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Abstract 
 

Engineered microorganisms capable of producing commodity chemicals have gained 

traction as viable alternative to traditional petrochemical approaches. Expanded feedstock 

pools, engineering regulatory elements of metabolism, and fermentation optimization are all 

methods employed to increase productivity in these microbial hosts. Plant biomass refined into 

pure sugars are commonly used as a substrate for these fermentations. Heterotrophic hosts can 

convert these pure sugars into various chemical compounds, however, using sugars for 

fermentation directly competes with global food supply. One alternative carbon source to these 

sugars is using atmospheric CO2 to power biochemical production in these organisms. However, 

native biological CO2 fixation is slow, limiting growth and production rates. This dissertation 

seeks to address the challenges intrinsic to using CO2 as a chemical production feedstock. First, 

by engineering photomixotrophy into the naturally photosynthetic microorganism 

cyanobacteria to supplement chemical production and growth by directing the excess carbon 

from sugars towards the substrate for the dominant CO2 fixing enzyme ribulose-1,5-

bisphosphate carboxylase/oxygenase. Second, by engineering a non-canonical CO2 fixing 

pathway known as the reductive glycine pathway into the heterotroph, Escherichia coli, in 

conjunction with using formate produced in a novel electrocatalytic setting and optimizing 

biochemical production in E. coli from this electrocatalytic reaction mixture. Both strategies 

demonstrate methods where chemical production can be made more renewable with the aid of 

engineered microorganisms capable of utilizing CO2 from the atmosphere to make industrially 

relevant chemicals such as isobutanol and succinate. 
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Chapter 1: Introduction 
Engineering Microorganisms for the Production of Chemicals 
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Treece, T. R., Gonzales, J. N., Pressley, J. R., & Atsumi, S. (2022). Synthetic biology approaches for 

improving chemical production in cyanobacteria. Frontiers in Bioengineering and 

Biotechnology, 10. 
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1.1 Microbial Production as an Alternative to Petrochemistry 
 

It is well established that rising atmospheric CO2 levels are the primary cause for 

unprecedented climate change impacting the globe1. Despite this, chemical production still 

relies mostly on petroleum-based synthesis2. In response to the growing concern over 

greenhouse gases, research with a focus on more sustainable chemical production has become 

a high priority. The fields of synthetic biology and metabolic engineering aim to achieve a more 

sustainable method for chemical production using engineered organisms. These efforts include 

the use of both heterotrophic and photosynthetic microorganisms. Heterotrophic chemical 

production involves a carbon input of a sugar feedstock to a microorganism to generate a 

biochemical product as an output. Alternatively, using photosynthetic microorganisms offers the 

advantage of eliminating the need for sugar feedstocks and the ability to generate valuable 

chemical commodities from CO2 and sunlight. The two predominant categories of 

photosynthetic microorganisms being investigated for chemical production are microalgae and 

cyanobacteria. Microalgae are a diverse group of  photosynthetic eukaryotes that have been 

shown to be viable production hosts for a wide array of useful chemical commodities ranging 

from biofuels to lipids and vitamins3. Cyanobacteria are a group of prokaryotic microorganisms 

with some of the fastest carboxylation rates present in photosynthetic organisms4.  

Despite the burgeoning interest in these photosynthetic microorganisms, the field still 

faces many challenges that have yet to be addressed. The primary concern is the inefficient 

nature of photosynthesis and CO2 fixation. Attempts to improve upon the central carbon fixation 

enzyme ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO) have been met with little 

success4,5. Part of the challenge with RuBisCO is its inability to distinguish between CO2 and O2 

with high specificity. The oxygenase activity of RuBisCO results in an energetically costly 

pathway known as photorespiration which has widespread effects on the growth and metabolic 

needs of many species of photosynthetic organisms6. Recent research suggests that 

photorespiration is a symptom of RuBisCO evolving in a high CO2 environment where enzymatic 

specificity was not as vital, with this in mind, recent studies are investigating the possibilities of 

by reviving ancestral forms of the protein and subjecting it to new environments in the hopes of 
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generating biologically important variants7. Other efforts are looking towards natural 

adaptations of CO2 fixation for inspiration with a focus on the  carboxysome, a bacterial 

microcompartment that acts to localize RuBisCO with high concentrations of CO2
8. An additional 

engineering strategy aims to avoid photorespiration by engineering synthetic protein structures 

to mimic cyanobacterial carboxysomes to concentrate CO2 near RuBisCO and competitively 

inhibit the reaction with oxygen8.  

Plastics, