogen and fixes CO2 via the reductive TCA cycle.  The KOR 

step of the crTCA cycle is the most energetically unfavorable (Appendix 1) and requires a strong 

reducing power that the bacterial ferredoxin (4Fe-4S) is theorized to provide (Yamamoto et al., 

2006). Its expression in the chloroplast stroma appears to be negatively affecting the plants’ 

handling of light energy. The many plant ferredoxins (2Fe-2S) and electron transfers that take 

place in the chloroplast mediate the redox reactions that drive photosynthesis. Plants expressing 

these transgenes had slight decreases in their estimates of non-photochemical quenching (NPQ) 

(Tables 2.3, 2.5). Furthermore, the GO term association with this construct’s expression, 

oxidation-reduction process, gives support to the hypothesis that the expression of the H. 
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thermophilus ferredoxin is negatively affecting redox reactions in the plastid (Table 2.6). 

Morphological detriments associated with Construct 3 expression dissipated over time. Notably, 

transcript abundance of FDX was extremely low – almost undetectable in some individuals 

(Figure 2.3). The time of sampling for RNA-Seq analysis coincided with the lessening of the 

Construct 3 phenotype (Figure 2.6), making it a possibility to suggest that gene silencing could 

be occurring to limit the detrimental effects of FDX expression over time. Taken together, the 

data suggests that this ferredoxin protein is likely to participate in redox reactions inside the 

stroma of C. sativa. When it does so in isolation it can be detrimental, however when co-

expressed with its cognate KOR the effect is less detrimental (Figure 2.2). Redox status within 

the chloroplast are key regulators and indicators of metabolic activity and flux. The thiol redox 

network inside a cell consists of multiple thioredoxins (and glutaredoxins) which mediate 

stromal enzymatic activity with photosynthetic electron transport. Inside the chloroplast, 

thioredoxins f and m are known to be reduced by photosynthetic electrons via the plant-type 

ferredoxin. The whole redox-responsive regulatory system of which thioredoxins are members of 

mediate the cellular response to a suite of metabolic functions both inside and outside of the 

chloroplast, including but not limited to cyclic electron transport, the Calvin-Benson cycle,  

photorespiration, the malate valve, nitrogen assimilation and even the TCA cycle (Geigenberger 

et al., 2017). Combinatorial mutation analysis of the various thioredoxins in A. thaliana have 

shown phenotypes that range from mild reductions in photosynthetic efficiency to extreme 

reductions in biomass and carbon assimilation (Thormählen et al., 2015). It is likely that the 

bacterial ferredoxin we express in Construct 3 is participating in redox reactions or signaling that 

is detrimental to the plant.  
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The enzymes of the crTCA cycle were taken from a suite of microbial organisms from 

diverse environments (Appendix 1). This study expressed these enzymes in the context of the 

chloroplast - which is a dynamic environment unlike their host microbes. Many processes of the 

chloroplast are regulated either directly or indirectly by light. The crTCA enzymes, however, 

have a separate evolutionary history that would not lead one to believe they would be directly 

regulated in a similar manner. However, their activity and directionality may be indirectly 

influenced by several factors related to the day/night cycle. The environment of the chloroplast 

changes in darkness: the stromal pH neutralizes (from pH 8 → 7) and the plastidial concentration 

of ATP and NADH are reduced by a factor of ~2.4 (Heineke et al., 1991).  The crTCA cycle’s 

activity was measured in vitro at pH 8.0 and was provided with excess ATP, NAD(P)H, and 

substrate (Appendix 1). The initial substrate to stimulate crTCA activity in planta is likely to 

come from the mitochondrial TCA cycle (Figure 2.1). The crTCA cycle metabolites succinate, 

succinyl-CoA, 2-oxoglutarate and isocitrate are shared with the TCA cycle of the mitochondria.  

Likely candidates are succinate, 2-oxoglutarate, or isocitrate. Dicarboxylates such as these have 

been shown to cross freely past the outer membrane of the chloroplast and they have been shown 

to have bidirectional transport through the inner membrane to the stroma (Lehner & Heldt, 

1978). All three can be present in the cytosol as well. 2-OG is present in the plastid as well, 

where it plays a central role in amino acid biosynthesis and ammonia assimilation, being the 

substrate for glutamate via GOGAT. In the leaves of A. thaliana, the concentration of 2-

oxoglutarate is approximately 14.3 nmol per gram fresh weight (FW) in the plastid and 22.1 

nmol g FW-1. Succinate is primarily found in the mitochondria, where it is involved in the TCA 

cycle, but can also be found in the peroxisome and cytosol where it participates in both the 

glyoxylate cycle and GABA shunt respectively (Araújo et al., 2012). Succinate has also been 
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identified in the chloroplast, but at a lower concentration: approximately 3.36 nmol g FW-1 in the 

plastid and 14.3 nmol g FW-1 in the cytosol (Lehner & Heldt, 1978, Szecowka et al., 2013). 

Isocitrate is intricately linked to 2-OG, being its precursor in both the mitochondria and the 

cytosol (Figure 2.1, Araújo et al., 2012).  

The TCA cycle is well-characterized to operate in different flux modes in response to 

development, tissue, and environment (Sweetlove et al., 2010). The crTCA cycle and the TCA 

cycle of the mitochondria share several metabolites that are capable of being transported into the 

plastid (Kuhnert et al., 2021; Plaxton & Podestá, 2007; Sweetlove et al., 2007). We therefore 

assume that there could be potential for diurnal changes in crTCA enzyme activity but that cyclic 

activity is unlikely.  Construct 1 expression was found to be associated with reduced night 

respiration rates (Figure 2.8) whereas the full crTCA cycle had no change, lending some 

credence towards this possibility (Figure 2.13). Influencing the expression of the mitochondrial 

enzymes can have significant impacts on aspects of plant physiology whereas other enzymes 

have little or specific environmental effects (Reviewed in Nunes-Nesi et al., 2011). While there 

has been some work linking specific fluxes of malate and fumarate to changes in stomatal 

behavior (Nunes-Nesi et al., 2011; Araújo et al., 2011; Nunes-Nesi et al., 2007), the mechanistic 

understanding of how each TCA cycle flux impacts plant physiology is not entirely clear. Plants 

generate and use these carboxylic acids for metabolic pathways that span various organelles and 

developmental stages. Additionally, several of these enzymes contain cytosolic isoforms: 

aconitase, isocitrate dehydrogenase and succinyl CoA ligase. Studies on cytosolic versions of 

these enzymes is limited but there are several studies that link cytosolic NADP+-Isocitrate 

dehydrogenase to nitrogen and amino acid assimilation/transport, cellular redox homeostasis, and 

generally the day/night organic acid pools (Mhamdi et al., 2010; Pascual et al., 2018) 
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The data presented strongly suggest that the enzymes of the crTCA cycle have different 

influences on the morphology and photosynthesis of C. sativa depending on the enzymatic 

members that are present. We included the partial pathway vectors Construct 1, 2 and 3 to 

understand if only part of the cycle was influential in the physiology of C. sativa. While the 

effect of the expression of the full crTCA cycle is minimal in the greenhouse, it is distinct from 

partial expression and the controls. This effect could be explained by 1) the lower expression of 

OGC (LSU), KOR (LSU), and SCS (SSU) in the full crTCA plants (Figure 2.3) or that 2) the 

simultaneous expression of the five crTCA enzymes together in planta influences metabolism 

differently than when participating in non-cyclic modules (e.g. Construct 1). The OGC enzyme 

has the lowest in vitro activity of the cycle and therefore could be seen as a bottleneck in the 

pathway (Appendix 1). OGC is present in Construct 1 and the individuals in the Construct 1 line 

had higher transcript abundances for the OGC (LSU) gene than individuals expressing the full 

cycle (Figure 2.3). KOR has the second lowest activity of the cycle and is known to be oxygen 

sensitive (Appendix 1), however its high expression in the Construct 2 lines did not yield any 

physiologic or morphologic manifestations (Figures 2.6, 2.8). Even though all of the transgenes 

in this study are expressed using constitutive promoters, there was a large amount of variability 

in transcript abundance which could, theoretically, affect protein abundance. Only ICDH and 

ICL were able to be detected in protein lysates from transgenic C. sativa lines (Figure 2.4). In 

tobacco, the crTCA enzymes were His-tagged, allowing purification using immobilized nickel 

affinity chromatography (IMAC) and using an anti-His antibody for the primary antibody. This 

method allowed the detection of ICDH, ICL, SCS and KOR in tobacco lysates (Appendix 1).  In 

the generation of the C. sativa lines, the His-tag was excluded due to concerns about in vivo 

activity being affected by the tag. The inability to detect the majority of the crTCA enzymes in 
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C. sativa could be due to low abundance and is therefore below the threshold of detection 

without purification. The inability to detect transgenic crTCA protein precluded us from 

performing activity determinations with leaf extracts. While the chloroplast is an ideal target for 

transgenic protein production, the use of nuclear transformation and transit peptides in this study 

may limit overall transgenic protein content (Huang et al., 2021; Streatfield, 2007). Ideally, we 

could either express all the transgenes directly from the chloroplast genome to increase 

theoretical protein yields. This may help increase protein production and allow the determination 

for in vivo activity determinations. Further in vivo optimization into expression and protein 

stoichiometry could be used to improve the crTCA activity beyond what is presented here.  

The increases of net photoassimilation associated with expression of the crTCA cycle or 

its components is hypothesized to derive from at least two simultaneous processes: the fixation 

of CO2 by crTCA enzymes and the metabolic flux that the crTCA generates. Our initial goal was 

to realize increased net photosynthetic CO2 assimilation due to the expression of our chosen CO2 

fixing enzymes/cycle, however the physiologic evidence suggests that a stomatal effect may be 

responsible for the apparent increase in net photoassimilation. This stomatal effect is more 

pronounced in the Construct 1 transgenic line. It is likely the case that the metabolic flux of 

plants expressing Construct 1 are quite different from those expressing the full suite of crTCA 

cycle genes. This could be due to changed metabolite concentrations and/or fluxes that were not 

resolved in this study. The data presented here, however, indicate that the expression of this 

synthetic metabolism is capable of changing plant morphology and physiology. This indicates to 

us that at least an aspect of the crTCA pathway is functional in planta that contributes to 

photosynthetic carbon assimilation. The intermediate organic acids that are theoretically 

generated and consumed by the crTCA cycle are involved in a great breadth of metabolic 
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processes that span various organelles (Araújo et al., 2012; Sweetlove et al., 2010; Zhao et al., 

2021). The conceptual product of the crTCA cycle, glyoxylate, is already involved in 

photorespiration and the glyoxylate cycle, both of which occur in the peroxisome. In 

photorespiration, glyoxylate is the immediate precursor to glycine, which can be subsequently 

converted into serine in the mitochondria (Figure 2.1). Only an analysis of the metabolic status 

and flux of these plants could help us better understand how crTCA influences the central 

metabolism of C. sativa. 

We hypothesize that the effects of crTCA expression could be improved by addressing 

either one or a combination of factors: competition with RuBisCO for CO2 and/or low in planta 

abundance or activity of the transgenic enzymes. The comparison of crTCA expression with the 

RuBisCO small subunit, RbcS, expression (Table 2.7) shows that even ICDH, one of the highest 

expressed transgenes, is not nearly as abundant as RbcS. RuBisCO is well-known to be the most 

abundant protein in the cell. Its proteolytic degradation rate is relatively constant and the 

protein’s abundance is thought to be primarily driven by the rate of transcription  (Irving & 

Robinson, 2006). While there are several factors that can influence transgenic protein stability 

(Apel et al., 2010; Benchabane et al., 2008; Streatfield, 2007), for the sake of simplicity we 

assume a similar mechanism for the abundance of crTCA protein. Therefore, we hypothesize that 

the effect of crTCA expression seen here in the greenhouse is influenced by competition with 

RuBisCO for CO2. Future studies should also incorporate metabolomics or metabolic flux 

analysis (MFA) to better understand the mechanism behind changes associated with the crTCA 

cycle and its constituents. 

2.5 Conclusion 
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The crTCA cycle, when expressed in C. sativa, does have a phenotypic and physiologic 

effect. The goal of implementing a synthetic carbon fixation cycle is to increase Anet directly via 

increased carboxylation capacity. The crTCA cycle lines do have increased Anet but also have 

increased gs, suggesting an indirect increase in Anet due to increased CO2 diffusion and internal 

CO2 concentration. The increase in Anet does not translate to an increase in yield for the crTCA 

lines. However, expression of a partial crTCA cycle does increase yield. The partial cycle was 

shown to not significantly increase Anet, but elicited a change to the plants’ architecture and 

supported the development of more axillary shoots. The mechanisms behind the changes seen in 

these lines are not fully understood, but RNA-seq analysis indicates changes to carboxylic acid 

and amino acid metabolism and biosynthesis.   
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Figure 2.1: Introduction of the crTCA cycle into the chloroplast and proposed interactions with primary metabolism. 
Metabolic crosstalk between the crTCA cycle and the primary metabolism of the plant cell with known transport capacity. 

Transporters are numbered as follows: 1: glycerate-glycolate translocator (Kuhnert et al., 2021); 2: malate-glutamate/2-oxoglutarate 

antiporter (DiT1,Kuhnert et al., 2021; Weber & Fischer, 2007); 3: amino acid translocator (Kuhnert et al., 2021); 4: dicarboxylate 

carriers (DTC, Picault et al., 2004; Sweetlove et al., 2010); ?: Unknown succinate transporter (Lehner & Heldt, 1978) 
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Figure 2.2: The crTCA cycle transformed into C. sativa. Five enzymes and two co-enzymes that consist of the crTCA cycle. To 

fully test the cycle’s operation in plant cells, we divided the cycle into multiple components. The core cycle was split (grey line) such 

that each half would contain a carboxylation reaction. Enzyme abbreviations in red compose Construct 1 (C1), those in green compose 

Construct 2 (C2), and the co-enzymes in blue compose Construct 3 (C3).  
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Figure 2.3: Normalized transcript abundances of crTCA genes in partial and full lines as determined by RNA-Seq.  A) 

Construct 1 specific genes B) Construct 2 specific genes C) Construct 3 specific genes D) Ubiquitin 3 as an endogenous reference 

gene.  Transcript abundances present within transgenic C. sativa leaf tissue collected from 5-6 week old individuals (n = 3).
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Figure 2.4: Western blotting for crTCA enzymes in C. sativa. Equal amounts of protein (~50 µg) were loaded into each lane. Three 

independent lines of crTCA lines are analyzed next to three separate WT plants. Positive controls (+) of 5-10 µg of purified, 

recombinant enzyme expressed in E. coli are included in each blot next to a molecular weight marker. The sizes of the marker are in 

kDa. The expected molecular weight for ICDH is  46 kDa; ICL is 48 kDa; OGC LSU is 68 kDa; OGC SSU is 53 kDa; SCS LSU is  43 

kDa; SCS SSU is 30 kDa; KOR LSU is 65 kDa; KOR SSU is 31 kDa; BirA is 33 kDa. The primary antibody for SCS is able to detect 

both the LSU and SSU. 



   

82 

 

 

Figure 2.5: Morphological phenotypes associated with crTCA expression in C. sativa when grown in the greenhouse. Plants are 

7 weeks old and express either the full crTCA cycle (bottom, middle) or components of the cycle (top row). WT (NS) are 

nonsegregant siblings of both Construct 1 and Construct 2 individuals.  
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Figure 2.6: Developmental phenotype of partial crTCA lines in C. sativa. A) The maximum height of 

transgenic plants n > 6) was recorded every 3 days. B) The 8-week old phenotype of C. sativa expressing Construct 1 compared to EV 

controls. C) The 3-week phenotype of Construct 3 transgenics compared to EV controls. 
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Figure 2.7: Yield of transgenic C. sativa expressing partial crTCA vectors. A) Total seed yield (g/plant) associated with the partial 

expression of the crTCA cycle. B) Seed weight (g/50 seed) associated with partial expression of the crTCA cycle. (n > 6 plants, Tukey 

HSD p < 0.05) 
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Figure 2.8: Diurnal photosynthetic rate of transgenic C. sativa expressing partial crTCA vectors. Individual plants’ 

photosynthetic rates were measured every three hours throughout the course of the day (n = 4 plants / line, Tukey HSD p < 0.05). 
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Figure 2.9: Diurnal stomatal patterns of transgenic C. sativa expressing partial components 

of the crTCA cycle. Changes in the stomatal parameters of A) stomatal conductance (gs) B) 

Transpiration C) Intercellular carbon concentration (Ci) of plants expressing components of the 

crTCA cycle (n = 4 plants / line; Tukey HSD p < 0.05).  
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Figure 2.10: A/Ci response of partial crTCA expression in C. sativa. The response of 

photosynthetic rate to increasing intercellular carbon concentration (n = 3 plants / line) 
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Figure 2.11:  Maximum plant height across development in transgenic C. sativa expressing 

the full crTCA cycle. Plant height over time of transgenic C. sativa expressing the fully crTCA 

cycle. Individuals (n > 6) were measured for the maximum height every 3 days.  
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Figure 2.12: Yield of transgenic C. sativa expressing the full crTCA cycle. A) Total seed 

yield (g/plant) associated with the full expression of the crTCA cycle. B) Total seed yield 

(g/plant) associated with individual lines of the crTCA cycle. C) Seed weight (g/50 seed) 

associated with partial expression of the crTCA cycle. (n > 6 plants, Tukey HSD p < 0.05) 
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Figure 2.13: Diurnal photosynthetic rate of transgenic C. sativa expressing the full crTCA 

cycle. Individual plants’ photosynthetic rates were measured every three hours throughout the 

course of the day (n = 4 plants / line, Tukey HSD p < 0.05).   
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Figure 2.14: Diurnal stomatal behavior of transgenic C. sativa expressing the crTCA cycle. 
Changes in the stomatal parameters of A) stomatal conductance (gs) B) Transpiration C) 

Intercellular carbon concentration (Ci) of plants expressing the crTCA cycle (n = 4 plants / line; 

Tukey HSD p < 0.05). 
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Figure 2.15: A/Ci response of crTCA lines. The response of photosynthetic rate to increasing 

intercellular carbon concentration (n = 3 plants / line) 

 

 

 

 

 

Figure 2.16: Shared DEGs between partial- and full-expression of the crTCA cycle. The 

Venn Diagram depicts differentially expressed genes (DEGs) with padj < 0.05, sub-divided into 

two categories: up-regulated and down-regulated. The numbers in each colored circle represent 

the unique and shared DEGs between the different transgenic lines (n = 3 plants / line).
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Figure 2.17: Mitochondrial TCA cycle transcripts log2 fold change in transgenic C. sativa expressing the crTCA cycle.   Boxes 

depict the homeolog-specific response as columns and the transgenic vector response as rows.  CS = citrate synthase ; ACO = 

aconitase; IDH = isocitrate dehydrogenase; 2-OGDH = 2-oxoglutarate dehydrogenase; SCoAL = succinyl-CoA ligase; SDH = 

succinate dehydrogenase; FUM = fumarase; MDH = malate dehydrogenase. 
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Table 2.1: Design elements of crTCA vectors for in planta expression. 

Construct Element Enzyme att sites Promoter Transit 

Peptide 

Terminator 

1 1 OGC 

SSU 

L1, R5 35S (in 

pCAMBIA) 

RBCS 35S 

2 OGC 

LSU 

L5, L4 Act2 CTP OCS 

3 ICDH R4, R3 35S RBCS 35S 

4 ICL L3, L2 Entcup4 BCCP NOS (in 

pCAMBIA) 

2 1 SCS 

LSU 

L1, R5 35S (in 

pCAMBIA) 

RBCS 35S 

2 SCS 

SSU 

L5, L4 Entcup4 CTP NOS 

3 KOR 

LSU 

R4, R3 Act2 BCCP 35S 

4 KOR 

SSU 

L3, L2 35S CTP NOS (in 

pCAMBIA) 

3 1 BirA N/A EntCUP4 RBCS OCS 

2 Fdx N/A Actin2 RBCS NOS 
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Table 2.2: Derived parameters of the A/Ci response associated with partial crTCA 

expression. Biochemical parameters related to photosynthetic carbon assimilation estimated 

from A/Ci curve data using plantecophys R package (n = 3 plants / line, Tukey HSD p < 0.05) 

 
 

CCP 
(µmolmol−1

) 

Vcmax 
(µmolCO2m

−2s−1) 
Jmax 
(µmol CO2m

−2 

s−1) 

Rd 
(µmol CO2m

−2 

s−1) 

Amax 
(µmol CO2m

−2 

s−1) 

CiTrans 
(ppm) 

C1 52.96 + 

0.45a 

113.28 + 

4.91a 

227.22 + 

8.51a 
-1.47 + 

0.03b 

40.23 + 

4.65a 

414.33 + 

7.78a 

C2 53.83 + 

1.6a 

119.86 + 

21.5a 

208.36 + 

24.4a 

-1.70 + 

0.02a 

40.35 + 

3.11a 
315.15 + 

12.4b 

C3 53.65 + 

0.1a 

110.19 + 

1.08a 

207.36 + 

3.91a 

-1.55 + 

0.03a 

36.18 + 

1.68a 

370.62 + 

20.5a 

EV 54.07 + 

0.59a 

115.32 + 

6.48a 

230.39 + 

4.14a 

-1.67 + 

0.02a 

39.07 + 

0.78a 

407.65 + 

30.9a 

W

T 

53.82 + 

0.41a 

115.98 + 

4.63a 

220.68 + 

7.5a 

-1.63 + 

0.02a 

38.92 + 

1.46a 

373.59 + 

10.1a 

 

 

Table 2.3: Chlorophyll fluorescence and content in transgenic C. sativa expressing partial 

crTCA constructs. ΦPSII = Quantum yield of photosystem II; Fv/Fm = Maximum quantum 

yield of photosystem II; NPQ = Nonphotochemical quenching; Chlorophyll fluorescence 

measurements n = 3 plants / line (exception of WT, n =1); Chlorophyll content n = 3 plants / line. 

Tukey HSD p < 0.05 

 

 ΦPSII Fv/Fm NPQ Fv’/Fm’ Chl A Chl B 
Total 

Chl 

C1 
0.400 + 

0.08a 

0.818 + 

0.004a 

1.15 + 

0.3a 

0.578 + 

0.03a 

2.24 + 

0.05a 

0.565 + 

0.02a 

2.28 + 

0.07a 

C2 
0.399 + 

0.09a 

0.818 + 

0.006a 

0.979 + 

0.4a 

0.591 + 

0.06a 

2.41 + 

0.09a 

0.613 + 

0.03a 

3.03 + 

0.12a 

C3 
0.451 + 

0.03a 

0.815 + 

0.005a 

0.781 + 

0.3a 

0.604 + 

0.03a 

2.03 + 

0.19a 

0.652 + 

0.19a 

2.68 + 

0.38a 

EV 
0.376 + 

0.09a 

0.821 + 

0.005a 

1.15 + 

0.3a 

0.561 + 

0.08a 

2.02 + 

0.7a 

0.552 + 

0.05a 

2.57 + 

0.11a 

WT 0.372a 0.825a 1.35a 0.551a 
2.43 + 

0.1a 

0.695 + 

0.1a 

3.12 + 

0.10a 
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Table 2.4: Derived parameters of the A/Ci response of crTCA expressing plants. 

Biochemical parameters related to photosynthetic carbon assimilation estimated from A/Ci curve 

data using plantecophys R package (n = 3 plants / line, Tukey HSD p < 0.05) 

 
 

CCP 
(µmol mol

−1

) 

V
cmax

 

(µmol CO2 

m−2s−1) 

J
max

 

(µmol CO
2
m

−2 

s
−1

) 

R
d
 

(µmol CO
2
m

−2 

s
−1

) 

A
max

 

(µmol CO
2
m

−2 

s
−1

) 

C
iTrans

 

(ppm) 

crTCA 52.77 + 

0.08
b

 

132.7 + 

1.53
a

 

235.33 + 

3.48
a

 

-1.66 + 

0.02
a

 

40.29 + 

1.76
a

 

313.94 + 

3.15
a

 

WT 53.03 + 

0.13
a

 

133.01 + 

1.71
a

 

232.49 + 

3.65
a

 

-1.54 + 

0.02
a

 

39.17 + 

1.05
a

 

306.05 + 

12.1
a

 

EV 53.38 + 

0.46
b

 

134.5 + 

4.39
a

 

231.31 + 

13.1
a

 

-1.96 + 

0.04
a

 

39.01 + 

0.93
a

 

296.45 + 

7.71
a

 

 

 

 

 

Table 2.5: Chlorophyll fluorescence and content of transgenic C. saitva expressing the full 

crTCA cycle. ΦPSII = Quantum yield of photosystem II; Fv/Fm = Maximum quantum yield of 

photosystem II; NPQ = Nonphotochemical quenching; Chlorophyll fluorescence measurements n 

= 3 plants / line; Chlorophyll content n = 3 plants / line. Tukey HSD p < 0.05 

 
 

ΦPSII Fv/Fm NPQ Fv’/Fm’ Chl A Chl B Total 

Chl 

crTCA 0.428 + 

0.04
a

 

0.799 + 

0.016
a

 

0.744 + 

0.08
a

 

0.618 + 

0.01
a

 

2.09 + 

0.11
a

 

0.548 + 

0.04
a

 

2.26 + 

0.15
a

 

EV 0.424 + 

0.02
a

 

0.808 + 

0.007
a

 

1.03 + 

0.05
a

 

0.583 + 

0.01
a

 

2.02 + 

0.07
a

 

0.552 + 

0.05
a

 

2.57 + 

0.11
a

 

WT 0.419 + 

0.02
a

 

0.813 + 

0.005
a

 

0.954 + 

0.13
a

 

0.587 + 

0.02
a

 

2.29 + 

0.17
a

 

0.601 + 

0.06
a

 

2.90 + 

0.23
a
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Table 2.6: Gene Ontology (GO) terms associated with crTCA construct expression. 

Biological process terms that were identified with WCGNA that strongly associate with the 

expression of specific crTCA vectors.  

Construct 

Association 
Term Name Term ID padj Pos/Neg 

C1 Organic acid metabolic process GO:0006082 7.812x10
-38

 Negative 

C1 
Carboxylic acid metabolic 

process 
GO:0019752 1.808x10

-36

 Negative 

C1 Oxoacid metabolic process GO:0043436 5.248x10
-35

 Negative 

C1 
Small molecule metabolic 

process 
GO:0044281 1.261x10

-33

 Negative 

C1 Response to cadmium ion GO:0046686 6.526x10
-25

 Negative 

C1 
Response to inorganic 

substance 
GO:0010035 6.003x10

-25

 Negative 

C1 Lipid homeostasis GO:0055088 4.929x10
-2

 Positive 

C1 
Cellular modified amino acid 

biosynthetic process 
GO:0042398 3.042x10

-2

 Positive 

C1 Regulation of circadian rhythm GO:0042752 3.807x10
-2

 Positive 

C1 
Anther wall tepetum 

development 
GO:0048658 1.654x10

-2

 Positive 

C2 Photosynthesis GO:0015979 2.452x10
-55

 Negative 

C2 
Generation of precursor 

metabolites and energy 
GO:0006091 3.367x10

-32

 Negative 

C2 
Small molecule metabolic 

process 
GO:0044281 2.714x10

-23

 Negative 

C2 Photosynthesis, light harvesting GO:0009765 1.035x10
-22

 Negative 

C2 Photosynthesis, light reaction GO:0019684 3.599x10
-39

 Negative 

C2 
Carboxylic acid metabolic 

process 
GO:0019752 3.174x10

-21

 Negative 
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Table 2.6 (Continued) 

C2 
Monocarboxylic acid metabolic 

process 
GO:0032787 2.138x10

-19

 Negative 

C2 Oxoacid metabolic process GO:0043436 3.905x10
-20

 Negative 

C2 
Carboxylic acid biosynthetic 

process 
GO:0046394 1.142x10

-17

 Negative 

C2 Fatty acid metabolic process GO:0006631 1.235x10
-16

 Negative 

C2 Cellular catabolic process GO:0044248 1.692x10
-16

 Positive 

C2 
Organic substance catabolic 

process 
GO:1901575 1.310x10

-15

 Positive 

C2 Catabolic process GO:0009056 5.381x10
-15

 Positive 

C2 
Small molecular catabolic 

process 
GO:0044282 1.966x10

-14

 Positive 

C3 Oxidation-reduction process GO:0055114 7.937x10
-14

 Negative 

C3 
Detoxification of nitrogen 

compound 
GO:0051410 2.842x10

-1

 Positive 

 

 

Table 2.7: Comparison of endogenous RbcS transcripts to ICDH transcript. Normalized 

transcript counts compare the expression of three different RbcS homeologs with the expression 

of one crTCA transgene: ICDH. As one of the better-expressed crTCA transgene, ICDH was 

chosen as a comparison. The ratio of RbcS:ICDH indicates how many transcripts of RbcS there 

are for every 1 transcript of ICDH. 

 
 

05g079910 16g026850 07g032360 ICDH 05g079910

:ICDH  

RbcS:ICDH 

C1.1 128682 1665657 1091632 612 210:1 4716:1 

C1.2 97928 1315486 794053 1305 75:1 1692:1 

C1.3 195658 2371038 1447948 6170 32:1 651:1 

crTCA.1 241242 2326397 1484020 227 1063:1 17849:1 

crTCA.2 174992 1534378 883355 13326 13:1 195:1 

crTCA.3 120960 1315730 753547 23717 5:1 92:1 
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CHAPTER 3: Evaluating the effects of elevated CO2 on transgenic crTCA lines in C. sativa 

Nathan Wilson, Yuan Xu, Yair Shachar-Hill and Heike Sederoff 

Abstract 

The photosynthetic efficiency of C3 plants, like Camelina sativa, is limited primarily by 

the enzyme ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO). At increased 

atmospheric concentrations of CO2, this efficiency is improved by providing more substrate to 

the enzyme and shifting the energetic demands of the cell. The crTCA cycle is a synthetic 

metabolic cycle that fixes carbon in vitro and, when expressed in C. sativa, changes the 

photosynthetic physiology and phenotype of plants. In this chapter, we test the effects of CO2 

concentrations and light intensities on the photosynthetic performance and physiology of 

transgenic C. sativa expressing the crTCA cycle. An analysis of metabolic flux was also 

performed on crTCA plants when provided with high light and elevated CO2 concentrations. 

Additional experiments evaluated the response of the transgenic plants to a heat-stress and a low 

CO2 exposure to evaluate their changes in photosynthetic efficiency and stomatal response.  

For this chapter, we focused our investigation on Construct 1 and the full crTCA cycle as 

Construct 2 and Construct 3 had either no effect or a detrimental effect when grown in the 

greenhouse.  

3.1 Introduction 

By the year 2050, there is an estimated need for agricultural yields to double. However, 

the annual yield increases of most key crops is not forecasted to meet this demand (Long et al., 

2015; Ray et al., 2013). The agricultural yield potential of any crop is primarily determined by 

three factors: intercepting solar energy, converting that energy into biomass, and partitioning that 

biomass into harvested products. An increase in efficiency in any one of these parameters has the 
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potential to increase total yields. Since the Green Revolution of the 1970s, however, it is 

estimated that the efficiency of interception and partitioning are near the theoretical maximum in 

most agricultural systems. The biochemical conversion efficiency, however, is one-fifth of the 

theoretical maximum and is thus a prime target for improvement (Long et al., 2015; Zhu et al., 

2010). A canonical example of improvement via this factor is seen in modifying the enzyme 

Ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO). This enzyme is the entry point 

for all CO2 fixation in C3 plants, however it is inefficient and participates in an energetically 

costly reaction with O2. Significant work has been undertaken to try to improve RuBisCO 

catalytic activity and specificity by engineering the enzyme or by creating new subunit 

combinations (Lin et al., 2014; Parry et al., 2013; Whitney et al., 2015). Alternatively, the 

introduction of synthetic metabolisms has been proposed as an effective route to increase the 

biochemical conversion efficiency. The use of synthetic metabolisms has had several 

independent successes in bypassing the energetically costly processes of photorespiration 

(reviewed in Batista-Silva et al., 2020). Synthetic metabolic cycles capable of fixing CO2 are 

also theorized to increase photosynthetic efficiency and improve yields (Bar-Even et al., 2010). 

To date, the development and use of synthetic carbon fixation cycles has been done in vitro 

(Schwander et al., 2016) but has not been implemented in vivo. One of the simplest synthetic 

cycles to be theorized is a modified reverse TCA cycle which fixes two carbon molecules in a 

cycle consisting of four or five enzymatic reactions. We have previously characterized enzymes 

that participate in such a condensed, reverse TCA (crTCA) cycle in vitro. These enzymes were 

introduced into Camelina sativa to assess the cycle’s ability to contribute to plant biomass. In a 

greenhouse, the expression of the crTCA was associated with increased rates of photosynthetic 

CO2 assimilation and stomatal conductance.  It was also determined that the crTCA gene 
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expression was significantly lower than the expression of RuBisCO. Therefore, it was 

hypothesized that the effect of crTCA expression could be enhanced under elevated CO2 

concentrations.  

Elevated concentrations of CO2 stimulates C3 photosynthesis by increasing the rate of 

CO2 fixation relative to the rate of O2 fixation in RuBisCO. Lower rates of oxygenation reactions 

decreases photorespiration and therefor perturbs the energy requirements and status of the cell. 

Broadly, the increased CO2 concentration in the chloroplast reduces the demand for ATP relative 

to NADPH, increases total carbohydrate pools and stimulates respiration. However there are 

many species-specific or plant functional type deviations (Dahal & Vanlerberghe, 2018; Leakey 

et al., 2009).  An additional layer of complexity in studying the effects of elevated CO2 arises 

from changes in stomatal regulation. The stomata are the pores on leaves that regulate gas 

exchange with the atmosphere and are also responsive to elevated CO2. Under increased CO2 

concentrations, the stomata are generally more closed which limits the intercellular diffusion of 

CO2 from the atmosphere to the site of carboxylation (the chloroplast) which will limit increases 

in net photoassimilation (Anet) in some species (Z. Xu et al., 2016). The response to elevated CO2 

can vary by species and is intricately connected to other metabolic processes, namely nitrogen 

(N) assimilation. The net capacity for assimilation of carbon and nitrogen into plant metabolism 

is a major determinant of crop yield under both ambient and elevated CO2 concentrations 

(Sulpice et al., 2013; Sinclair et al., 2019).  

Under elevated CO2, both the process of stomatal closure and reduced N assimilation 

limit plant productivity. Limited N assimilation of plants grown at elevated CO2 affects the 

plants by limiting their growth potential – especially in sink tissues such as fruits, grains, tubers. 

Additionally, lower N assimilation at elevated CO2 results in reduced photosynthetic investment 
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with both RuBisCO and/or total protein content and chlorophyll content decreasing. This 

phenomenon therefore may be a substantial risk to food security in the next century as both CO2 

concentrations and population growth continue to rise (Bloom et al., 2020; Domiciano et al., 

2020; Zhao et al., 2021). The mechanisms behind the limited N assimilation are still being 

investigated but currently two hypotheses are dominant. One is the “dilution effect”, which 

posits that total nitrogen assimilation under elevated CO2 is insufficient to keep pace with the 

increase in biomass which leads to overall lower nitrogen content on a per mass basis 

(Domiciano et al., 2020; Zhao et al., 2021). An additional mechanism behind limiting N 

assimilation under elevated CO2 could be due to decreased cytosolic reducing power associated 

with reduced photorespiration. N assimilation is an energy-requiring process: the conversion of 

NO3
- to NO2

- consumes NADH; NO2
- reduction to NH4

+ consumes FDH2; NH4
+ fixation to 2-OG 

consumes ATP and FDH2. While photorespiration is often thought to be a wasteful, energy-

consuming process, there is some evidence that it serves to export reducing power from the 

chloroplast to the cytosol (Igamberdiev et al., 2001; Zhao et al., 2021). A recent model 

incorporating additional aspects of photorespiration into the canonical Farquhar, von Caemmerer 

and Berry (FvCB) model supports this notion. In the model, photorespiration was found to 

support N assimilation by increasing de novo amino acid biosynthesis in proportion to the 

amount of NO3
- available and by balancing ATP:NADPH budgets through the reduction of NO3

- 

to NH4
+. Additionally, the authors’ model posits that photorespiration also provides a carbon 

sink by exporting assimilated carbon as glycine and serine rather than regenerating glycerate. 

Thus by generating sinks for both electrons and carbon, photorespiration may be a valuable 

pathway for N assimilation and energy balance (Busch et al., 2018). 
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The other mechanism that limits overall carbon assimilation under elevated CO2 is that 

both stomatal density decreases (i.e. less stomata per area) and, in addition, there is an average 

reduction of 20% in stomatal conductance (Dusenge et al., 2019). This stomatal closure leads to 

decreased transpiration rates, which conserves H2O but also restricts the theoretical gains of 

photosynthesis under elevated CO2 by increasing the diffusional resistance of CO2. This, in turn, 

lowers the amount of CO2 available for carboxylation by RuBisCO (or crTCA) and imposes a 

limit to maximum carbon capture. When the stomata are closed, or exposed to elevated CO2, 

guard cells are less turgid, a process that is controlled by various ions, organic acids and 

hormones. The ions K+, Ca2+, Cl- and the organic acid malate have lower concentrations in guard 

cells under elevated CO2. The processes driving the changes in concentration are vast, but are 

known to be tightly linked and influenced with the photosynthetic activity of surrounding 

mesophyll cells (Xu et al., 2016; Yamamoto et al., 2015). TCA metabolism has been shown to 

impact stomatal behavior, primarily by changing malate/fumarate levels that are exported to 

guard cells. In mutants of mitochondrial fumarase and succinate dehydrogenase, the altered 

concentrations of malate and fumarate influence the behavior of the stomatal complexes. 

Increased concentrations of malate drive stomatal closure whereas a decrease in malate is 

associated with more open stomata. Intriguingly, if the succinate dehydrogenase was knocked 

out only in guard-cells, this effect was not seen suggesting that the metabolism of the mesophyll 

cells are driving stomatal behavior, not only the guard cell metabolism (Araújo et al., 2011; 

Nunes-Nesi et al., 2011; Nunes-Nesi et al., 2007). Work in malate transporters of guard cells has 

further shown its role in mediating stomatal opening/closing. GCAC1 is an anion channel in the 

plasma membrane of guard cells of the C3 plant Vicia faba and is regulated by malate 

concentrations. Increased malate stimulated stomatal closure and this effect helps connect the 
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increased malate concentrations associated with stomatal closure upon increased CO2 in V. faba 

(Hedrich et al., 1994). In A. thaliana, an ATP Binding Cassette (ABC) transporter AtABCB14 

was shown to be involved in transporting malate into guard cells from the apoplast. Reduced 

expression of AtABCB14 was shown to limit photosynthesis via a stomatal mechanism that 

could be overcome with exogenous malate application (Lee et al., 2008). Another transporter 

AtQUAC1 is an R-type anion channel that mediates the release of malate from guard cells into 

the apoplast. A. thaliana plants lacking this transporter showed significant increases in Anet that 

were correlated with a higher respiration rate and increased sugar contents. This increase was 

found to be due to lower diffusional limitations mediated by a stomatal response. The plants not 

only had increased stomatal conductance, but were slower to respond to stomatal closure signals 

such a light-to-dark transition, exposure to elevated CO2 or even drought stress. The 

accumulation of malate in the guard cells of these plants lead to more open, but less responsive 

stomata. These changes lead to significant increases in biomass in the controlled environment but 

these plants were also more susceptible to drought conditions due to excessive transpiration 

(Medeiros et al., 2016). 

The expression of the full crTCA cycle had increased stomatal conductance in a 

glasshouse experiment. This increase in stomatal conductance is hypothesized to be the primary 

mechanism behind the significant increases in net photoassimilation (Anet) found in these lines. 

In exposing the crTCA plants to elevated CO2 concentrations, we hope to test two hypotheses: 

First, we hypothesize that increased CO2 availability will stimulate crTCA carboxylation and, in 

turn, a greater flux from the crTCA cycle. Second, we explore the persistence of the increased 

stomatal conductance seen in the crTCA lines under elevated CO2 to understand how the crTCA 

cycle can be utilized for increasing plant productivity.  
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3.2 Methods 

3.2.1 Plant material and growth conditions 

Transgenic C. sativa (cv. Calena) used in this study were generated by A. tumefaciens 

mediated nuclear transformation via floral dip (Liu et al., 2012). Homozygous plants containing 

a single vector / the partial pathway were generated via selection and segregation analysis in the  

T3 generation. Heterozygous F1 crTCA plants were generated by crossing homozygous stacked 

Construct 1 / Construct 3 plants with Construct 2 plants (Chapter 2). These F1 plants were 

screened for marker expression of all three vectors and verified by PCR. At least three 

independent transformation events or independent crosses were used in the analysis of each 

transgenic line. 

Screened seedlings were transferred to 6” diameter pots in a 1:1 mixture of SunGro 

Sunshine Mix #8 (SunGro Horticulture, Agawam, MA) and sterile sand. The substrate mixture 

was supplemented with either 14-14-14 Osmocote fertilizer following manufacturer’s instruction 

or with a comparable nutrient solution (NCSU Phytotron). The plants were grown in controlled 

environments: either a Caron 6340 Growth Chamber or in a “C-type” chamber at the NCSU 

Phytotron. Plant positions were randomized and changed daily and the plants were kept well-

watered. The light intensity varied between experiments, but the light period remained constant 

at 14-hours with a day/night temperature of 25ºC/18ºC. The environmental parameters of the 

heat-stress experiments were matched to those first reported by Carmo-Silva & Salvucci (2012) 

to adequately inactivate RuBisCO. The environmental conditions for low CO2 exposure are 

identical to those described by Dalal, et al. (2015).  

3.2.2 Gas exchange and chlorophyll fluorescence 

http://phytotron.ncsu.edu/wp-content/uploads/2016/10/Nutrient-info.pdf
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Photosynthetic gas exchange and chlorophyll fluorescence were measured using a LI-

6400XT portable photosynthesis system (LI-COR Biosciences, Lincoln, NE) equipped with a 

leaf chamber fluorometer (LI-6400-40). The diurnal changes in photosynthesis were measured 

on 4-5 week-old, fully-expanded leaves every two hours between 4:00 and 16:00. Light levels 

inside of the leaf chamber were set to mimic the ambient light intensities throughout the course 

of the day. Light levels ranged from 0 µmol m-2 s-1 to 750 µmol m-2 s-1 with constant 10% blue 

light. Relative humidity within the leaf chamber was kept > 65%.  

A/Ci response was measured by maintaining saturating light levels (1,800 µmol m-2 s-1) 

while changing the concentration of reference CO2 and measuring rates of net photosynthesis 

(Anet). This response was measured first at ambient CO2 concentrations before being decreased 

incrementally to the lowest concentration. The plant was then measured twice at ambient CO2 

before being increased stepwise to the highest concentration. At all measured concentrations, leaf 

temperature (25 °C) and relative humidity (65 + 5%) were kept constant. The A/Ci response was 

measured in at least 3 individuals per line. Chlorophyll fluorescence measurements were 

performed simultaneously with gas exchange measurements. Dark-adapted measurements were 

done at 4am, before dawn. Light-adapted measurements were performed with stable PPFD of 

750 µmol m-2 s-1. Calculations of chlorophyll fluorescence-derived parameters were done as 

previously described (Maxwell and Johnson, 2000). 

3.2.3 Modelling photosynthesis and statistical analysis    

All photosynthetic and physiology measurements were conducted in at least triplicate for 

each transgenic or control line. Results presented in tables are mean + standard error of the mean 

(SEM) for each treatment. A/Ci response was analyzed using the R package plantecophys using 

the “default” fit method for the Farquhar-von Caemmerer-Berry model of C3 photosynthesis and 
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the measured Rd (Duursma, 2015). Where indicated, statistical differences between treatments 

were evaluated using ANOVAs and the Tukey HSD method using the R package agricolae with 

a significance threshold of 0.05 (Mendiburu, 2015). 

3.2.4 Metabolite extraction and relative quantification 

Steady-state metabolite extraction and quantification were performed as in Czajka et al., 

2020 with slight modifications. Briefly, all samples were extracted in a 1:1 (v/v) methanol 

(MeOH):chloroform solution containing acid washed glass beads at 4°C for 6 hours, with the 

solution vortexed hourly. 0.5 mL of ddH2O was added and the upper aqueous phase removed and 

centrifuged in at 0°C. Samples were then frozen, lyophilized and reconstituted in a 1:1 (v/v) 

MeOH:ddH2O solution. 13C-succinic acid was added as an internal standard prior to the 

extraction and used to normalize samples.  

A Thermo Vanquish UHPLC system was used for chromatographic separation and a 

Orbitrap ID-X MS equipped with electrospray ionization (ESI) source was used for detection of 

metabolites (ThermoFisher Scientific, Waltham, MA). For the determination of amino acids, the 

mobile phase solvents, A and B contained 5% acetonitrile with 0.1% formic acid in water and 

water with 0.1% formic acid, respectively. A 1 μL sample was injected on to a Waters BEH 

Amide column Z (2.1 x 100 mm, 1.7 µm, Waters, Milford, MA) column that was held at 40°C, 

and the following gradient was used: the initial concentration of 8% B was linearly increased to 

15% B over 1 minute, and to 40% B over the next 8 minutes. The gradient was then brought to 

99% B at 8.1 min and was held for an additional 10 minutes before returning to 8% B over 10.1 

min. A 12 minute equilibration was used to return the column to the starting conditions (8% B) 

prior to the next injection. For the detection of the amino acids, a positive ionization mode 

(ESI+) was used with a scan range of 70-350 m/z. ESI spray voltage was 3.5 kV with the 
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vaporizer temperature set to 350 ºC and capillary temperature set to 325 ºC. Default gas settings 

were used: sheath gas 50 au; aux gas 10 au; sweep gas 1 au. The mass resolving power of MS1 

was 30000 full width at half maximum (fwhm) at m/z of 200 with a standard automatic gain 

control target. MS2 data was collected with resolving power of 15000 fwhm, a HCD collision 

energy of 25, and the cycle time of 0.6 seconds. For the determination of organic acids and 

sugars, the mobile phase solvents, A and B contained 95% acetonitrile, 5% H2O with 10 mM 

ammonium bicarbonate and 5% acetonitrile, 95% H2O with 10 mM ammonium bicarbonate, 

respectively. A 4 μL sample was injected on to a Waters BEH Amide column Z (2.1 x 100 mm, 

1.7 µm, Waters, Milford, MA) column that was held at 45°C, and the following gradient was 

used: the initial concentration of 1% B was linearly increased to 70% B over 6 minutes, and to 

1% B over the next 0.1 minutes. The gradient was then held for an additional 10 minutes at 1% 

B. For the detection of the organic acids and sugars, a negative ionization mode (ESI-) was used 

with a scan range of 100-1000 m/z. ESI spray voltage was 3.5 kV with the vaporizer temperature 

set to 350 ºC and capillary temperature set to 325 ºC. Default gas settings were used: sheath gas 

50 au; aux gas 10 au; sweep gas 1 au. The mass resolving power of MS1 was 60000 fwhm at m/z 

of 200 with a standard automatic gain control target. MS2 data was collected with resolving 

power of 15000 fwhm, a stepped HCD collision energy of 15, 30 and 45, and acquired up to 5 

independent scans. For both amino acids and organic acid/sugar methods, raw data files were 

analyzed in Skyline (Pino et al., 2020) for peak integration and quantification. Relative 

quantification was estimated using an external standard calibration curve for all of the amino 

acids, 2-oxoglutarate, sucrose, fructose and glucose. Succinate, malate, pyruvate and 

phosphoenolpyruvate were estimated using only one external standard and are therefore shown 

as relative peak areas rather than a molarity per milligram of fresh weight.  
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3.2.5 Metabolic flux analysis 

Plant growth and gas exchange methods were used as described previously (Xu et al., 

2021). The youngest, fully-expanded leaves were used for gas exchange and labeling 

experiments. A LI-COR 6800 portable photosynthesis system (LI-COR Biosciences, Lincoln, 

NE) was used to measure carbon assimilation. The reference [CO2] was set to 600 ppm, light 

intensity was 1500 μmol m−2 s−1, temperature was 22°C, and relative humidity was 70%. After 

10-15 min acclimation, the CO2 source was switched to 13CO2 with all other parameters held 

constant. Gases were mixed with mass flow controllers (Alicat Scientific, Tucson, AZ) 

controlled by a custom-programmed Raspberry Pi touchscreen monitor (Raspberry Pi foundation 

Caldecote, South Cambridgeshire, UK; code available upon request). Labeled leaf samples were 

collected at time points of 0, 0.5, 1, 2, 2.5, 3, 5, 7, 10, 15, 30, and 60 min. Liquid nitrogen was 

directly sprayed on the leaf surface via a customized fast quenching (0.1-0.5 s to < 0C) labeling 

system (Xu et al., 2021). The frozen leaf sample was stored at -80°C. Three biological replicates 

for each time points were collected. 

Most C3 cycle intermediates were analyzed by a reverse phase LC-MS/MS method by an 

ACQUITY UPLC pump system (Waters, Milford, MA) coupled with Waters XEVO TQ-S 

UPLC/MS/MS (Waters, Milford, MA). Metabolites were separated by a 2.1×50 mm ACQUITY 

UPLC BEH C18 Column (Waters, Milford, MA) at 40°C. A multi-step gradient was applied 

with mobile phase A (10 mM tributylamine in 5% (v/v) methanol) and mobile phase B 

(methanol): 0-1 min, 95-85% A; 1-6 min, 65-40% A; 6-7 min, 40-0% A; 7-8 min, 0% A; 8-9 

min, 100% A, at a flow rate of 0.3mL min−1. Mass spectra were acquired using multiple reaction 

monitoring (MRM) in negative electrospray ionization (ESI) mode as described in Preiser et al., 

2019 with slight modifications. The source temperature was 120°C and the desolvation 
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temperature was 350°C. Nitrogen was used as a sheath and auxiliary gas and collision gas 

(argon) was set to 1.1 mTorr. Gas flow for the desolvation and cone was set to 800 and 50 L/h, 

respectively. The scan time was 0.1 ms. 

Other phosphorylated metabolites (e.g., sugar phosphate, 2PG, and PEP) and nucleotide 

sugars (ADPG and UDPG) were analyzed using an anion-exchange LC-MS/MS method 

described in Alonso et al., 2010 with slight modifications. Metabolites were reconstituted in 100 

μL of water from lyophilized extract, and 10 μL of extracts were injected into an ACQUITY 

UPLC pump system (Waters, Milford, MA) coupled with a Xevo ACQUITY TQ Triple 

Quadrupole Detector (Waters, Milford, MA). Metabolites were separated by an IonPac AS11 

analytical column (2 × 250 mm, Dionex, Sunnyvale, CA) equipped with an IonPac guard column 

AG11 (2 × 50 mm, Dionex, Sunnyvale, CA) at a flow rate of 0.35 mL min−1. A multi-step 

gradient was applied with mobile phase A (0.5 mM KOH) and mobile phase B (75 mM KOH): 

0-2 min, 100% A; 2-4 min, 100-93% A; 4-13 min, 93-60% A; 13-15 min, 0% A; 15-17 min, 

100% A. The KOH concentration was suppressed by a post-column anion self-regenerating 

suppressor (Dionex ADRS 600, ThermoFisher Scientific, Waltham, MA), with the current of 50 

mA and flow rate of 3.5 mL min−1. An IonPac ATC-3 Anion Trap Column (4 × 35 mm), 

conditioned with 2M KOH, was used to remove contaminant ions from KOH solvents. Mass 

spectra were acquired using MRM in negative electrospray ionization (ESI) mode.  

Amino acids, organic acids, and sucrose were analyzed using a GC-EI-MS system. 

Amino acids and organic acids were derivatized by methoximation, followed by tert-

butyldimethylsilylation. Sucrose was derivatized by methoximation, followed by 

trimethylsilylation. Samples were analyzed by an Agilent 7890 GC system (Agilent, Santa Clara, 

CA) coupled to an Agilent 5975C inert XL Mass Selective Detector (Agilent, Santa Clara, CA) 
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with an autosampler (CTC PAL) (Agilent, Santa Clara, CA). Metabolites were separated by an 

Agilent VF5ms GC column, 30 m x 0.25 mm x 0.25 m with 10 m guard column (Part number: 

CP9013, Agilent, Santa Clara, CA). For amino acids and organic acids, 1 μL of the derivatized 

sample was injected in 10 split mode with helium carrier gas with flow rate of 1.2 mL min−1. 

The oven temperature gradient was: 100 ̊C (4 min hold), increased at 5 ̊C/min to 200 ̊C, then a 

10 ̊C/min to 320 ̊C, held at 320 ̊ for 10 min. Electron ionization (EI) is at 70 eV and the mass 

scan range was 100-600 amu. The ionization source temperature was set at 150 ̊C and the 

transfer line temperature 300 ̊C.  

Glucose and Fructose were analyzed by GC-CI-MS by an Agilent 7890B GC system 

(Agilent, Santa Clara, CA) coupled to an Agilent 7010B triple quadrupole GC/MS with an 

autosampler (CTC PAL) (Agilent, Santa Clara, CA). An Agilent VF5ms GC column, 30 m x 

0.25 mm x 0.25 m with 10 m guard column (Part number: CP9013) was used. One μL of the 

derivatized sample was injected with helium carrier gas with flow rate of 1.2 mL min−1. The 

oven temperature gradient was: 40 ̊C (1 min hold), increased at 40 ̊C/min to 150 ̊C, then 

a 10 ̊C/min to 250 ̊C, then a 40 ̊C/min to 320 ̊C, and finally held at 320 ̊C for 4.5 min. Chemical 

ionization (CI) was used and the mass scan range was 150-650 amu with step size 0.1 amu. The 

ionization source temperature was set at 300 ̊C and the transfer line temperature was 300 ̊C.  

Data from LC-MS/MS were acquired with MassLynx 4.0 (Agilent, Santa Clara, CA). 

Data from GC-EI-MS was acquired with Agilent GC/MSD Chemstation (Agilent, Santa Clara, 

CA). Data from GC-CI-MS was acquired with Agilent MassHunter Workstation (Agilent, Santa 

Clara, CA). Metabolites were identified by retention time and mass to charge ratio (m/z), in 

comparison with authentic standards. Both LC-MS and GC-MS data were converted to 

MassLynx format and processed with QuanLynx software for peak detection and quantification. 
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Natural abundance were corrected by Isotopomer Network Compartmental Analysis software 

package (INCA1.8, http://mfa.vueinnovations.com, Vanderbilt University, Nashville, TN; 

Young, 2014) implemented in MATLAB 2018b. Mass isotopomer distribution (MID) for each 

metabolite in which n 13C atoms are incorporated is calculated by the equation of: 

𝑴𝑰𝑫𝒏 =
𝑴𝒏

∑ 𝑴𝒋𝒊
𝒋=𝟎

 

Where Mn represents the isotopomer abundance for each metabolite. The 13C enrichment of the 

metabolite possessing i C atoms is calculated by the equation of: 

𝟏𝟑𝑪 𝒆𝒏𝒓𝒊𝒄𝒉𝒆𝒎𝒆𝒏𝒕 =  ∑
𝒊 × 𝑴𝒏

𝒊

𝒊

𝒏=𝟏

 

3.3 Results 

3.3.1 Effects of crTCA cycle expression vary dependent on light environment when grown 

under increased CO2 concentrations 

C-Chamber: 1200ppm CO2, 200 PPFD 

We grew transgenic C. sativa expressing either Construct 1, Construct 2, or the full 

crTCA cycle at 1200 ppm CO2 and assayed for changes in phenotype and photosynthetic 

physiology. Construct 1 and Construct 2 have enzymes capable of carboxylation but which 

catalyze distinct reactions of the crTCA cycle (Figure 2.2). All transgenic lines exhibited 

diminished overall height early in development but eventually reached identical heights to EV 

controls in the last stages of development (Figure 3.1). Construct 1 expression reached control 

heights two weeks earlier than Construct 2 or crTCA lines. Construct 1 individuals ultimately 

grew to be slightly taller than EV (Figure 3.1C). The full crTCA lines were more variable in 

terms of phenotype; some of the plants more closely resembled the Construct 1 line, whereas 

others the Construct 2 line (Figure 3.1A). There were no changes in overall seed yield or seed 

weight associated with any crTCA vector (Table 3.4).  
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 There were no statistically significant increases in the rates of photoassimilation 

associated with either the partial or full expression of the crTCA cycle when tested under these 

conditions. There were a slight, but statistically significant lower rates of net photoassimilation 

in Construct 1 and 2 lines (Figure 3.2). The decrease in Anet associated with Construct 1 

expression is also correlated with statistically significant decreases in stomatal conductance and 

transpiration (Table 3.1). When the light intensity was increased to 1800 PPFD, there was a 

slight increase in overall assimilation rates associated with Constructs 1 and 2. Construct 1 plants 

retained a reduced stomatal conductance, transpiration rate, and Ci under the saturating light 

intensity. The only change associated with the expression of the full crTCA cycle was an 

increase in Ci. The plants were also measured for changes in the A/Ci response (Figure 3.3). 

Construct 1 had overall increased rates of assimilation per increase in intercellular carbon 

concentration, whereas Construct 2 and the full crTCA cycle had no significant deviation from 

EV controls.  Construct 1 had an increased rate of carboxylation (Vcmax) and a decrease in the 

Citrans, the intercellular concentration of carbon at which photoassimilation switches from 

carboxylation limitation to electron transport limitation. While there are no statistically 

significant changes associated with any of the fluorescence parameters, there is variation in the 

degree of non-photochemical quenching (NPQ) associated with Construct 1 and crTCA 

expression (Table 3.2).   

Caron Chamber: 1600ppm CO2, 200 PPFD 

 

The plants were then assayed at the highest CO2 concentration we could achieve: 1600 

ppm. Due to space limitations, we were only able to fully grow the full crTCA cycle alongside 

controls. Construct 1 was assessed early in development for changes in physiology, but could not 

be grown to maturity. In this environment, the crTCA expressing individuals exhibited a more 
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pronounced phenotype (Figure 3.4). The transgenic plants were significantly shorter than WT 

plants early in development, and as seen previously, reached terminal heights nearly identical to 

the control group. The crTCA plants also exhibited more axillary branching as they continued to 

develop (Figure 3.4B).  

The crTCA plants were determined to have greater photosynthetic CO2 assimilation 

under both ambient and saturating light intensities, whereas Construct 1 plants only had increases 

under saturating light (Table 3.3). The increase in assimilation associated with the full crTCA 

cycle was found to be greater when the plants were given a saturating light pulse (~10% 

increase). This increase in net assimilation associated with the full crTCA cycle did not correlate 

with changes in other leaf gas exchange parameters such as stomatal conductance.  Construct 1 

plants assimilated more CO2 only under saturating light and, under all light intensities, had 

significantly reduced stomatal conductance, transpiration rate, and intercellular carbon 

concentration (Figure 3.5). The A/Ci response for the full crTCA cycle and Construct 1 

expression was increased upon increasing carbon concentration. This increase was greater in the 

Construct 1 plants than in those expressing the full crTCA cycle (Figure 3.6A). The increased 

response in the Construct 1 line appears to come from an increased maximum rate of 

carboxylation, Vcmax (Table 3.3). A similar response was found with the crTCA plants in 

response to light intensity (Figure 3.6B), increasing light intensity did increase Anet of the crTCA 

plants.  The crTCA plants also had a lower ratio of non-photochemical quenching (NPQ) and a 

higher quantum yield of PSII. There were no statistically significant differences found in the 

plants’ rates of respiration or relative chlorophyll content (Table 3.4).  

3.3.2 Saturating light and elevated CO2 masks the phenotype associated with crTCA 

expression 
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We tested if these light-dependent effects would persist when the plants were grown 

under elevated CO2 (1200 ppm) and saturating light (1200 PPFD). In this high light, high CO2 

environment, the phenotype of the crTCA plants is identical to WT controls. However, Construct 

1 lines develop in a manner reminiscent of the crTCA phenotype in lower light intensities, 

appearing overall shorter and slightly developmentally delayed (Figure 3.7). No increase to 

axillary branches was found with any transgenic line nor was any change in yield detected (Table 

3.7).  

The full expression of the crTCA cycle was not associated with large, significant 

increases in Anet throughout the day (Figure 3.8). Construct 1, however, did have significantly 

increased Anet throughout the majority of the light period (10:00 – 16:00). Construct 1, Construct 

2, and the full crTCA cycle expression are all associated with increased rates in night respiration 

with the full crTCA cycle having the highest rate of respiration (Figure 3.8). All transgenic lines 

had increased stomatal conductance and transpiration at some point throughout the day when 

compared to WT controls. Notably, Construct 1 expression had a dramatic increase in these 

stomatal parameters at 10:00 (Figure 3.9).  

To better understand how these plants adapt to light energy, we investigated the 

photosynthetic light response (Figure 3.10). The response of the full crTCA line begins to 

deviate from WT at ~500 PPFD (µmol m-2 s-1), having a slight increase in Anet with subsequent 

increasing light intensities. Construct 1 expression elicits a similar response to the full crTCA 

cycle under moderate to high light intensities, but is somewhat decreased < 500 PAR. Construct 

2 expression lead to only a slight decrease under lower light < 500 PAR, but is otherwise 

identical to WT. Construct 3 had a similar response with the full cycle’s expression: increasing 

Anet with increasing light, however, at 1250 PAR there was a sharp decrease in Anet, indicating a 
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detrimental effect to the photosynthetic apparatus at higher light intensities. Table 3.7 shows no 

statistically significant changes were found in chlorophyll fluorescence parameters. The full 

crTCA cycle and C3 expression did have slight decreases in NPQ and C3 had a slight increase in 

the operational quantum yield (Fv
’/Fm

’).  

3.3.3 Metabolic changes associated with the crTCA cycle 

Relative quantification of the steady-state levels of several key metabolites shows 

preliminary differences in several key metabolites when plants are grown at elevated CO2 (1200 

ppm) and a saturating light intensity (1200 PPFD). Figure 3.14 shows the relative metabolic pool 

estimates for a limited number (n = 3) of transgenic C. sativa expressing either the crTCA cycle 

or Construct 1, compared to WT. Due to a high amount of variability, the only statistically 

significant differences are found in the metabolites of pyruvate and fructose. Both Construct 1 

and the crTCA transgenic lines have significantly higher relative levels of pyruvate while having 

significantly lower relative levels of fructose. While the variability in the method is high, there 

are other differences that seem to differentiate the transgenic lines from the WT controls. 

Phosphoenolpyruvate (PEP) appears to be slightly higher in Construct 1 plants and is reduced in 

the crTCA line. Succinate looks slightly higher in the Construct 1 line while appearing 

unchanged in the crTCA samples (Figure 3.14A). Similarly, 2-oxoglutarate levels appear to be 

raised in the Construct 1 line while having no change or being slightly reduced in the crTCA 

line. Where fructose levels are about halved in both transgenic lines, glucose levels are, on 

average, roughly two times higher in both transgenic lines (Figure 3.14B). The amino acids 

associated with photorespiration (alanine, glycine and serine) all have elevated levels in both 

transgenic lines when compared to WT. Threonine and proline also follow this trend, however it 
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is noted that the variability delimits statistical significance in any of the amino acids (Figure 

3.14C, Table 3.9).  

Metabolic flux analysis was used to assess changes in central metabolism at elevated CO2 

concentrations (600 ppm) and a saturating light intensity (1500 μmol m−2 s−1). Figure 3.15 shows 

the changes in transient 13CO2 labelling identified between WT and crTCA transgenic plants. 

The rate of both glycine and serine 13CO2 labelling is significantly reduced in transgenic crTCA 

plants (Figure 3.14A-D). For both glycine and serine, the unlabeled isotopomer (m0) quickly 

decreases in abundance while the labeled isotopomers (m1 or m2) increase quickly 

(approximately 50% labeling in 10 min.) in the WT samples. However, in the crTCA lines, the 

labeling occurs at a much slower rate. In the crTCA line, glycine labelling is significantly slower, 

with only about 50% of the total glycine pool being labelled after ~60 min. Serine is labelled 

slightly faster than glycine in the crTCA plants, however, the rate is significantly slower than 

WT. Aspartate and glutamate, however, showed the opposite trend – with greater 13C enrichment 

in the crTCA lines than in the WT (Figure 3.16). Notably, there are many metabolites that were 

measured that did not show any changes between the WT and crTCA lines in the time period 

assayed. Several metabolites related to the TCA cycle (e.g. malate, succinate, fumarate and 

citrate) show very limited labeling within the 60 minutes given for this experiment and no 

changes were detected between the two lines (Supplemental Figure 3.1).  

3.3.4 Transgenic crTCA plants experiencing heat stress perform worse than WT 

The transgenic crTCA plants were then analyzed under increased CO2 (600 ppm), 

saturating light (1200 PPFD), and increased temperature. Our goal was to use the 

characterization of RuBisCO inactivation in Camelina sativa via high temperature exposure 

(Carmo-Silva & Salvucci, 2012) to assay changes in photosynthetic physiology between crTCA 
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and WT. We hypothesized that inactivation of the mesophilic RuBisCO via heat treatment could 

stimulate activity or flux of the thermophilic crTCA enzymes. The plants were initially grown 

under control conditions and measured for physiological changes before being treated to a 

stepwise increase in temperature to a mid-day maximum of 42ºC. Plants were exposed to this 

heat treatment for 2-3 days before being surveyed again. In the control conditions (25ºC), there 

were significant increases in Anet of crTCA plants during the afternoon (14:00 and 17:00). When 

subjected to heat, however, there is a significant decrease in Anet associated with the crTCA line 

in the afternoon (13:00 – 15:00). These decreases coincide with the highest temperature and light 

intensities of the experiment (Figure 3.11). Measurements of stomatal parameters showed that, 

under control conditions, the crTCA lines had significantly higher stomatal conductance and 

transpiration rates throughout the majority of the day. Under the heat condition, however, the 

opposite effect was found. At three of the five time points surveyed, crTCA lines had 

significantly lower mesophyll conductance and transpiration (Figure 3.12). Chlorophyll 

fluorescence measurements show that the plants experiencing the heat treatment were stressed 

and showed similar reductions in Fv/Fm and NPQ. Comparing crTCA to WT, however, yields no 

statistically significant changes. In both conditions there is decreased NPQ associated with the 

crTCA cycle (Table 3.7).  

3.3.5 Exposure to low CO2 further implicates stomatal role associated with crTCA cycle 

Because the crTCA seems to be influencing stomatal behavior in lines that express both 

the full cycle and the partial pathway (Construct 1), we tested the plants with an exposure to low 

CO2 conditions. In previous experiments with transgenic C. sativa, Dalal et al. (2015) found that 

transgenic plants only expressing glycolate dehydrogenase (GDH), which catalyzes the 

conversion of glycolate into glyoxylate, did not wilt as fast as control plants when exposed to 
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low CO2. The product of the idealized crTCA cycle is glyoxylate and therefore its expression 

may confer similar benefits. We grew the plants in a chamber with ambient CO2 concentrations 

(~430 ppm) and then subjected them to five hours of low CO2 (100 ppm) and measured 

physiological changes.  

Table 3.7 shows the photosynthetic gas exchange parameters of plants expressing the full 

crTCA cycle or just Construct 1 under these conditions. In the pre-treatment group, there are 

significant increases of Anet associated with both Construct 1 and the full crTCA cycle. There 

was no difference in stomatal conductance or transpiration, but both transgenic lines had 

increased intercellular carbon concentrations. After 5 hours of low CO2 exposure, however, there 

is no significant difference in Anet, however Construct 1 and the full crTCA cycle have slightly 

lower rates overall. The stomatal conductance and transpiration rates of Construct 1 plants are 

significantly reduced. The crTCA lines have slightly lower stomatal conductance than EV.  

3.4 Discussion 

We hypothesized that providing transgenic plants elevated concentrations of CO2 would 

provide an environment where competition between RuBisCO and the crTCA for CO2 would be 

overcome. In these elevated CO2 environments, crTCA and Construct 1 expression both led to 

delayed development, increases in photosynthetic CO2 assimilation and changes in stomatal 

conductance.  

Two of the partial lines (Constructs 1 and 2) contain carboxylase enzymes, but no 

increase in photosynthetic carbon assimilation was identified in these plants in a glasshouse 

experiment. In the greenhouse, Construct 2 (with the genes for KOR and SCS) lines were shown 

to have no phenotype and had the smallest number of differentially expressed genes. This trend 

continued in the elevated CO2 experiments with no associated morphological or physiologic 
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changes under elevated CO2 and sufficient light intensity (Figure 3.7). However, under light 

limitation, these plants were smaller and had reductions in photosynthetic rate (Figures 3.1, 3.2) 

but little to no changes in stomatal parameters (Table 3.1). The phenotype of the Construct 2 

plants highly resembled the crTCA phenotype under this same condition (Figure 3.1), 

demonstrating that the expression of this vector does have an effect in a specific environment. 

The mechanism behind the effect is poorly understood due to no other significant changes in 

other metrics taken. The genes of Construct 2, SCS and KOR, drive the reactions of succinate ↔ 

succinyl-CoA and succinyl-CoA ↔ 2-oxoglutarate, respectively. Therefore, if the reactions are 

working in the forward direction, we assume more 2-OG production. However, if this were the 

case, it would be hypothesized that more 2-OG would stimulate biomass production rather than 

inhibit it. Models of plants grown under elevated CO2 indicate that a reduction in 2-OG levels is 

the primary bottleneck limiting N assimilation and overall plant productivity at elevated CO2 

(Zhao et al., 2021). If the reverse reactions are favored, succinate production is increased and 

could decrease total 2-OG quantities. This hypothesis may explain the reduced phenotype, due to 

lower 2-OG, although it remains unclear what effects increased succinate would have. 

Unfortunately in our preliminary analysis of metabolic activities, this line was excluded. Future 

work should include such an analysis on Construct 2 lines grown at elevated CO2. 

As seen previously, the expression of Construct 1 in C. sativa has a stronger effect on 

morphology and photosynthesis. In the greenhouse, this line displayed a distinct phenotype with 

increased total seed yield. In this study, however, no transgenic line in any condition was 

associated with any significant differences in yield. This is likely due to the reallocation of 

resources required to grow at elevated CO2 concentrations, where N availability often becomes a 

factor that limits biomass accumulation and yield (Bloom et al., 2020, Zhao et al. 2021). Despite 
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this, Construct 1 expression did have significant increases in Anet and stomatal conductance, but 

only under light saturation (Figure 3.8, Table 3.5). The Construct 1 line has a positive effect on 

Anet in response to increasing light intensities. This response seems to be stomatal in nature. In 

previous research with perturbed TCA cycle activity, stomatal effects on the Anet response have 

been correlated with changes in malate and fumarate concentrations (Lee et al., 2008; Nunes-

Nesi et al., 2007; Zhang & Fernie, 2018). In this study, no significant changes were found in the 

levels or flux of either malate or fumarate (Figure 3.14, Supplemental Figure 3.1). However, it 

does appear that 2-oxoglutarate and succinate levels are both increased by relatively 1.5 and 2 

times, respectively (Figure 3.14). Succinate, the direct precursor to fumarate, may play a role in 

mediating the stomatal effect. In this study, the metabolic flux analysis was unable to resolve that 

hypothesis due to both the lower rate of 13C incorporation into the pools of organic acids of the 

mitochondrial TCA cycle.  

While the rate of photorespiration is hard to determine using gas exchange data, 

metabolic data does provide insight into this process. The amino acids of serine and glycine are 

often used as markers for photorespiratory flux (Timm et al., 2021, Timm et al., 2016, Ros et al. 

2014). Serine down-regulates the expression of photorespiratory enzymes while glycine up-

regulates them. Therefore the ration of glycine:serine is often used as an indicator of 

photorespiratory activity. In both transgenic lines, the relative pool sizes of both glycine and 

serine are increased (Figure 3.14C).  The ratio of glycine:serine is approximately 1:7 in WT, 1:4 

in crTCA and 1:6 in Construct 1 lines. This indicates that photorespiration is altered in the 

crTCA lines and perhaps to a lesser degree in the Construct 1 line. The relatively higher increase 

in glycine concentrations could be due to the crTCA product glyoxylate. Glyoxylate can serve as 

a substrate for serine:glyoxylate aminotransferase (SGAT) where it, combined with serine 
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generate glycine (Figure 1.7). This increased glyoxylate, due to crTCA activity, could therefore 

directly explain the relative increase of glycine:serine. The peroxisomal enzymes 

glutamate:glyoxylate aminotransferases (GGAT) generate glycine from glyoxylate and utilize 

glutamate as amino donor to yield 2-OG. This enzyme is also capably of using alanine as amino 

donor to yield pyruvate (Figure 1.7). Both alanine and pyruvate were shown to be elevated in 

both crTCA and Construct 1 lines, suggesting that this capability sees greater flux. Glutamate, 

also involved in this pathway had a higher rate of 13C enrichment without changing its relative 

pool size (Figures 3.14, 3.15). Unfortunately we were unable to determine glyoxylate 

concentrations in this study but is of utmost importance moving forward.  

The metabolic flux into both glycine and serine was determined to be slower than in WT 

(Figure 3.15). This could be explained by feedback inhibition caused by a larger pool size that 

could down-regulate enzymatic gene expression or directly inhibit enzymes in the pathway. If 

the plant cell is reduced in its export or utilization of the photorespiratory glycine and serine, this 

could, in turn, reduce 13C flux into these metabolites. Further investigation is required to resolve 

the dynamics and fate of these amino acids. Both glycine and glyoxylate are known to influence 

enzymes of the Calvin-Benson cycle and the glycine decarboxylase complex (GDC, Figure 1.7). 

Overexpression of the GDC has been shown to positively affect photosynthesis and growth in A. 

thaliana by lowering intracellular glycine concentrations (Timm et al. 2012). Glycine also 

connects to mitochondrial electron transport since GDC requires the operation of Complex I of 

the mETC (Sabar et al., 2000). Serine lies immediately downstream of the GDC and is also the 

precursor to both methionine and cysteine. This may explain the slight increase in methionine 

levels found in the crTCA lines (Figure 3.14C). Serine has been shown to have a protective 

effect in salinity and cold abiotic stress, indicating that perhaps the crTCA or Construct 1 lines 
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may have altered abiotic stress resistance (Ros et al., 2013). The photorespiratory amino acids 

glycine and serine may serve as an additional carbon sink of plant metabolism (Busch et al., 

2018) and this ability seems to be enhanced in the crTCA and Construct 1 lines. While more 

work is required, amino acid pools may represent the carbon sink for additionally fixed carbon 

via the crTCA cycle. Both transgenic lines have, on average, a general increase in the relative 

concentrations of amino acids. This may be due to the slight changes in 2-OG levels seen in both 

lines. The crTCA lines appear to have slightly lower or unchanged 2-OG while Construct 1 

seems to have two times more than WT (Figure 3.14B). 2-OG is a metabolite crucial to amino 

acid biosynthesis (Figure 1.1) and changes to its flux are bound to have implications on amino 

acid levels. Increased pools of 2-OG are likely advantageous, especially at elevated CO2 

concentrations due to its modeled importance in limiting N assimilation in these conditions 

(Zhao et al., 2021). Construct 1 and crTCA lines may have distinct responses to different N 

concentrations and remains a question to be answered in the future.  

In general, the mitochondrial respiration rate of plants increases when grown under 

elevated CO2 concentrations (Leakey et al., 2009; Pärnik et al., 2007). This effect was greater in 

both Construct 1 and crTCA lines when compared to WT or EV controls (Figures 3.8, 3.2). The 

significantly higher levels of pyruvate can be fed directly into the mitochondrial TCA cycle 

which will increase rates of Rd (Figure 3.14). There were no other mitochondrial TCA cycle 

intermediates that were greatly changed, however, it is of importance to recognize that citrate, 

isocitrate and oxaloacetate were not quantified in this experiment. Citrate functions as a 

significant export of the mitochondrial TCA cycle flux in illuminated C3 leaves (Igamberdiev, 

2020). 



   

124 

 

The levels of PEP and fructose are reduced in the crTCA lines which may indicate that 

the process of gluconeogenesis is reduced in this line. Interestingly, glucose concentrations 

appear to be increased while those of sucrose are unchanged (Figure 3.14B). Sucrose is a 

disaccharide composed of both glucose and fructose, it is of interest that their levels are found to 

be different (Ruan, 2014). Both glucose and fructose are critical metabolic regulators involved in 

photosynthesis and carbohydrate metabolism. Importantly, many of the specific regulators are 

phosphorylated (e.g. fructose-2,6-bisphosphate or glucose-6-phosphate) and this study did not 

have the specificity to assess each species. Future work should incorporate the identification of 

the phosphorylated derivatives of these sugars, especially fructose-2,6-bisphosphate which is an 

established regulator in primary carbohydrate metabolism (Nielsen et al., 2004).  

The enzymes encoding the reactions of the crTCA cycle come from predominantly 

thermophilic bacteria (Appendix 1). C3 Plants and their carbon fixation machinery (e.g. 

RuBisCO) operate best at mesophilic temperature (~25ºC). Previous work has shown that, in C. 

sativa, photosynthetic inhibition at higher temperatures ( >35ºC) is due to reduced activation of 

RuBisCO (Carmo-Silva & Salvucci, 2012).  We hypothesized that the inactivation of RuBisCO 

in this manner would allow for increased flux through the thermophilic crTCA cycle. Contrary to 

this hypothesis, however, our results indicate that the transgenic C. sativa are more sensitive to 

heat stress than WT. The heat-treated crTCA plants had lower rates of Anet and significantly 

reduced stomatal conductance, transpiration, and Ci (Figures 3.11, 3.12). Due to the concomitant 

decrease in both Anet and stomatal parameters, it is likely that there is a stomatal effect rather 

than decarboxylation or net release of CO2 by the crTCA or TCA cycles.  

Exposure to low CO2 also showed significant differences in stomatal conductance. The 

partial cycle, Construct 1, had significantly more closed stomata than the control. The full crTCA 
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cycle also had slightly reduced gs than the EV control. Taken together, it suggests that the crTCA 

is influencing stomatal behavior through a yet unidentified mechanism. The stomata in the 

transgenic lines appear to be quicker to respond to the environment than the controls. This was 

seen in not only the exposure to low CO2, but also in the heat treatment. In both experiments, the 

pre-treatment group has significant increases in Anet that are associated with simultaneous 

increases in gs. Upon treatment, the opposite is true: the transgenic stomata are more closed. This 

suggests that the stomata are more responsive in crTCA lines to both temperature and CO2. 

These experiments also agree with the non-stress experiments in which gs is often the driver of 

increases or decreases in Anet. We had hypothesized that changes in organic acids, specifically 

malate and fumarate, could be driving these stomatal changes. The metabolic data did not show 

any changes to these metabolites and the mechanism remains unresolved.  

3.5 Conclusion 

The crTCA cycle was exposed to elevated CO2 concentrations and assayed for changes in 

photosynthetic physiology and morphological phenotypes. It was found that with all transgenic 

lines light intensity greatly shaped the outcome. Construct 1 and the full crTCA exhibit similar 

phenotypes with similar increases to Anet but at different light intensities. In both cases, higher 

rates of Anet are associated with more open stomata and shorter plants. The crTCA and Construct 

1 lines have changes in metabolites associated with photorespiration, which may explain their 

morphological phenotype. crTCA plants also have an increased amino acid profile which 

represents a possible sink for the increased net carbon fixation found in these lines.   

The stomatal behavior of the transgenic plants was investigated in multiple experiments. 

It was found that, in general, the increases in Anet found with crTCA expression is also associated 

with an increased stomatal conductance and transpiration. Interestingly, in both a heat stress 
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experiment and a low CO2 exposure treatment, the stomata of both Construct 1 and crTCA were 

more responsive to these stresses. The stomata became more closed in the same amount of time 

compared to WT or EV controls. These results suggest that the activity of the crTCA may 

expedite the closure process in guard cells, while during non-stress conditions maintaining a 

more open state.  
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Figure 3.1:  Phenotype of transgenic C. sativa grown under low light (200 PPFD) and elevated CO2 (1200 ppm) concentrations. 

A) Phenotype of 6-7 week old plants expressing Construct 1 (C1), Construct 2 (C2), the full crTCA cycle (crTCA) or an empty vector 

(EV) control. Transgenic C. sativa expressing the full crTCA cycle vary in their phenotype with some appearing to be slightly larger 

than controls (middle) or significantly smaller, similar to Construct 2 (second from right). B) Early in development, ~2-3 weeks, only 

the diminished phenotype is observed. C) Maximum plant height (cm) across development of each transgenic line, n = 6.  
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Figure 3.2: Photosynthetic rates of transgenic C. sativa grown under low light (200 PPFD) and elevated CO2 (1200 ppm) 

concentrations. Plants were assayed for differences in photosynthetic rate at two different light intensities, 200 PPFD and 1800 

PPFD. Plants were acclimated to light intensities for 5 min. before being surveyed over 2 min (n = 4 plants / line, Tukey HSD p < 

0.05). The numeric mean is shown in each boxplot + the SEM. 
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Figure 3.3: A/Ci response of transgenic C. sativa grown under low light (200 PPFD) and elevated CO2 (1200 ppm) 

concentrations Plants were first acclimated to the highest CO2 concentration (1600 ppm) and a light intensity of 1800 PAR (µmol m-2 

s-1) for 10 min. before measuring the average photosynthetic rate at the set CO2 concentration. After 2 minutes of measurements, the 

CO2 concentration was decreased to 1200 ppm and allowed to acclimate to the lower CO2 for 5 min. before measurements. This was 

repeated until 600 ppm at which time the CO2 concentration was set back to 1200 ppm and were acclimated for 15 minutes to reduce 

stomatal closure caused by decreased CO2. This process was repeated until the lowest CO2 concentration (50 ppm) was measured.  
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Figure 3.4: Phenotype of transgenic C. sativa grown under low light (200 PPFD) and high CO2 (1600 ppm) concentrations. A) 

Morphological phenotype of transgenic C. sativa at 5-6 weeks of age; wild-type (WT, top) and full crTCA cycle (crTCA, bottom) are 

shown. B) Quantified metrics of phenotype: maximum plant height (cm, top); number of leaves per plant (n, middle); and number of 

axillar shoots per plant (n, bottom).  The means of measurements are shown with error bars representing + 1 SD.  n = 6 plants per line.
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Figure 3.5: Stomatal parameters of transgenic C. sativa grown under low light (200 PPFD) 

and high CO2 (1600 ppm) concentrations. Individual plants’ gas exchange parameters were 

measured in three separate light intensities. Environmental parameters to match the growth 

conditions with temperature constant at 22ºC and relative humidity > 65%. Each plant was given 

5 minutes to acclimate to the chamber before measuring the photosynthetic gas exchange over 

the course of 2 minutes per leaf. 1 leaf per individual was assayed. The mean of each parameter 

is shown + the SEM. (n = 6 plants / line, Tukey HSD  p < 0.05). 

 

 

 

 



   

137 

 

 

 

Figure 3.6: A/Ci and light responses of transgenic C. sativa grown under low light (200 

PPFD) and high CO2 (1600 ppm) concentrations. A) The A/Ci response of crTCA and 

Construct 1 plants compared to WT. Plants were first acclimated to the highest CO2 

concentration (1600 ppm) and a light intensity of 1800 PAR (µmol m-2 s-1) for 10 min. before 

measuring the average photosynthetic rate at the set CO2 concentration. After 2 minutes of 

measurements, the CO2 concentration was decreased to 1200 ppm and allowed to acclimate to 

the lower CO2 for 5 min. before measurements. This was repeated until 600 ppm at which time 

the CO2 concentration was set back to 1600 ppm and were acclimated for 15 minutes to reduce 

stomatal closure caused by decreased CO2. B) The light response of crTCA plants compared to 

WT. Plants were first acclimated to the highest light intensity (1200 PAR or µmol m-2 s-1) for 20 

min. before measuring the average photosynthetic rate at that intensity. After 2 minutes of 

measurements, the light intensity was decreased to 800 PAR and allowed to acclimate to the 

lower intensity for 5 min. before measurements. This was repeated until the lowest light intensity 

(0 PAR) was reached. In both graphs, the means are shown at each point with error bars 

representing the SEM, n = 3 plants per line. Temperature was kept constant at 25 ºC and relative 

humidity was kept > 65%.  
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Figure 3.7: Phenotype of transgenic C. sativa grown under high light (1200 PPFD) and elevated CO2 (1200 ppm) 

concentrations. Morphology of 4-week old (A, top) and 6-week old (B, bottom) transgenic Camelina sativa lines expressing either a 

partial or the full crTCA cycle. Plants were grown on in a controlled environment chamber at 22ºC and 1200 μmol m-2 s-1 with a 12 

hour photoperiod and CO2 set to 1200 ppm. Night temperatures were 18ºC. Plants were rotated daily to minimize positional effects. A 

reference height is shown with a red line in both sets of photos.  
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Figure 3.8: Diurnal rates of photosynthesis of transgenic C. sativa grown under high light (1200 PPFD) and elevated CO2 (1200 

ppm) concentrations. Individual plants’ photosynthetic rates were measured throughout the day with environmental parameters to 

match the growth conditions. Each plant was given 5 minutes to acclimate to the chamber before measuring the photosynthetic gas 

exchange over the course of 2 minutes per leaf. 1 leaf per individual was assayed. (n = 4 plants / line, Tukey-HSD p < 0.05). 
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Figure 3.9: Stomatal parameters of transgenic C. sativa grown under high light (1200 

PPFD) and elevated CO2 (1200 ppm) concentrations. Individual plants’ gas exchange 

parameters were measured throughout the day with environmental parameters to match the 

growth conditions. Each plant was given 5 minutes to acclimate to the chamber before measuring 

the photosynthetic gas exchange over the course of 2 minutes per leaf. 1 leaf per individual was 

assayed. The mean of each parameter is shown + the SEM. (n = 4 plants / line, Tukey HSD  p < 

0.05). 
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Figure 3.10: Light response curve of transgenic C. sativa grown under high light (1200 

PPFD) and elevated CO2 (1200 ppm) concentrations. Plants were first acclimated to the 

highest light intensity (1800 PAR or µmol m-2 s-1) for 20 min. before measuring the average 

photosynthetic rate at that intensity. After 2 minutes of measurements, the light intensity was 

decreased to 1200 PAR and allowed to acclimate to the lower intensity for 5 min. before 

measurements. This was repeated until the lowest light intensity (0 PAR) was reached. 

Temperature was kept constant at 25 ºC and relative humidity was kept > 65%. 1 leaf per 

individual was assayed, with three individuals in total being measured. The mean of each 

parameter is shown + the 95% confidence interval. 
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Figure 3.11: Diurnal rates of photosynthesis of transgenic C. sativa before and during heat stress. Individual plants’ gas 

exchange parameters were measured throughout the day with environmental parameters to match the growth conditions. The 

temperature of the control condition and the heat condition are listed beneath each time point in parentheses. Each plant was given 5 

minutes to acclimate to the chamber before measuring the photosynthetic gas exchange over the course of 2 minutes per leaf. 1 leaf 

per individual was assayed. The mean of each parameter is shown + the SEM. (n = 4 plants / line, * =  p < 0.05, **  = p < 0.01 using a 

student’s t-test).
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Figure 3.12: Stomatal parameters of transgenic C. sativa before and during heat stress. 

Individual plants’ gas exchange parameters were measured throughout the day with 

environmental parameters to match the growth conditions as shown in Figure 3.11. Each plant 

was given 5 minutes to acclimate to the chamber before measuring the photosynthetic gas 

exchange over the course of 2 minutes per leaf. 1 leaf per individual was assayed. The mean of 

each parameter is shown + the SEM. (n = 4 plants / line, * =  p < 0.05, **  = p < 0.01 using a 

student’s t-test). 
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Figure 3.13: Phenotype of transgenic C. sativa before exposure to low CO2. Morphology of 4-week old transgenic Camelina sativa 

lines expressing a partial and the full crTCA cycle. Plants were grown on in a controlled environment chamber at 22ºC and 200 μmol 

m-2 s-1 with a 12 hour photoperiod and CO2 set to 400 ppm. Night temperatures were 18ºC. Plants were rotated daily to minimize 

positional effects.  After exposure to low CO2, the plants did not wilt nor show any change in phenotype.  
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Figure 3.14: Steady-state metabolite levels in transgenic C. sativa grown under high light (1200 PPFD) and elevated CO2 (1200 

ppm) concentrations. A) Relative concentration of organic acids B) Relative concentration of 2-OG and sugars C) Relative 

concentration of amino acids. In all cases, n = 3 samples that represent individual plants from each line. The abundance of each 

metabolite is set relative to the WT level. The bars are the average relative concentration and error bars represent + the SEM. Letters 

represent statistical differences (p < 0.05) of a post-hoc Tukey HSD test.  
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Figure 3.15: Transient 13CO2 labeling in glycine and serine in WT and crTCA lines. The mass isotopomer distribution (MID) of 

glycine and serine is shown where the points represent averages and error bars represent + one standard deviation. Glycine is the top 

row, serine is the bottom. WT is the left column and crTCA is the right column. For each time point, n = 3 biological replicates. Each 

color represents a distinct isotopomer with various degrees of 13C incorporation: m0 is unlabeled, m1 is one 13C label; m2 is two 13C 

labels.   
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Figure 3.16: 13CO2 enrichment of aspartate, glutamate and sucrose in WT and crTCA lines. The rate of 13C incorporation into 

metabolites over one hour. WT is black and crTCA is red. Each point represents the mean of three biological replicates and the error 

bars are + one standard deviation.  
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Supplemental Figure 3.1: Transient 13CO2 labelling in all measured metabolites. Mass 

isotopomer distribution (MID) of all measured ions are shown as points with error bars (n=3, ± 

one standard deviation). Nominal masses of M0 mass isotopologues are shown in parentheses.   
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Table 3.1: Photosynthetic gas exchange of transgenic C. sativa grown at low light (200 PPFD) and elevated CO2 (1200 ppm) 

concentrations. The mean of each parameter is shown + the SEM. (n = 3 plants / line, Tukey HSD p < 0.05). Bold text is used to 

highlight significant differences p < 0.05. 

 

 

Table 3.2: Parameters of the A/Ci response of transgenic C. sativa grown at low light (200 PPFD) and elevated CO2 (1200 ppm) 

concentrations. The mean of each parameter is shown + the SEM. (n = 3 plants / line, Tukey HSD p < 0.05). Bold text is used to 

highlight significant differences p < 0.05. 
 

V
cmax

 

(µmol CO2 m−2s−1) 

J
max

 

(µmol CO
2
m

−2 
s

−1
) 

C
iTrans

 

(ppm) 

R
d
 

(µmol CO
2
m

−2 
s

−1
) 

CCP 

(µmol mol
−1

) 

C1 
147.6 + 29.7

a

 160.7 + 20.8
a

 133.7 + 41.3
a

 -3.26 + 1.6
a

 57.30 + 4.8
a

 

C2 93.0 + 10.0
a

 129.4 + 16.8
a

 199.8 + 17.7
b

 -2.14 + 0.42
a

 58.69 + 4.8
a

 

crTCA 
87.5 + 5.9

a

 121.2 + 6.1
a

 204.3 + 8.5
a

 -2.04 + 0.52
a

 58.54 + 4.0
a

 

EV 
104.5 + 12.5

a

 140.2 + 6.0
a

 206.2 + 52.6
a

 -3.43 + 0.81
a

 65.31 + 3.6
a

 

 Anet  
(200 PPFD) 

G
s
 

(200 PPFD) 

Trans 
(200 PPFD) 

C
i
 

(200 PPFD) 

A
net

  

(1800 PPFD) 

G
s
 

(1800 PPFD) 

Trans 
(1800 PPFD) 

C
i
 

(1800 

PPFD) 

C1 14.0 + 0.4
c

 0.10 + 0.001
b

 1.82 + 0.04
b

 927 + 8
a

 26.7 + 0.3
a

 0.11 + 0.003
c

 2.3 + 0.04
c

 748 + 10
c

 

C2 14.5 + 0.3
bc

 0.11 + 0.001
ab

 2.14 + 0.06
a

 934 + 6
a

 26.0 + 0.5
a

 0.13 + 0.003
b

 2.6 + 0.07
b

 807 + 9
b

 

crTCA 15.3 + 0.2
ab

 0.10 + 0.001
ab

 2.08 + 0.09
a

 909 + 6
ab

 25.4 + 0.4
a

 0.14 + 0.003
a

 3.0 + 0.06
a

 984 + 28
a

 

EV 15.9 + 0.3
a

 0.11 + 0.004
a

 2.33 + 0.07
a

 888 + 11
b

 25.5 + 0.4
a

 0.14 + 0.003
a

 3.0 + 0.05
a

 851 + 7
b
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Table 3.3: Chlorophyll fluorescence of transgenic C. sativa grown at low light (200 PPFD) and elevated CO2 (1200 ppm) 

concentrations. The mean of each parameter is shown + the SEM. (n > 4 plants / line, Tukey HSD p < 0.05). Bold text is used to 

highlight significant differences p < 0.05. 

 ΦPSII Fv/Fm NPQ Fv’/Fm’ 

C1 0.678 + 0.023
a

 0.816 + 0.001
a

 0.132 + 0.07
a

 0.766 + 0.002
a

 

C2 
0.694 + 0.021

a

 0.819+ 0.001
a

 0.262 + 0.05
a

 0.765 + 0.001
a

 

crTCA 
0.666 + 0.010

a

 0.817 + 0.001
a

 0.426 + 0.17
a

 0.756 + 0.005
a

 

EV 
0.692 + 0.004

a

 0.820 + 0.001
a

 0.278 + 0.10
a

 0.769 + 0.003
a

 

 

Table 3.4: Yield of transgenic C. sativa grown at low light (200 PPFD) and elevated CO2 (1200 ppm) concentrations. The mean 

of each parameter is shown + the SEM. (n > 4 plants / line, Tukey HSD p < 0.05). Bold text is used to highlight significant differences 

p < 0.05. 

 Total Yield 
(g / plant) 

Seed Weight  
(mg / 50 seed) 

C1 2.97 + 0.3
a

 68.6 + 0.4
a

 

C2 3.00 + 0.2
a

 69.2 + 0.8
a

 

crTCA 2.85 + 0.5
a

 71.3 + 0.3
a

 

EV 2.86 + 0.3
a

 71.3 + 0.4
a
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Table 3.5: Photosynthetic gas exchange of transgenic C. sativa grown at low light (200 PPFD) and high CO2 (1600 ppm) 

concentrations. The mean of each parameter is shown + the SEM. (n = 3 plants / line, Tukey HSD p < 0.05). Bold text is used to 

highlight significant differences p < 0.05. 
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−1
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J
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2
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−2 
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−1
) 

C
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(ppm) 

CCP 

(µmol mol
−1

) 

C1 -2.65 + 0.2
a

 12.77 + 0.2
a

 24.99 + 0.8
b

 71.97 + 12.6
a

 123.7 + 17.0
a

 309.4 + 51.5
a

 66.72 + 4.4
a

 

crTCA -2.68 + 0.1
a

 14.01 + 0.2
b

  28.12 + 0.4
c

 64.17 + 4.2
a

 108.3 + 10.6
a

 281.7 + 15.9
a

 68.30 + 2.0
a

 

WT -2.34 + 0.2
a

 12.90 + 0.1
a

 22.87 + 0.6
a

 57.11 + 2.5
a

 119.8 + 18.0
a

 329.1 + 58.0
a

 67.83 + 1.2
a

 

 

 

Table 3.6: Chlorophyll fluorescence and relative content of transgenic C. sativa grown at low light (200 PPFD) and high CO2 

(1600 ppm) concentrations. The mean of each parameter is shown + the SEM. (n = 3 plants / line, Tukey HSD p < 0.05). Bold text is 

used to highlight significant differences p < 0.05. 

 ΦPSII NPQ 
Rel. 

Chlorophyll 

crTCA 0.76 + 0.003
a

 0.65 + 0.04
a

 37.1 + 1.15
a

 

WT 0.74 + 0.006
b

 0.82 + 0.05
b

 38.2 + 0.38
a
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Table 3.7: Chlorophyll fluorescence of crTCA plants grown under 1200 ppm CO2, 1200 PPFD. The mean of each parameter is 

shown + the SEM. (n = 3 plants / line, Tukey HSD p < 0.05). Bold text is used to highlight significant differences p < 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.8: Yield of transgenic C. sativa grown at high light (1200 PPFD) and elevated CO2 (1200ppm) concentrations. The 

mean of each parameter is shown + the SEM. (n > 4 plants / line, Tukey HSD p < 0.05). Bold text is used to highlight significant 

differences p < 0.05. 

 

 Total Yield 
(g / plant) 

Seed Weight  
(mg / 50 seed) 

C1 6.44 + 0.13
a

 64.4 + 3.2
a

 

C2 6.74 + 0.36
a

 66.2+ 3.7
a

 

C3 6.63 + 0.31
a

 66.0 + 7.85
a

 

crTCA 6.79 + 0.18
a

 67.5 + 3.5
a

 

WT 6.18 + 1.2
a

 67.1 + 6.0
a

 

 ΦPSII Fv/Fm NPQ Fv’/Fm’ 

C1 0.209 + 0.02
a

 0.811 + 0.006
a

 1.81 + 0.3
a

 0.525 + 0.01
a

 

C2 0.209 + 0.02
a

 0.796+ 0.022
a

 1.47 + 0.3
a

 0.553 + 0.02
a

 

C3 0.214 + 0.003
a

 0.793 + 0.005
a

 1.33 + 0.6
a

 0.593 + 0.06
a

 

crTCA 0.219 + 0.03
a

 0.804 + 0.015
a

 1.33 + 0.4
a

 0.552 + 0.03
a

 

WT 0.240 + 0.02
a

 0.794 + 0.004
a

 1.58 + 0.2
a

 0.521 + 0.01
a
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Table 3.9:  Steady-state metabolite levels in transgenic C. sativa grown at high light (1200 

PPFD) and elevated CO2 (1200 ppm) concentrations. Quantified levels of all surveyed 

metabolites. The majority of these metabolites are expressed in nmol per mg FW and were 

quantified using an external calibration curve for each metabolite. * indicates metabolites that 

were not analyzed using an external standard and are therefore putative identification based on 

external m/z databases. These metabolites are express in peak area. † indicates metabolites 

analyzed using only one external standard and are positive identification but less precise 

quantification. Bold face text indicates statistical difference from WT as determined by ANOVA 

and a Tukey post-hoc HSD (p < 0.05). In all cases the mean is presented + one standard 

deviation. 



   

157 

 

 

 

 

 WT crTCA Construct 1 

Alanine 35.1 + 23.4 154 + 106 83.9 + 79.5 

Arginine 8.79 + 9.3 13.6 + 4.8 14.9 + 6.16  

Aspartate 73.2 + 17 153.3 + 80 88.3 + 24.5 

Fructose 22.9 + 8.23 5.11 + 0.28 7.98 + 6.26 

Fumarate
*

 9.62 + 0.18 9.63 + 0.20 9.62 + 0.18 

Glucose 48.0 + 36.3 135 + 91.3 103 + 52.7 

Glutamate 183.1 + 99 182 + 62.9  233 + 37.3 

Glycine 3.79 + 2.1 16.8 + 13.7 9.82 + 2.66 

Histidine 2.64 + 3.5 1.83 + 0.68 3.84 + 1.47 

Isoleucine 0.84 +1.1 1.01 + 1.19 1.72 + 1.23 

Leucine 4.42 + 6.7 0.69 + 0.30 2.6 + 2.03 

Lysine 6.7 + 7.2 3.52 + 0.84 9.21 + 6.31 

Malate
*

 10.8 + 0.01 10.9 + 0.09 10.9 + 0.08 

Methionine 0.15 + 0.07 0.26 + 0.08 0.14 + 0.06  

2-oxoglutarate 32.5 + 20.3 21.4 + 1.08 75.0 + 54.8 

Phenylalanine 1.35 + 1.2 1.17 + 0.27  1.93 + 0.29 

Phosphoenolpyruvate
†

 6.24 + 3.29 0.91 + 0.85 10.8 + 13.3 

Proline 9.02 + 5.1 13.5 + 4.59  15.0 + 5.88 

Pyruvate
†

 32.4 + 4.07 61.9 + 15.8 66.3 + 1.45 

Serine 27.05 + 8.4 67.7 + 24.8  57.8 + 14.3 

Succinate
*

 9.61 + 0.05 9.80 + 0.22 9.68 + 0.17 

Sucrose 211 + 41.8 219 + 13.8 308 + 115 

Threonine 8.84 + 4.3 18.8 + 11.6  15.3 + 5.55 

Tyrosine 2.1 + 1.5 1.1 + 0.19 1.80 + 0.75 

Valine 10.4 + 3.9 9.84 + 3.35  7.56 + 6.50 
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Table 3.10: Chlorophyll fluorescence of transgenic C. sativa before and after heat stress. The mean of each parameter is shown + 

the SEM. (n = 3 plants / line, Tukey HSD p < 0.05). Asterisks are used to highlight significant differences * = p < 0.05; ** p < 0.01. 

 

 

Table 3.11: Photosynthetic gas exchange of transgenic C. sativa before and after exposure to low CO2 (100 ppm) 

concentrations. The mean of each parameter is shown + the SEM. (n = 3 plants / line, Tukey HSD p < 0.05). Bold text is used to 

highlight significant differences p < 0.05. 

 Pre-treatment Low CO2 

 Anet 

 (µmol CO
2
m

−2 

s
−1

) 

Gs 

(µmol CO
2
m

−2 

s
−1

) 

C
i
 

(ppm) 

Trans. 

(µmol H2Om
−2 

s
−1

) 
Anet Gs C

i
 Trans. 

C1 8.13 + 0.2
a

 0.03 + 0.002
a

 100 + 3
a

 0.74 + 0.04
a

 0.45 + 0.2
a

 0.06 + 0.004
b

 68 + 12
a

 1.3 + 0.1
b

 

crTCA 7.77 + 0.2
a

 0.04 + 0.001
a

 99 + 5
a

 0.78 + 0.02
a

 0.62 + 0.2
a

 0.07 + 0.003
ab

 80 + 5
a

 1.6 + 0.1
a

 

EV 7.06 + 0.1
b

 0.03 + 0.001
a

 73 + 8
b

 0.68 + 0.02
a

 0.72 + 0.3
a

 0.08 + 0.005
a

 81 + 7
a

 1.6 + 0.1
a

 

 

 

 
Control Heat 

 
Fv/Fm Fv’/Fm’ ΦPSII NPQ Fv/Fm Fv’/Fm’ ΦPSII NPQ 

WT 0.817 + 

0.003 

0.737 + 

0.004 

0.697 + 

0.095 

0.340 + 

0.032 

0.727 + 

0.012 

0.743 + 

0.003 

0.666 + 

0.020 

0.066 + 

0.008 

crTCA 0.830 + 

0.007 

0777 + 

0.055 

0.615 + 

0.088 

0.312 + 

0.026 

0.738 + 

0.007 

0.733 + 

0.003 

0.614 + 

0.088 

0.136 + 

0.070 
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CHAPTER 4: Characterization of transgenic A. thaliana expressing individual crTCA 

enzymes   

Nathan Wilson, Michael Christopher, Caroline Smith-Moore, Luyan He, Amy Grunden, 

and Heike Sederoff 

Abstract 

The crTCA cycle is a synthetic metabolic cycle that is capable of fixing carbon in vitro. 

When the crTCA cycle is expressed in planta, it was shown to change the morphological 

phenotype and photosynthetic physiology of Camelina sativa. An analysis of a partial crTCA 

pathway (Construct 1) led to distinct changes from the full cycle in both greenhouse and elevated 

CO2 conditions. The C. sativa transgenic lines that express the coenzymes/accessory proteins 

used in the crTCA cycle (Construct 3) manifested a detrimental phenotype when grown in a 

greenhouse. To understand if the phenotypes and physiologies seen in the previous work are 

caused by a partial crTCA pathway or a single transgene of the pathway, we expressed the 

individual crTCA enzymes in Arabidopsis thaliana. These lines were characterized for changes 

in phenotype and photosynthetic physiology under chamber conditions with both ambient (400 

ppm) and elevated (1200 ppm) CO2 concentrations.  

4.1 Introduction 

Under current environmental conditions, the predominant bottleneck in plant productivity 

and biomass production is rate of carboxylation by RuBisCO. There are many research attempts 

aimed at increasing plant productivity through increasing carbon fixation capacity. Strategies to 

increase CO2 assimilation include engineering the enzyme RuBisCO (Andrews & Whitney, 

2003; Lin et al., 2014; Matsumura et al., 2020; Whitney et al., 2015), engineering a C4 pathway 
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into C3 plants (Ermakova et al., 2020, 2021), bypassing the energy-costly process of 

photorespiration (Dalal et al., 2015; Kebeish et al., 2007; Maier et al., 2012; Shen et al., 2019) or 

by increasing CO2 transport / diffusion (Batista-Silva et al., 2020; Gago et al., 2016). An 

underexplored possibility lies in the use of synthetic biology to design alternative carbon fixation 

cycles to augment existing pathways (Bar-Even et al., 2010).  

One of the simplest and shortest carbon fixation cycles posited in the initial description of 

synthetic carbon fixation cycles is a modification of the reverse TCA cycle employed by 

bacterial autotrophs. This condensed, reverse TCA (crTCA) cycle consists of 5 enzymatic steps. 

Succinate is initially converted into succinyl-CoA by succinyl-CoA synthetase (SCS) at the cost 

of 1 ATP and 1 CoA. Succinyl-CoA is then taken by 2-oxoglutarate:ferredoxin oxidoreductase 

(KOR), which carboxylates 2-oxoglutarate (2-OG) using electrons donated by reduced 

ferredoxin (FDX). The 2-OG is subsequently carboxylated by 2-oxoglutarate carboxylate (OGC) 

and forms oxalosuccinate, using 1 ATP. Oxalosuccinate is then reduced by oxalosuccinate 

reductase (OSR) to generate isocitrate at the cost of 1 NAD(P)H. Isocitrate is then cleaved by 

isocitrate lyase (ICL) to yield glyoxylate as the cycle’s product and also regenerate succinate for 

further iterations of the cycle. Such a cycle was demonstrated to function in vitro using enzymes 

sourced from a variety of bacteria (Appendix 1).  

The introduction of a condensed, reverse tricarboxylic acid (crTCA) cycle has been 

demonstrated to affect the metabolic physiology of C. sativa. To introduce the crTCA cycle into 

Camelina, three separate transgenic vectors were generated to account for the large number of 

coding sequences. The enzymes of 2-oxoglutarate carboxylase (OGC), 2-oxogluarate:ferredoxin 

oxidoreductase (KOR) and succinyl-CoA synthase (SCS) are holoenzymes consisting of two 

subunits. Therefore, the crTCA is encoded by nine separate open reading frames (ORFs). While 
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it is now feasible to introduce large transgenic construct with > 10 transgenes into a single vector 

(references), the crTCA was introduced into plants using three separate vectors (Figure 2.2). 

Intriguingly, the expression of the full cycle showed distinct morphological and 

physiologic changes from the partial expression of the crTCA cycle. When all three vectors are 

expressed in the same plant, there are significant increases in net photoassimilation (Anet) that are 

correlated with increases to stomatal conductance (gs). Interestingly, just the expression of a part 

of the crTCA cycle (Construct 1) lead to similar increases in Anet and gs. This result prompted the 

investigation into whether a single gene of the crTCA cycle is responsible for the changes seen in 

the other lines.  

The enzyme succinyl-CoA synthetase (SCS) exists in the plant genome where it catalyzes 

the same reaction (but in opposite direction) in the mitochondria. Studies in tomato and have 

shown that reducing the activity or amount of this mitochondrial enzyme has little effects on 

plant growth or physiology. Interestingly, when this enzyme was antisense repressed, it was 

found that the GABA shunt is upregulated to compensate for the reduced succinate 

concentrations (Studart-Guimarães et al., 2005, 2007). In agreement with these results, a 

metabolic control analysis of the TCA cycle showed that this enzyme has the smallest flux 

control coefficient (Araújo et al., 2012). Importantly, the crTCA isozyme of SCS has the 

preferred direction to generate succinyl-CoA from succinate and consuming ATP, while the 

mitochondrial isozyme does the opposite. Succinate has roles in the glyoxylate cycle, which is 

essential for mobilizing lipids for energy, which is critical in germinating seeds (Berg et al., 

2002; Eastmond & Graham, 2001). Additionally, succinate concentrations can influence the 

concentrations of other organic acids, namely malate and fumarate, which have more direct roles 
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in plant physiology and metabolism (Igamberdiev, 2020; Igamberdiev & Eprintsev, 2016; 

Vallarino & Osorio, 2018). 

The KOR enzyme used in the crTCA cycle comes from the anaerobic thermophile, 

Hydrogenobacter thermophilus, and there is no homologous enzyme in the plant cell. This 

reaction uses reduced ferredoxin to carboxylate the succinyl-CoA into 2-OG. This reaction is the 

least thermodynamically feasible reaction and is likely a bottleneck in CO2 fixation through the 

crTCA cycle and these enzymes are often oxygen-sensitive (Bar-Even et al., 2010, Appendix 1). 

While the enzyme was shown to retain activity in vitro under aerobic conditions, the activity is 

still one of the slowest of the cycle. The reaction generates 2-OG, which is a key intermediate in 

primary metabolism. 2-OG is substrate in the biosynthesis of many amino acids (Figure 1.1) and 

is the amino acceptor necessary for NH4
+ assimilation. 2-OG is a key metabolite that is linked to 

both respiration and N assimilation (Finkemeier et al., 2013; Sweetlove et al., 2010). The limited 

abundance of 2-OG is predicted to be the predominant bottleneck limiting N assimilation under 

elevated CO2 concentrations (Zhao et al., 2021). To produce 2-OG, though, the KOR needs to 

utilize electrons donated from a reduced ferredoxin. H. thermophilus encodes its own bacterial 

type 4Fe-4S ferredoxin which participates in the electron transfer with KOR (Yoon et al., 1996). 

Plants also contain ferredoxins, but are the plant type with 2Fe-2S clusters and have different 

redox potentials. These often small proteins are essential for electron transfer, most notably 

participating in the photosynthetic electron transport chain. Ferredoxins accept electrons from 

photosystem I (PSI) and donate them to the ferredoxin:NADP+ reductase (FNR), which 

generates NADPH in the chloroplast that can be used to power the Calvin cycle (Hanke & Mulo, 

2013; Hanke et al., 2004; Przybyla-Toscano et al., 2018).  
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The 2-OG carboxylase, or OGC, that is used in the crTCA cycle also has no cognate plant 

enzyme. This enzyme carboxylates 2-OG to generate oxalosuccinate using HCO3
-, ATP and 

needs to be biotinylated (Aoshima & Igarashi, 2006). Oxalosuccinate is labile and is therefore 

not easily detected, so its association with metabolic and physiologic processes is understudied 

(Aoshima & Igarashi, 2006, 2008). For biotinylation, the crTCA cycle includes biotin ligase 

(BirA) from E. coli (Barker & Campbell, 1981). Enzymatic biotinylation is a post-translational 

modification in which a covalent biotin moiety is added to a specific lysine residue. The biotin 

binds bicarbonate which can then be used in the enzymatic reaction (Alban et al., 2000).   

The next step in the crTCA cycle is carried out by an oxalosuccinate reductase (OSR) 

enzyme. OSR takes the oxalosuccinate and generates isocitrate via the reduction of 1 NAD(P)H. 

The OSR used in the crTCA cycle was shown to have additional activity as an isocitrate 

dehydrogenase (ICDH) that is capable of a 2-step reaction, carboxylating 2-OG to form 

oxalosuccinate and also the subsequent reduction to isocitrate (Appendix 1). Isocitrate is  

versatile metabolite that can be freely converted into either citrate or 2-OG. Isocitrate is able to 

be reversibly converted to citrate in the cytosol and mitochondria by the action of aconitase. 

Isocitrate can also be decarboxylated back into 2-OG through the action of isocitrate 

dehydrogenases (ICDHs). ICDH enzyme can be found in nearly every cellular compartment 

(peroxisome, cytosol, mitochondria, plastid) and are either NAD- or NADP-linked. The 

decarboxylation of isocitrate to 2-OG can be used to generated NAD(P)H and maintain 2-OG 

concentrations. Citrate is established as a key metabolic signal and is thought to be the primary 

export of the mitochondrial TCA cycle during the day, where it can be converted to isocitrate 

and decarboxylated to generate energy, or stored in the vacuole. This is known as the “citrate 
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valve” function of the mitochondrial TCA cycle (Igamberdiev, 2020; Igamberdiev & Eprintsev, 

2016; Popova & Pinheiro de Carvalho, 1998a).  

The last enzyme of the crTCA cycle, isocitrate lyase (ICL) hydrolyzes isocitrate into 

glyoxylate and succinate. Plants already have an endogenous ICL which localizes to the 

peroxisome and participates in the glyoxylate cycle. The glyoxylate cycle is a unique metabolism 

found in both microbes and plants where it helps convert acetate or lipids into cellular energy 

(Supplemental Figure 4.1). The glyoxylate cycle has been shown to be crucial for the 

germination of developing oilseeds. In the peroxisome, the glyoxylate cycle uses acetyl-CoA, 

produced via β-oxidation of fatty acids, to generate succinate. The glyoxylate cycle consists of 

five enzymes, three of which are already a part of the mitochondrial TCA cycle: aconitase 

(ACO), citrate synthase (CS) and malate dehydrogenase (MDH). The other two, isocitrate lyase 

(ICL) and malate synthase (MS) are unique to the peroxisomal glyoxylate cycle. The glyoxylate 

cycle can be viewed as a modified version of the mitochondrial TCA cycle, bypassing the 

decarboxylation steps and allowing the net production of carbon skeletons without CO2 loss. 

Succinate is exported from the peroxisome (often referred to in this function as a glyoxysome) 

and can enter the mitochondria to be converted into malate. Malate is then exported to the 

cytosol in exchange for more succinate. Malate can be converted into oxaloacetate (OAA) in the 

cytosol by cytosolic malate dehydrogenase (MDH). Phosphoenolpyruvate (PEP) carboxykinase 

converts the OAA into PEP which can ultimately be used for gluconeogenesis. This conversion 

pathway from lipids to sugars is unique to plants and does not exist in other eukaryotes. 

Additionally, the glyoxylate cycle has an anaplerotic role – essentially providing carbon 

skeletons for a variety of biosynthetic processes such as amino acid and chlorophyll biosynthesis 

(Eastmond et al., 2000; Eastmond & Graham, 2001). Notably, the ICL that functions in the 
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glyoxylate cycle operates in the same direction as the crTCA enzyme but in a different 

compartment, the chloroplast. Glyoxylate is not known to be produced inside the chloroplast 

through other pathways, but its presence is established in the peroxisome – functioning in both 

the glyoxylate cycle and in photorespiration. Several transgenic approaches have increased 

glyoxylate production in the chloroplast through the use of photorespiratory bypasses. These 

bypasses directly convert the glycolate (produced via oxygenase reaction of RuBisCO) into 

glyoxylate with the expression of a plastidial glycolate dehydrogenase (GDH) enzyme or a 

plastidial glycolate oxidase (GO). Both reactions convert glycerate into glyoxylate, with GDH 

consuming 1 NADPH and GO consuming no energy but generating H2O2, a reactive oxygen 

species (ROS). As to be expected, plants expressing solely GO are more sensitive to ROS and 

oxidative damage, but exhibit no phenotype under moderate light conditions (Fahnenstich et al., 

2008; Maier et al., 2012). Transgenic plants expressing only GDH, however, have significant 

increases to photosynthesis and yield. This has been shown not only in Arabidopsis (Kebeish et 

al., 2007), but in Camelina (Dalal et al., 2015) and S. tuberosum (Nölke et al., 2014). In both 

Camelina and S. tuberosum, not only did expression of GDH increase biomass and 

photosynthetic rates, but it significantly improved yield. In Camelina, the total seed yield 

increased by approximately 55% and the tuber weight in S. tuberosum increased between 35-

121%. More so, in potato it was found that the increase in tuber weight had a strong correlation 

(0.84) with increasing glyoxylate concentrations (Dalal et al., 2015; Nölke et al., 2014). This 

association holds true in N. tabacum, where increased glyoxylate concentrations were associated 

with increased biomass and photosynthetic capacity (South et al., 2019). The mechanism behind 

this increase is not understood, but several hypotheses suggest nonenzymatic oxidative 

decarboxylation to formate, which could be further decarboxylated into CO2 and H2O by formate 
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dehydrogenase. This mechanism could serve to increase chloroplast CO2 concentrations and 

reduce flux into photorespiration (Dalal et al., 2015; Kebeish et al., 2007). If the crTCA ICL 

enzyme in the chloroplast is able to similarly increase chloroplastic glyoxylate concentrations, 

one would hypothesize a similar effect. The crTCA ICL utilizes isocitrate, which does not have a 

significant flux through the plastid (Popova & Pinheiro de Carvalho, 1998), which could limit its 

ability to increase chloroplastic glyoxylate concentrations.  

To understand if there are individual crTCA genes/enzymes that are causative for the 

phenotypes and changes in physiology seen in Camelina, we express the single crTCA genes in 

Arabidopsis thaliana and assess changes in morphological phenotype and photosynthetic 

physiology.  

4.2 Methods 

4.2.1 Vector design, agrobacterium-mediated transformation, and validation of transgenic 

A. thaliana 

The genes for the crTCA enzymes were synthesized into pUC57 by Genscript (Leiden, 

Netherlands, EU) with codon optimization for Arabidopsis thaliana and were fused to a 

constitutive promoter, a chloroplast targeting sequence, a terminator, and restriction sites for 

downstream cloning (Table 2.1). These sequences were then digested out of pUC57 and into 

pCAMBIA2300-BAR (Dalal et al., 2015b). These fragments were extracted from agarose gels 

using the QIAquick Gel Extraction Kit (Qiagen, Venlo, Netherlands, EU). T4 DNA Ligase (New 

England Biolabs, Ipswich, Massachusetts) was used to ligate crTCA gene fragments into the 

pCAMBIA-BAR vector. The ligation reactions were transformed into E. coli and selected for 

kanamycin resistance. Vectors were confirmed using DNA sequencing (Eurofins Genomics, 

Louisville, KY). These vectors, in addition to an “empty vector” (EV) of pCAMBIA2300-BAR 
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were then transformed into A. tumefaciens GV3101 via electroporation (den Dulk-Ras & 

Hooykaas, 1995). A. thaliana was transformed using this Agrobacterium via the floral dip 

method (Clough & Bent, 1998). Putative transformed seed was plated onto 0.5X Murashige and 

Skoog (MS) media containing 1% sucrose, 0.8% agar, and 25 µg/ml phosphinothricin (BASTA). 

Plants were selected and grown for successive generations until homozygosity was confirmed in 

the T3 line via segregation analysis of the resistance marker. All lines were PCR-confirmed by 

extracting gDNA from ~50mg of leaf tissue using CTAB (Clarke, 2009) and using it as template 

for PCR reactions. 

Expression of the crTCA genes was confirmed using qualitative reverse transcriptase 

PCR. Approximately 100mg of leaf tissue was collected and ground using liquid nitrogen. The 

total nucleic acids from this sample were then extracted using TRIzol reagent and following 

manufacturer’s instructions (ThermoFisher Scientific, Waltham, MA). DNA was digested from 

the samples using the TURBO DNA-free kit (ThermoFisher Scientific, Waltham, MA). RNA 

was assessed for quantity and quality by a Nanodrop spectrophotometer and a Qubit 2 

fluorometer (ThermoFisher Scientific, Waltham, MA). cDNA was generated from purified RNA 

using the RNA to cDNA EcoDry Oligo dT Premix (Takara, Tokyo, Japan). This cDNA was used 

as template for PCR amplification using primers listed in Supplemental Table 1. PCR samples 

were evaluated using agarose gel electrophoresis. 

4.2.2 Environmental conditions and phenotypic determinations 

A. thaliana (cv. Col-0) seeds were stratified on 0.5x MS-agar medium for 3 days and 

selected for marker expression after 7-9 days of growth in a controlled environment (Caron, 

Marietta, OH). Individual seedlings were transferred to 3” diameter pots filled with SunGro 

Sunshine Mix #8 (SunGro Horticulture, Agawam, MA). Plants were grown in the Caron with an 
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average light intensity of 200 µmol m-2 s-1 with a day-length of 14 hours and a day/night 

temperature of 22º C/18º C. Positions of the plants were randomized and changed daily. Plants 

were kept well-watered and were fertilized weekly using half strength Hoagland’s solution 

(Millipore Sigma, St. Louis, MO). Phenotypic and physiological parameters were evaluated 

when the plants were 4-5 weeks old. Rosette diameter was determined using the ImageJ software 

on photographs from plants at this age.  

4.2.3 Gas exchange and chlorophyll fluorescence 

A LI-6400XT photosynthesis system with an extended reach chamber (LI-COR 

Biosciences, Lincoln, NE) was used to determine photosynthetic gas exchange. Survey 

measurements were done at the start of the day (~3 hours after dawn) on the youngest, fully-

expanded rosette leaves. Relative humidity within the chamber was kept >65%. Chlorophyll 

fluorescence measurements were performed with a portable fluorometer (PhotosynQ, East 

Lansing MI, Kuhlgert et al., 2016). All photosynthetic measurements were conducted in at least 

triplicate for each transgenic or control line. Results presented in tables are mean + standard error 

of the mean (SEM). Statistical significance was evaluated using ANOVAs and the post-hoc 

Tukey HSD method using the R package agricolae with a significance threshold of p < 0.05 (De 

Mendiburu & Simon, 2015). 

4.3 Results 

4.3.1 Generation of transgenic A. thaliana expressing crTCA enzymes 

Arabidopsis thaliana plants expressing individual crTCA cycle genes were generated 

using Agrobacterium-mediated transformation. The transgenic vectors used in these lines express 

only one crTCA enzyme (OGC, ICDH/OSR, ICL, KOR, SCS, BirA, or FDX) at a time using a 

constitutive promoter and a chloroplast targeting peptide (Table 2.1). At least three independent 
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transformation events were generated for each line. These lines were screened for T-DNA 

insertion using PCR with primers specific for the promoter and coding sequence for each gene. 

Presence of each crTCA transcript was evaluated using qualitative RT-PCR (Figure 4.1). 

Immunoblotting was attempted in the transgenic A. thaliana, but similar to C. sativa, only ICDH 

and ICL blots yielded positive signal detection. 

4.3.2 Morphological photosynthetic characterization associated with A. thaliana expressing 

individual crTCA enzymes at ambient CO2 

The transgenic A. thaliana were initially characterized in a controlled growth 

environment with ambient CO2 concentrations. The morphological phenotype associated with 

any individual crTCA enzyme is not significantly different from WT or EV controls (Figure 4.2, 

Table 4.3). The plants expressing the MaFe OGC enzyme are noticeably smaller than any other 

lines, but this difference is not statistically significant. The enzymes OGC, ICDH, and KOR have 

the capacity for carboxylation (Appendix 1), however, no significant increases in net 

photosynthetic carbon assimilation (Anet) were found to be associated with expression of these 

lines. ICL and SCS were found to have statistically significant decreases in Anet (Figure 4.3). The 

stomatal behavior of the plants differs depending on specific crTCA enzyme expression. ICDH, 

OGC, and BirA had statistically significant increases in stomatal conductance (gs), transpiration, 

and intercellular carbon concentrations (Ci). The remaining plants expressing the constituents of 

the crTCA cycle did not have an effect on stomatal behavior (Figure 4.4). Chlorophyll 

fluorescence measurements revealed no significant changes or trends associated with any crTCA 

enzyme (Table 4.1). 

4.3.3 Morphological photosynthetic characterization associated with A. thaliana expressing 

individual crTCA enzymes at elevated CO2 
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When the transgenic A. thaliana are grown under elevated CO2 concentrations (1200 

ppm), there is a similar morphological and physiologic effect as in ambient conditions. There is 

no significant change in morphological phenotype when the transgenics are grown under 

increased CO2 concentrations (Figure 4.5). There are slight changes, however: the ICL line is 

slightly smaller in terms of rosette diameter while the FDX and BirA lines are slightly higher 

than the rest (Table 4.3). Despite these slight changes in phenotype, there were no differences 

found among the lines’ Anet (Figure 4.6). The OGC line was found to have significantly higher 

stomatal conductance and transpiration rates, while the FDX line had significantly lower 

measures in the same parameters. ICL and KOR expression lead to significantly reduced 

stomatal conductance and transpiration whereas the majority of the lines did not significantly 

differ from the EV control (Figure 4.7). Chlorophyll fluorescence measurements determined no 

significant changes or patterns under these conditions either (Table 4.2). 

4.4 Discussion 

Toward the goal of understanding how the crTCA cycle is operating in planta, we 

expressed individual crTCA enzymes in A. thaliana and assayed changes in phenotype and 

photosynthetic physiology. The crTCA enzymes KOR, ICDH/OSR, and OGC have 

carboxylation capacity and therefore could increase Anet directly. The 2-oxoglutarate:ferredoxin 

oxidoreductase (KOR) from H. thermophilus has been shown to work in vitro to fix HCO3
- under 

mesophilic, aerobic conditions (Appendix 1). The oxalosuccinate reductase (OSR) that was 

initially characterized from Nitrosococcus halophilus was shown, in vitro, to have additional 

activity as an isocitrate dehydrogenase (ICDH). This enzyme can therefore do both a 1-step 

reduction of oxalosuccinate to isocitrate at the cost of 1 NADPH but can also perform the 2-step 

reaction of fixing HCO3
- to 2-oxoglutarate directly to oxalosuccinate and subsequently reducing 
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it to isocitrate at the cost of 1 NADPH. This OSR/ICDH enzyme has higher specific activity 

using oxalosuccinate as a substrate but also a comparatively high carboxylation rate as well 

(Appendix 1). Finally, the 2-oxoglutarate carboxylase (OGC) sourced from Mariprofundus 

ferrooxydans was shown to have additional activity as a pyruvate carboxylase (PC). The OGC 

activity of this enzyme represents the lowest in vitro activity of the enzymes and has higher 

activity as a PC (Appendix 1). While these three enzymes are capable of in vitro carboxylation, 

the results of the in planta expression in A. thaliana suggest that they do not significantly 

enhance carboxylation in vivo. In both ambient and elevated CO2 concentrations, the expression 

of these enzymes did not increase overall net CO2 photoassimilation (Anet). The KOR expressing 

line of A. thaliana had slightly lower overall rates of Anet when grown under elevated CO2 

(Figure 4.6). It is of note, however, that this carboxylase is missing its cognate co-enzyme, 

ferredoxin (FDX). One explanation for its lack of apparent increase in Anet may be an inactive or 

less active KOR due to the missing coenzyme. It remains untested in vitro or in planta whether 

or not this enzyme retains activity without this bacterial-type 4Fe-4S ferredoxin. The plant cell 

has abundant 2Fe-2S ferredoxins that participate in electron transfer (Hanke & Mulo, 2013) 

which may contribute to KOR activity in planta but that has not been empirically determined. 

KOR is also an oxygen-sensitive enzyme and represents the thermodynamic bottleneck of the 

crTCA cycle (Appendix 1). In Camelina, the plants carrying this enzyme (Construct 2) did not 

exhibit a phenotype nor show increases or decreases in Anet. It is therefore likely that this enzyme 

is either not very active in either species and/or that, without the suite of crTCA enzymes to 

increase substrate concentrations, this enzyme alone does not significantly change the metabolic 

status.  
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Both OGC and ICDH/OSR genes are members of the Construct 1 vector. Like KOR, the 

expression of the ICDH/OSR or the OGC enzymes did not yield significant gains in Anet nor 

changes in morphological phenotype, despite having carboxylase activity (Figures 4.2, 4.3). 

However, there were significant changes to the stomatal behavior in both of these transgenic 

lines. The ICDH and OGC enzymes had the greatest increase to stomatal conductance (gs), 

transpiration, and Ci under ambient conditions (Figure 4.4). This is a distinct difference from the 

behavior of Construct 1 in C. sativa, which showed significant decreases in gs in the greenhouse 

environment. Under elevated CO2 concentrations, only the OGC enzyme had statistically 

significant increases in these same parameters. Again, this is a distinct difference from the 

Construct 1 C. sativa plants, which showed significant decreases in stomatal parameters under 

elevated CO2 and similar light (200 PPFD) conditions (Figures 4.4, 4.7). The Construct 1 C. 

sativa lines showed an increase in stomatal behavior that was only seen under light-saturation 

and elevated CO2 concentrations (Figure 3.9). Further investigation is needed into these 

discrepancies. One hypothesis to explain this behaviors is in the different environments and light 

intensities used to grow Camelina and Arabidopsis in these experiments. Both red and blue light 

can stimulate the opening of the stomata. The stomatal response to red light is linked to the 

mesophyll cells, as photosynthetically-derived signals from the mesophyll also stimulates 

stomatal opening (Lawson & Matthews, 2020). A saturating light intensity for A. thaliana is 

approximately 200 PPFD while for C. sativa it is approximately 3-5 times higher at 600 to 1000 

PPFD. When C. sativa Construct 1 plants, expressing the OGC and ICDH/OSR enzymes, are 

grown at elevated CO2 and saturating light (1200 PPFD), the plants had significantly higher gs as 

compared to the controls. This suggests that mechanism may be the same in A. thaliana and C. 

sativa if their species-specific needs are met, but further experimentation is also required.  
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Finally, the H. thermophiles ferredoxin (FDX) and E. coli biotin ligase (BirA) did not 

have dramatically change the phenotype or development of A. thaliana. This characterization 

replicates previous work (Smith-Moore, 2018) where no effect was seen at the morphological 

level. The additional characterization presented here, however, demonstrates that these co-

enzymes may have subtle physiologic effects. Plants expressing BirA had higher stomatal 

conductance under ambient conditions while the same is true for FDX under elevated CO2 

(Figures 4.4, 4.7). This is a new effect to be associated with these enzymes as expression of 

Construct 3 (BirA & FDX) in C. sativa demonstrated a diminished morphology and FDX may 

have been silenced over time (Figure 2.3, 2.5). The effect in C. sativa was hypothesized to be 

due to the small redox-associated protein FDX due to a phenotype, chlorophyll fluorescence 

changes and GO terms that described aberrant changes in light energy or redox reactions (Tables 

2.3, 2.6). In A. thaliana, however, the same phenotype was not observed. This is most likely due 

to the difference in experimental setup. The Camelina plants were grown in a glasshouse, where 

light intensities can reach over 1,000 PPFD, whereas the Arabidopsis plants are grown in 

controlled environments with light intensities less than 200 PPFD. The Camelina plants, which 

received higher intensities of light, were therefore more exposed to conditions of high light that 

lead to more oxidative stress and ROS (Armbruster & Strand, 2020; Szymańska et al., 2017). It 

remains unclear why the coenzymes of FDX or BirA would increase stomatal conductance. 

Previous work on the lines has shown that BirA increases the level of biotinylation of proteins in 

the chloroplast of A. thaliana, but no other effect was found. FDX was shown to possibly 

increase resistance to oxidative stress when in the presence of methyl viologen (Smith-Moore, 

2018). The biotinylation of proteins is not known to affect stomatal behavior but perhaps an 

indirect effect of this post-translational modification is responsible. FDX may help mediate light-



   

174 

 

derived signals and/or increase/decrease the sensitivity to light, but further experimentation is 

required to understand this phenomenon.  

Our aim was to resolve the effect(s) of partial crTCA pathways expressed in C. sativa. 

The goal was to identify if one single crTCA enzyme could be responsible for the phenotype(s) 

seen in C. sativa plants expressing the full or partial crTCA cycle. The phenotype of the A. 

thaliana expressing the crTCA enzymes was not found to be distinct from the controls in any 

tested condition. The phenotypes found in C. sativa, e.g. axillary branching phenotype of 

Construct 1 or the light-sensitive phenotype of Construct 3, were not found to replicate in A. 

thaliana in the tested conditions. Even though Camelina sativa and Arabdiopsis thaliana are 

closely-related plants, C. sativa possesses an allohexaploid genome that is approximately five 

times larger (Kagale et al., 2014). The model organism Arabdiopsis is frequently grown in 

chamber conditions with light intensities ranging from 100 – 150 µmol m-2 s-1 

(www.arbc.osu.edu). Camelina is more frequently grown in the greenhouse where light 

intensities at midday can be around 750 – 1000 µmol m-2 s-1  (Wu et al., 2020). The differences, 

or lack thereof, could be due to the distinct physiologies of the host plant and environment. The 

physiology of transgenic C. sativa expressing the crTCA cycle had distinct dependencies on the 

light intensity: higher light lead to greater effects seen in Anet or in differences of stomatal 

behavior.  Future characterization of single enzymes in A. thaliana should focus on the effects of 

light intensity in conjunction with CO2 availability. In addition, it will be of great importance to 

determine if there are metabolic changes in the Arabidopsis lines expressing individual crTCA 

enzymes. Alternatively, the single-enzyme constructs could be used to transform C. sativa or the 

full crTCA cycle could be transformed into A. thaliana to understand if there are species-specific 

effects of crTCA expression. A. thaliana was used in this analysis of individual enzymes due to 

http://www.arbc.osu.edu/
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the quicker life cycle of A. thaliana (~6 weeks to maturity) compared to C. sativa (~12 weeks to 

maturity). Furthermore, C. sativa and A. thaliana are somewhat closely related, both belonging 

to the Brassicaceae family. A. thaliana therefore represented a quicker and comparable model to 

implement a study with seven different, independent transgenic vectors for comparison. Due to 

the subtle phenotype and physiology associated with crTCA expression, analysis of the same 

host organism should be considered.  

4.5 Conclusion 

The expression of individual crTCA enzymes in Arabidopsis thaliana did not lead to 

significant changes in morphological phenotype nor in photosynthetic rates. However, several 

crTCA enzymes are associated with stomatal changes. The crTCA enzymes of OGC, ICDH, 

BirA and FDX all had significant changes to stomatal conductance and transpiration compared to 

WT or EV controls. This suggests that ICDH and OGC contribute to the stomatal changes seen 

in C. sativa expressing Construct 1 (OGC, ICDH and ICL). BirA and FDX are surprising 

effectors of stomatal conductance, as these coenzymes do not have enzymatic activity 

themselves. Future work should encompass these lines in greater environmental conditions, 

especially at higher light intensities. Metabolic profiling of these lines would also complement 

analysis of the full crTCA cycle to understand the contributions of each enzyme to the metabolic 

state of the host plant. Alternatively, the individual enzymes could be expressed in C. sativa to 

have a more direct comparison between single enzymes and the partial / full crTCA cycle.   
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Figure 4.1: RT-PCR of crTCA genes in A. thaliana in three independent lines. RNA from 4-week old plants was used to generate 

cDNA and test for expression of crTCA genes. In A-C, EV was used as a negative control in the last lane of each gene for. The first 

three lanes corresponding to each gene is a PCR reaction from a distinct transformation event with each transgene. A) PCR results of 

lines expressing Construct 1 genes. In the OGC (LSU) results, a loading error was made and the EV control and last sample of OGC 

were swapped. B) PCR results of lines expressing Construct 2 genes. KOR SSU is faintly detected in the first three lanes but not in the 

EV lane. C) PCR results of lines expressing Construct 3 genes. D) PCR results for the endogenous Act2 gene. EV was used as a 

positive control in the last column and a no-template control (NTC) is used in the last lane as a negative control. The first three lanes 

corresponding to each gene is a PCR reaction from a distinct transformation event with each transgene. Act2 was detected in all 

samples, but has low signal in the ICDH lines. 



   

182 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



   

183 

 

 

 

 

 

 

 

 

 

 

  

D 



   

184 

 

 

 

 

Figure 4.2: Phenotype of transgenic A. thaliana grown under ambient CO2. Morphology of 5-week old transgenic Arabidopsis 

thaliana lines expressing individual crTCA enzymes. Plants were grown on in a controlled environment chamber at 22ºC and 200 

μmol m-2 s-1 with a 12 hour photoperiod and CO2 set to 400 ppm. Night temperatures were 18ºC. Plants were rotated daily to minimize 

positional effects. The color of the line represents which transgenic construct the gene belongs to in C. sativa. Black: controls (EV, 

Col-0); Red: Construct 1 (ICDH, ICL, OGC); Green: Construct 2 (KOR, SCS); Blue: Construct 3 (FDX, BirA).  
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Figure 4.3: Photosynthetic rates of transgenic A. thaliana grown under ambient CO2. Individual plants’ photosynthetic rates were 

measured at midday with environmental parameters to match the growth conditions with PPFD set to 200 μmol m-2 s-1, temperature set 

to 22ºC and a reference CO2 concentration of 400 ppm. Each plant was given 5 minutes to acclimate to the chamber before measuring 

the photosynthetic gas exchange over the course of 2 minutes per leaf. 1 leaf per individual was assayed. (n = 3 plants / line, Tukey 

HSD p < 0.05). 
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Figure 4.4: Stomatal parameters of transgenic A. thaliana grown under ambient CO2. 

Individual plants’ gas exchange parameters were measured at midday with environmental 

parameters to match the growth conditions with PPFD set to 200 μmol m-2 s-1, temperature set to 

22ºC and a reference CO2 concentration of 400 ppm. Each plant was given 5 minutes to 

acclimate to the chamber before measuring the photosynthetic gas exchange over the course of 2 

minutes per leaf. 1 leaf per individual was assayed. The mean of each parameter is shown + the 

SEM. (n = 3 plants / line, Tukey HSD p < 0.05).  
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Figure 4.5: Phenotype of trasngenic A. thaliana grown at elevated CO2. Morphology of 5-week old transgenic Arabidopsis 

thaliana lines expressing individual crTCA enzymes. Plants were grown on in a controlled environment chamber at 22ºC and 200 

μmol m-2 s-1 with a 12 hour photoperiod and CO2 set to 1200 ppm. Night temperatures were 18ºC. Plants were rotated daily to 

minimize positional effects. The color of the line represents which transgenic construct the gene belongs to in C. sativa. Black: 

controls (EV); Red: Construct 1 (ICDH, ICL, OGC); Green: Construct 2 (KOR, SCS); Blue: Construct 3 (FDX, BirA). 

  



   

188 

 

 

Figure 4.6: Photosynthetic rates (Anet) of transgenic A. thaliana at elevated CO2.  Individual plants’ photosynthetic rates were 

measured at midday with environmental parameters to match the growth conditions with PPFD set to 200 μmol m-2 s-1, temperature set 

to 22ºC and a reference CO2 concentration of 1200 ppm. Each plant was given 5 minutes to acclimate to the chamber before 

measuring the photosynthetic gas exchange over the course of 2 minutes per leaf. 1 leaf per individual was assayed. (n = 3 plants / 

line, Tukey HSD p < 0.05).
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Figure 4.7: Stomatal parameters of transgenic A. thaliana grown under elevated CO2. 

Individual plants’ gas exchange parameters were measured at midday with environmental 

parameters to match the growth conditions with PPFD set to 200 μmol m-2 s-1, temperature set to 

22ºC and a reference CO2 concentration of 1200 ppm. Each plant was given 5 minutes to 

acclimate to the chamber before measuring the photosynthetic gas exchange over the course of 2 

minutes per leaf. 1 leaf per individual was assayed. The mean of each parameter is shown + the 

SEM. (n = 3 plants / line, Tukey HSD p < 0.05).  
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Supplemental Figure 4.1: The glyoxylate cycle in germinating oilseeds. Numbers 

representenzymes and enzyme-catalysed reactions: 1, triacylglycerol lipase; 2, fatty acid β-

oxidation; 3, citrate synthase; 4, aconitase; 5, isocitratelyase; 6, malate synthase;7, malate 

dehydrogenase;8, phosphoenolpyruvatecarboxykinase; 9, gluconeogenesis; 10, 

phosphoenolpyruvatecarboxylase; 11, pyruvatekinase; 12, biosyntheticpathways (e.g. 

aminoacids, purines,pyrimidines, haem andchlorophyll). This unmodified figure is from 

Eastmond & Graham 2001.  
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Table 4.1: Chlorophyll fluorescence of A. thaliana expressing individual crTCA enzymes at 

ambient conditions. The mean of each parameter is shown + the SEM. (n = 3 plants / line, 

Tukey HSD p < 0.05). Bold text is used to highlight significant differences p < 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2: Chlorophyll fluorescence of A. thaliana expressing individual crTCA enzymes at 

elevated CO2 concentrations. The mean of each parameter is shown + the SEM. (n = 3 plants / 

line, Tukey HSD p < 0.05). Bold text is used to highlight significant differences p < 0.05. 

 

 ΦPSII ΦNPQ Rel. Chl 

ICDH 0.75 + 0.003
a 0.08 + 0.003

a 35.8 + 1.6
a 

OGC 0.74 + 0.004
a 0.09 + 0.004

a 29.9 + 4.7
a 

ICL 0.75 + 0.004
a 0.08 + 0.004

a 32.1 + 3.1
a 

KOR 0.75 + 0.004
a 0.08 + 0.003

a 33.0 + 1.8
a 

SCS 0.75 + 0.002
a 0.08+ 0.002

a 31.1 + 2.5
a 

BirA 0.75 + 0.001
a 0.08 + 0.001

a 32.2 + 0.6
a 

FDX 0.74 + 0.003
a 0.09 + 0.004

a 29.2 + 4.8
a 

EV 0.74 + 0.003
a 0.0.9 + 0.003

a 30.9 + 1.9
a 

  

 ΦPSII ΦNPQ Rel. Chl 

ICDH 0.67 + 0.01
a 0.11 + 0.001

a 24.0 + 0.3
a 

OGC 0.66 + 0.01
a 0.12 + 0.003

a 21.9 + 4.8
a 

ICL 0.66 + 0.01
a 0.12 + 0.003

a 26.6 + 0.9
a 

KOR 0.67 + 0.01
a 0.11 + 0.01

a 29.1 + 0.6
a 

SCS 0.66 + 0.01
a 0.12 + 0.004

a 24.9 + 1.5
a 

BirA 0.65 + 0.01
a 0.12 + 0.01

a 24.0 + 1.3
a 

FDX 0.67 + 0.01
a 0.11 + 0.003

a 28.25 + 0.9
a 

EV 0.64 + 0.004
a 0.13 + 0.002

a 19.9 + 4.2
a 

WT 0.67 + 0.01
a 0.11 + 0.01

a 27.0 + 0.9
a 
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Table 4.3: Rosette diameters of A. thaliana expressing individual crTCA enzymes under 

ambient and elevated CO2 concentrations. The mean of the rosette diameter for 3 individuals 

is shown + the SEM. (n = 3 plants / line, Tukey HSD p < 0.05). Bold text is used to highlight 

significant differences from controls where p < 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Table 4.1: PCR primers  

Primer  Sequence Target 

oNW9 TGGCTCTTAGGACGATGGTC FDX expression (F): 170 bp 

oNW10 GGAAGGACACTCATCAGTAAC FDX expression (R) 

oNW11 CTTGGAATGTCTAGGGCTGC BirA expression (F): 226 bp 

oNW12 ATTCAGCGATACACGCATCTC BirA expression (R) 

oNW13 ACCATCACAGGAGTGGATATTG OCG SSU expression (F): 464 bp 

oNW14 CGCCTCTCATTGTCGTTGTA OGC SSU expression (R) 

oNW15 CTACCGCAACTAGAGAGCTTATC OGC LSU expression (F): 418 bp 

oNW16 AGCACAGCGTCCATCTTATC OGC LSU expression (R) 

oNW17 CCTGTGTTGGATATGGTTAGGG SCS SSU expression (F): 453 bp 

oNW18 AGGTGATGGAGAGACTGTGATA SCS SSU expression (R) 

oNW19 GGACCTGATGGAAAGCAAGTTA SCS LSU expression (F): 200 bp 

oNW20 GTAGCAGGGTCAACTGAGAAAG SCS LSU expression (R) 

oNW21 GGGTGTGAAGATGGCTAACA KOR SSU expression (F): 383 bp 

oNW22 TGTATGTGACGCAAGGACTAAA KOR SSU expression (R) 

oNW23 AGGGTGAAGGTATCGAGTCTAC KOR LSU expression (F): 367 bp 

 

 
Ambient 

Rosette Diameter 
(cm) 

Elevated 
Rosette Diameter  

(cm) 

ICDH 8.14 + 0.8
a 9.9 + 1.2

ab 

OGC 7.0 + 1.6
a 9.5 + 0.6

ab 

ICL 8.5 + 0.8
a 8.2 + 0.8

b 

KOR 8.4 + 0.4
a 8.8 + 1.5

ab 

SCS 8.7 + 1.6
a 8.5 + 0.2

ab 

BirA 8.5 + 1.5
a 10.9 + 0.6

a 

FDX 9.1 + 1.8
a 11 + 0.8

a 

EV 7.5 + 0.6
a 9.8 + 0.7

ab 

WT 8.9 + 2.5
a  
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Supplemental Table 4.1 (Continued) 

oNW24 GCTCCAACAGCGACCATATT KOR LSU expression (R) 

oNW25 GAGAGGGATCGTCCTTTCATTAC ICL expression (F): 294 bp 

oNW26 TCCCATAGCACCCAATTCTTT ICL expression (R) 

oNW27 CTGGTGCTAACATGGGAGATAG ICDH expression (F): 285 bp 

oNW28 ACACGTCCATGTGTTCGATAA ICDH expression (R) 

oNW261 ACTCCGATTTGATGGAGTCTGG Actin-1 (F): 426 bp 

oNW262 GCATCATCCCCAGCAAAACC Actin-1 (R) 

oNW227 CTATCCTTCGCAAGACCCTTC 35S (F) 

oNW228 GGATTTGTAGTGTCGTACGTTG Act2 (F) 

oNW229 GGGATCTTCTGCAAGCATCTC Entup4 (F) 

oNW230 TCCGACGATTCTATGGATGTTC OGC SSU (R): 539 bp 

oNW231 CCATGCTTCAATTGACCAGTAAC OGC LSU (R): 427 bp 

oNW232 TCTCAAGACGTCAAGAGTTTCAG ICDH (R): 516 bp 

oNW233 TAGTTACGTGTGACTCCCTTC ICL (R): 782 bp 

oNW234 AAGCCTCACTCCACCCTTATC SCS LSU (R): 554 bp 

oNW235 GTACCGTTCTTTCCGGTGAATC SCS SSU (R): 743 bp 

oNW236 ACCGTACCAGGACGAAGATG KOR LSU (R): 564 bp 

oNW237 GTGGCAAACGTGAGGAACATC KOR SSU (R): 514 bp 

oNW238 GCAGCCCTAGACATTCCAAG BirA (R): 776 bp 

oNW239 GGAAGGACACTCATCAGTAAC FDX (R): 463 bp 
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CHAPTER 5: Prospectus 

 

Nathan Wilson and Heike Sederoff  
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5.1 Conclusions and future directions 

The goal of this dissertation was to investigate if and how the crTCA cycle can be used to 

increase plant productivity. To investigate the effect of the crTCA cycle on the physiology of C. 

sativa, we used a systems-level approach and evaluated the transgenic plants under a myriad of 

environmental conditions and scenarios.  

First, we grew crTCA plants in the greenhouse. We analyzed not only plants expressing 

the full suite of crTCA genes, but also partial or incomplete lines in which only 2-3 genes of the 

crTCA cycle were expressed at a time. We found that this resulted in distinct differences in 

morphology, physiology, and transcriptome. Plants expressing the full crTCA cycle were found 

to be significantly shorter than controls, especially early in development. Despite this fact, the 

plants had increased rates of photosynthesis and were found to assimilate more CO2 than the 

controls. This increased assimilation rate correlated with stomatal changes, suggesting a stomatal 

mechanism rather than an increased carboxylation mechanism. A fundamental question remains 

as to where this additional CO2 is going. The crTCA plants did not have increased seed yield or 

seed mass nor did they have significant differences in above-ground biomass. Through analysis 

of RNA-seq data, we also found that the expression of the endogenous carbon fixation 

machinery (i.e. RuBisCO) is significantly more abundant at the transcript-level (and presumably 

the protein-level) than the crTCA enzymes. This raises the questions about substrate (CO2) 

availability for maximum crTCA activity.  

Therefore, our analysis continued by repeating our assays with plants grown at elevated 

CO2 concentrations. When grown at these CO2 concentrations, the delayed developmental 

phenotype of the crTCA plants is exacerbated, being significantly shorter and lasting longer into 

development. Furthermore, the lines were determined to have increased photosynthetic rates and 
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increased stomatal conductance. This agrees well with the results from the greenhouse studies. 

Under elevated CO2, the crTCA plants had increased rates of respiration compared to the control 

lines. This increased rate of respiration was reflected in the pools of pyruvate and altered 

carbohydrate status by changed pools of fructose and glucose but not sucrose. Furthermore, the 

levels and flux of photorespiratory metabolites, specifically glycine and serine were increased 

and decreased respectively. While preliminary, the metabolic analysis shows increased pools of 

amino acids and could be the unresolved carbon sink in these transgenic lines (Busch et al, 

2018). Furthermore, if glyoxylate is being significantly produced by the crTCA cycle, glycine 

and pyruvate are likely fates for this metabolite (Figure 1.7).  Flux into glycine and serine was 

reduced, suggesting that export may be a bottleneck in crTCA efficacy in planta. Experiments 

overexpressing the glycine decarboxylase complex (GDC) in A. thaliana have had positive 

effects and may be a potential target for integration with the crTCA cycle (Timm et al., 2012). 

The third chapter concludes by subjecting transgenic crTCA lines to a heat stress and a low CO2 

stress. Both of these experiments found that crTCA expression led to either a faster stomatal 

response or a stronger stomatal response. While malate and fumarate levels are established 

mediators of stomatal aperture in several species (Araújo et al., 2012; Medeiros et al., 2016; 

Zhang & Fernie, 2018), no changes in these metabolites were detected in C. sativa.   

The fourth chapter focuses on each crTCA enzyme expressed in isolation. We used the 

model A. thaliana to explore the potential of single crTCA enzymes to influence and change 

morphology and physiology. This analyses showed no significant changes to morphology or 

photosynthetic rates of the lines, however there were changes in stomatal behavior associated 

with several lines. The genes OGC and ICDH, which are members of Construct 1, were found to 

be the greatest and most consistent effectors of stomatal conductance and transpiration.  
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 Future experiments that incorporate rigorous metabolic analysis into the experiments 

will greatly aid understanding the mechanism behind the changes associated with crTCA 

expression. The GO analysis using RNA-seq data of Chapter 2 found shifts of both carboxylic 

acid and amino acid biosynthetic genes. In Chapter 3, increases to several amino acid levels were 

seen, most notably serine and glycine. The flux of these amino acids was determined to be lower, 

agreeing with the negative correlation of amino acid biosynthetic genes found in Chapter 2. Of 

the carboxylic acids analyzed, there were no significant changes. While several metabolic 

species appeared to be significantly altered, the lack of replication and method development 

severely limited the statistical power of our analysis. Increasing replication and moving forward 

with more defined methods for metabolic quantification is needed. Several key metabolites are 

yet to be even preliminarily quantified. Those include: citrate, isocitrate, oxaloacetate, 

glyoxylate, glycerate, glycerate and fructose-2,6-bisphosphate, among many others.  

An underexplored area that may provide insight regarding the allocation of the 

additionally fixed carbon lies in looking at root biomass of crTCA plants. It is feasible that the 

plants are allocating more carbon resources to explore the soil, but this proved challenging to 

determine in preliminary attempts. The roots of C. sativa are numerous and extremely thin, 

making accurate determinations of root biomass difficult to measure. Hydroponics provides a 

means to assess the root phenotype without significant damage and may be valuable to explore in 

the future.  

An additional route of experimentation worth investigating would be into if the crTCA 

transgenics handle nitrogen (N) differently. The crTCA cycle utilizes and remobilizes the key 

metabolite 2-oxoglutarate (2-OG), which is crucial to N assimilation (Dusenge et al., 2019; 

Foyer et al., 2011; Zhao et al., 2021). While the initial analysis did not show significant 
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differences to 2-OG levels, there do appear to be slight differences. Also, glutamate was 

determined to have a higher rate of 13C incorporation. Glutamate is generated from 2-OG via the 

glutamine:oxoglutarate aminotransferase reaction (GOGAT), an essential component of N 

assimilation (Figure 1.7). It is likely then that the crTCA plants will respond differently to 

changes in N supplementation. This experiment would also be suitable for elevated CO2 

conditions where N assimilation is proposed to be a significant bottleneck (Zhao et al., 2021). 

One problem with the crTCA expression in C. sativa and A. thaliana is the inability to 

detect transgenic protein via Western blotting. Several extraction methods, including chloroplast 

isolation, were used along with varying PAGE chemistries and antibody concentrations. Due to 

the fact that the crTCA enzymes are novel to the project, the antibodies used are custom-made 

using a predictive algorithm from sequence information to generate epitopes. The antibodies 

worked well during recombinant expression in E. coli (Appendix 1), but his-tagged antibodies 

were used for the transient expression in tobacco (Appendix 1). Due to a concern regarding the 

his-tag’s effect on activity in planta, the crTCA enzymes expressed in C. sativa or A. thaliana do 

not contain a his-tag. The custom antibodies work well in planta for ICDH and ICL and to a 

lesser extent OGC LSU, KOR LSU and SCS SSU. However, I was unable to positively detect 

OGC SSU, KOR SSU, SCS LSU, BirA and FDX using any blotting method. Expression was 

consistent for all genes, so we make the assumption that protein is there – but detection proved 

difficult. In the future, generation of new custom antibodies or inclusion of a his-tag on the 

crTCA enzymes should be considered. Without the ability to detect the proteins in planta activity 

determinations were not attempted. Instead we relied on steady-state changes of metabolites in 

the tissues of transgenic C. sativa to indicate crTCA activity in planta.  
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Finally, further in vitro optimization and investigation could greatly aid the study of the 

crTCA cycle in planta. The Km values of the crTCA enzymes are unknown and would provide 

valuable information to analyze and compare the effect in planta. Furthermore, the crTCA 

enzymes could be further optimized using site-directed mutagenesis to alter their kinetics or 

thermodynamics at mesophilic, aerobic conditions. This has been done in other in vitro carbon 

fixation cycles (Schwander et al., 2016), but requires an abundance of information on the 

enzymes in question (e.g. structural information) that is not readily available for any crTCA 

enzyme.  
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Appendix A: Initial in vitro and ex vivo characterization of the crTCA cycle 

The in planta expression of the crTCA cycle is based on the work done by collaborators 

in the lab of Dr. Amy Grunden. The following are the summarized results of that work as it 

pertains to points brought up in this dissertation.  

A.1 Selection of the crTCA cycle enzymes  

A condensed, reversed TCA cycle can be composed of up to five enzymatic steps (Bar-

Even et al., 2010). In this work, the selection of candidate enzymes was based on sequence 

alignment to functionally characterized enzymes, activity predictions from sequence, and the 

physiology of the source bacteria. Four to seven enzyme candidates were selected for each of the 

crTCA cycle steps (Table A.1). Candidate genes were codon optimized for recombinant 

expression in E. coli and cloned into either pQE1 or pET vectors for expression in M15 or BL21 

(DE3) E. coli strains, respectively. Most of the protein candidates were successfully 

overexpressed with N-terminal his-tag fusions using the pQE1 – M15 or pET – BL21 (DE3) 

expression systems and were purified by immobilized nickel affinity chromatography (IMAC). 

Three out of 4 SCSs, 4 out of 6 KORs, 4 out of 7 OGCs, 3 out of 5 OSRs, and 4 out of 5 ICLs 

were purified with a yield of more than 5 mg per L of E. coli culture. 

The best enzyme for each step was selected from the candidate enzymes, considering the 

specific activities and protein yields. The purified proteins were first tested for activity using 

UV-Vis spectroscopy methods. For SCS, OGC, and ICL, UV-Vis spectrophotometric methods 

measured the reaction rate in the forward direction. SCS from Bradyrhizobium sp.BTAi1 (BrBt 

SCS) and ICL from Nocardia farcinica IFM 10152 (NoFa ICL) were selected as the best 

enzymes for step 1 and step 5, respectively, based on their specific activities. While OGC from 

Mariprofundus ferrooxydans PV-1 (MaFe OGC) had a similar specific activity to other 
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overexpressed OGC enzymes, its protein yield was much higher. For OSR, UV-Vis 

spectrophotometry was used to measure the reaction in the reverse direction of the crTCA cycle, 

due to the lability of the reactant metabolite, oxalosuccinate. Therefore, the recombinant OSRs 

were initially screened using UV-Vis spectrophotometry and then LC-MS was used to determine 

the best combination of OGC and OSR. OSR from Nitrosococcus halophilus Nc4 (NiHa OSR) 

coupled with MaFe OGC was the best choice for our crTCA cycle under experimental 

conditions. 

KOR is the only enzyme of the crTCA cycle that requires anaerobic conditions for 

recombinant protein purification. Experiments using KOR were carried out under anaerobic 

conditions unless otherwise specified. The KOR enzyme requires reduced ferredoxin for the 

carbon fixation reaction, which converts the four-carbon derivative, succinyl-CoA to the five-

carbon product, 2-OG. The KOR from Bacillus sp. M3-13 (BaM3 KOR) showed the highest 

specific activity for the reverse reaction at RT. Attempts to run the full cycle with this enzyme 

did not succeed (Smith-Moore, 2018). Instead a combination of KOR and ferredoxin from 

Hydrogenobacter thermophilus TK-6 (HyTh) (M. Yamamoto et al., 2010) showed a greater 

preference for the forward reaction. Despite initial concerns about activity at mesophilic 

temperatures, the HyThKOR was evaluated for activity at lower temperatures and was found to 

have activity at ambient temperature.  Thus, HyTh KOR and HyTh ferredoxin were selected as 

the best enzyme/coenzyme combination for step 2 of the crTCA cycle. The best enzyme 

candidate for each step and the coenzyme ferredoxin for step 2 are listed (Table A.2). 

A.2 Demonstration of in vitro carbon fixation by the crTCA cycle 

After confirming partial pathway activity (data not shown), cyclic carbon fixation of the 

crTCA enzymes was first shown in vitro when performed under anaerobic conditions. In this 
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assay, 2-OG and succinyl-CoA were used as the starting metabolites and NaH13CO3 was used as 

the carbon source. Multiple 13C-labeled glyoxylic acid, succinic acid and 2-OG were detected 

(Figure A.1), establishing that the crTCA cycle fixes carbon under tested conditions. As 

expected, the amount of multiple labeled metabolites increases with longer reaction times. The 

succinic acid detected by LC-MS in this experiment is the total amount of free succinic acid plus 

succinyl-CoA because the LC-MS method does not distinguish them.  

As KOR enzymes are oxygen sensitive (Bar-Even et al., 2010), it is important to 

demonstrate that the crTCA cycle can function under aerobic conditions, such as those present in 

the plant chloroplast. To test the full function of the crTCA cycle under aerobic conditions, the 

previous experiment was replicated under aerobic conditions. The production of labeled 2-OG 

was estimated because KOR is responsible for the carboxylation of succinyl-CoA to produce 2-

OG. From LC-MS, single, double, and triple 13C-labeled 2-OG were detected (Figure A.2). The 

amount of these metabolites is less than that produced in the anaerobic samples; however, their 

detection confirms that the crTCA cycle can function in the presence of oxygen, though at lower 

efficiency. The maximum amounts of 13C-labeled metabolites detected under both atmospheric 

conditions is summarized in Table A.3. 

A.3 The crTCA cycle is bidirectional in vitro 

As shown above, the synthetic crTCA cycle functions in vitro in the carboxylating 

direction. Most of the crTCA cycle enzymes are theoretically capable of catalyzing the reverse 

reaction to their proposed cycle activity. To evaluate this potential the last two enzymes of the 

cycle, the ICL and the OSR, were combined to create a coupled reaction. This reaction would 

evaluate the ability of ICL to utilize glyoxylate and succinate to produce isocitrate. The resulting 

isocitrate would be decarboxylated by OSR to produce 2-OG. The OSR reaction would also 
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produce NADH, measured spectrophotometrically. The specific activity of this reaction was 0.07 

± 0.01 U mg-1 based on three replicates. While the measured activity is low compared to the 

activity of ICL in the production of glyoxylate and succinate (Table A.2), the ICL and OSR can 

function together in reverse to produce 2-OG. 

To test whether the full cycle can also proceed in the reverse direction, succinate and 

glyoxylate were used as starting reagents with all of the crTCA cycle enzymes. The amount of 

glyoxylate decreases significantly after incubating 60 minutes at 30o C, while little change was 

found for the control samples with no succinate or no ICL (Figure A.3). On the contrary, a large 

amount of 2-OG was detected in the full cycle reactions, suggesting 2-OG was produced under 

the experimental conditions. In summary, the consumption of glyoxylate and the production of 

2-OG indicate that the crTCA cycle can proceed in the decarboxylation direction at room 

temperature and aerobic conditions. 

A.4 The crTCA cycle is functional with four steps 

ICDH enzymes, such as the NiHa OSR, are often capable of catalyzing 2-OG 

carboxylation (Aoshima & Igarashi, 2006, 2008; Dean & Koshland, 1993). As such, NiHa OSR 

was evaluated for carboxylation activity using a UV-Vis assay measuring the oxidation of NAD+ 

(Kanao et al., 2002). This OSR enzyme could carboxylate 2-OG (Table A.4). As this activity 

could be contributing to the full cycle activity, it was important to compare the crTCA cycle 

when it includes all five steps or only four steps. In the four-step cycle MaFe OGC was 

eliminated and NiHa OSR would be relied on to perform the carboxylation of 2-OG to produce 

isocitrate. The reactions were performed and analyzed by LC-MS. The peak areas were 

compared for the unlabeled and labeled metabolites and showed no statistically significant 
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difference between the two reactions (Figure A.4), suggesting the crTCA cycle may actually 

perform primarily as a four-step cycle.  

A.5 Transformation of tobacco for transient expression of the crTCA enzymes in planta   

The target application of our synthetic crTCA cycle is to improve the carbon fixation 

efficiency of plants, more specifically C3 plants, by expression of the selected crTCA cycle 

enzymes in the plant chloroplast. To test if plants can produce active crTCA cycle enzymes, we 

transiently transformed either N. tabacum or N. benthamiana leaves with the individual crTCA 

cycle genes (Yang et al., 2000). For enzymes containing two subunits, both subunits with their 

individual promoters were incorporated into one plasmid for transformation. All gene constructs 

were transformed first into Agrobacterium tumefaciens GV3101. Transformed A. tumefaciens 

cells were then used to transform tobacco plants by vacuum infiltration. The expression of the 

crTCA cycle enzymes was detected using western blots (Figure A.5). Detection of the HyTh-

KOR required expression in N. benthamiana instead of N. tabacum, as no HyThKOR was 

detected using N. tabacum. To confirm functional expression, enzyme activity was measured in 

protein extracted from the tobacco leaf tissue. In planta activity was found for each of the four 

enzymes, confirming functional expression of each enzyme (Table A.5).  
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Table A.1: Gene candidates for the crTCA cycle 

Enzyme class Source Organism Protein ID 

Step #1 

Succinyl CoA 

synthetase (SCS) 

Bradyrhizobium sp. BTAi1 α: WP_012040734.1 

β: WP_012040733.1 

Azotobacter vinelandii DJ α: WP_012701526.1 

β: WP_012701527.1 

Azospirillum sp. B510 α: WP_012975136.1 

β: WP_012975135.1 

Escherichia coli K-12 substr. MG1655 α: NP_415257.1 

β: NP_415256.1 

Step #2 

2-oxoglutarate: 

ferredoxin 

oxidoreductase 

(KOR) 

Hydrogenobacter thermophilus   TK-6 α: WP_012963731.1 

β: WP_012963730.1 

Bacillus sp. M3-13 α: ZP_07708142.1 

β: WP_010193262.1 

Haladaptatus paucihalophilus DX253 α: WP_007979610.1 

β: WP_007979608.1 

Halobacterium sp. NRC-1 α: WP_012289282.1 

β: WP_010902808.1 

Magnetococcus sp. MC-1 α: WP_011713405 

β: WP_011713406.1 

Paenibacillus larvae subsp. larvae B-3650 α: WP_036654064.1 

β: WP_036654066.1 

Step #3 

2-oxoglutarate 

carboxylase (OGC) 

Mariprofundus ferrooxydans PV-1 α: WP_009849086.1 

β: WP_009849087.1 

Hydrogenobacter thermophilus   TK-6 α: WP_012964024.1 

β: WP_012964023.1 

Candidatus Nitrospira defluvii α: WP_013247788.1 

β: CBK40961.1 

Thiocystis violascens DSM198 α: WP_014776649.1 

β: WP_014776651.1 

Pseudomonas stutzeri ATCC14405 α: ABP77893.1 

β: WP_011911433.1 

Step #4 

Oxalosuccinate 

reductase (OSR) 

Nitrosococcus halophilus Nc4 WP_013033479.1 

Marine gamma proteobacterium 

HTCC2080 

WP_007233843.1 

Kosmotoga olearia TBF 19.5.1 WP_015868581.1 

Chlorobium limicola DSMZ245 BAC00856.1 

Acinetobacter baumannii ACICU WP_000542119.1 
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Table A.1 (Continued) 

Step #5 

Isocitrate lyase 

(ICL) 

Nocardia farcinica IFM 10152 WP_011211764.1 

Gordonia alkanivorans NBRC 16433 WP_005200301.1 

Corynebacterium glutamicum ATCC 

13032 

NP_601531.1 

Rhodococcus jostii RHA1 WP_009474796.1 

Rhodococcus pyridinivorans AK37 WP_006553580.1 

Supplemental 

Protein: 

Ferredoxin  

Hydrogenobacter thermophilus   TK-6 WP_012964515.1| 

 

Table A.2: Selected crTCA enzymes and their in vitro activity. Specific activity is the result 

of 3 independent replicates + 1 SD. 

Enzyme/ 

Coenzyme 

Organism Source Assay 

Method 

Size 

(kDa) 

Specific 

Activity 

(U/mg) 

Enzyme 1 

Succinyl CoA 

Synthetase (SCS) 

Bradyrhizobium 

sp.BTAi1 (BrBt) 

UV-Vis α: 43 

β: 30 

23.7 ± 0.5 

Enzyme 2 

2-oxoglutarate:   

Ferredoxin 

Oxidoreductase 

(KOR) 

Hydrogenobacter 

thermophilus TK-6 

(HyTh) 

UV-Vis 

LC-MS 

α: 65 

β: 31 

0.22 ± 0.03 

Coenzyme 2 

Ferredoxin 

Hydrogenobacter 

thermophilus TK-6 

(HyTh) 

LC-MS 7.9 N/A 

Enzyme 3 

2-oxoglutarate 

Carboxylase (OGC) 

Mariprofundus 

ferrooxydans PV-1 

(MaFe) 

UV-Vis 

LC-MS 

α: 53 

β: 68 

0.032 ± 0.002 

Enzyme 4 

Oxalosuccinate 

Reductase (OSR) 

Nitrosococcus 

halophilus Nc4 

(NiHa) 

UV-Vis 

LC-MS 

47 19 ± 1 

Enzyme 5 

Isocitrate Lyase 

(ICL) 

Nocardia farcinica 

IFM 10152 (NoFa) 

UV-Vis 

LC-MS 

48 10.0 ± 0.3 
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Table A.3: crTCA metabolite quantification under anaerobic and aerobic conditions. 

 

Metabolites Produced (µM) 

anaerobic 

Produced (µM) 

aerobic 

glyoxylate No label 166 148 

Single 
  13

C labeled 59 7.1 

Double  
13

C labeled 5.2 1.9 

succinate Single 
  13

C labeled 180 158 

Double  
13

C labeled 42 18 

oxoglutarate Single 
  13

C labeled 193 65 

Double  
13

C labeled 74 19 

Triple     
13

C labeled 11 4.4 

  

 

Table A.4: NiHa OSR and MaFe OGC 4-step cycle activities. aThe results are an average of 3 

replicates, and the error reported as one standard deviation. 

Enzyme & assay Specific Activity 

(U/mg) a 

NiHa OSR  

Carboxylation 

0.24 ± 0.01 

MaFe OGC 

Pyruvate Carboxylase 

0.11 ± 0.01 

 

 

 

Table A.5: crTCA cylce enzyme activity from transient tobacco expression. The results are 

an average of 3 replicates, and the error represented as one standard deviation. 

Enzyme Specific Activity, EV  

(10-3 U/mg) 

Specific Activity, crTCA 

(10-3 U/mg) 

Enzyme 1:BrBT SCS 133 ± 7 170 ± 5  

Enzyme 2:HyTh KOR 0.02 ± 0.01 0.17 ± 0.06  

Enzyme 4:NiHa OSR 2.7 ± 0.5 9.0 ± 0.4  

Enzyme 5:NoFa ICL 1.9 ± 0.3 4.7 ± 0.3  
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Figure A.1: In vitro activity of 5-step crTCA cycle and quantification. Reactions contained 

all 5 of the crTCA enzymes with the HyTh ferredoxin and were prepared under anaerobic 

conditions. Samples were taken at 0, 15, 30, 60, 90, and 120 min. The zero time point was 

subtracted from all other time points to account for background.  Reactions were quantified using 

standard curves analyzed at the same time as the reaction samples. Three replicates were 

conducted and the error bars represent one standard deviation. A.) Quantification of single 13C-

labeled succinate (m/z, 118) and double 13C-labeled succinate (m/z, 119). B.) Quantification of 

single 13C-labeled 2-OG (m/z, 146), double 13C-labeled 2-OG (m/z, 147), and triple 13C-labeled 

2-OG (m/z, 148). C.) Quantification of unlabeled glyoxylate (m/z, 73), single 13C-labeled 

glyoxylate (m/z, 74), double 13C-labeled glyoxylate (m/z, 75). 
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Figure A.2: In vitro activity of 5-step crTCA cycle under aerobic conditions and 

quantification. Reactions contained all 5 of the crTCA enzymes with the HyTh ferredoxin. All 

reactions were prepared under aerobic conditions. Samples were taken at 0, 15, 30, 60, 90, and 

120 min. The zero time point was subtracted from all other time points to correct for background.  

Reactions were quantified through the use of standard curves analyzed at the same time as the 

reaction samples. Three replicates were conducted and the error bars represent one standard 

deviation. 
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Figure A.3: Bidirectionality of the crTCA cycle. Extracted ion chromatograms showing 

changes in glyoxylate and 2-oxoglutarate resulting from reverse crTCA cycle activity. Reactions 

were prepared containing all 5 crTCA cycle enzymes and ferredoxin, but instead of feeding the 

cycle 2-OG, it was provided with succinate and glyoxylate. The reactions were prepared 

anaerobically and allowed to proceed for 60 min prior to analysis by LC-MS. Controls consist of 

a reaction containing all components except ICL, as well as a reaction without succinate. 
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Figure A.4: Comparison of five-step crTCA cycle and four-step crTCA cycle. Reactions 

were prepared in triplicate at the same time under the same conditions. The only difference was 

that the four-step crTCA cycle omitted MaFe OGC. Products from all reaction time points were 

analyzed using LC-MS. The zero time-point was subtracted from all samples to remove 

background. The peak areas of the relevant metabolites were measured using MassHunter 

software and compared. Statistical significance was evaluated using a two way ANOVA with a 

p-value <0.05. Only one point was statistically significant, and it is indicated with an asterisk (*). 

A.) Graphs representing the peak areas for unlabeled succinate  m/z, 117), single 13C-labeled 

succinate (m/z, 118) double 13C-labeled succinate (m/z, 119). B.) Graphs representing the peak 

areas for single 13C-labeled 2-OG (m/z 146) and double 13C-labeled 2-OG (m/z, 147). C.) Graphs 

representing unlabeled glyoxylate (m/z, 72) and single 13C-labeled glyoxylate (m/z, 73). Due to 

the low detection of the single labeled glyoxylate, duplicate samples were compared for the 4-

step and 5-step cycle comparison instead of triplicate samples. 



   

215 

 

 



   

216 

 

 

 

 

 
 

Figure A.5: Transient tobacco expression western blots of crTCA cycle enzymes. Tobacco 

leaf tissue was harvested and ground in liquid nitrogen to produce extracts. Tobacco lysate was 

purified by nickel IMAC, prior to SDS-PAGE and transfer to PVDF. A.NiHa OSR, NoFa ICL, 

and BrBT SCS were detected using a penta-his primary antibody. These expression tests were 

conducted using N. tabacum. The empty vector transformed tobacco was used as a negative 

control, while purified recombinant enzymes were used as positive controls. B. HyTh KOR 

expression was conducted using N. benthamiana. HyTh KOR was detected using an antibody 

specific for a peptide epitope for the large subunit of the HyTh KOR. Empty vector-transformed 

tobacco was used as a negative control and purified HyTh KOR was used as a positive control.  

 

A.	
B.	


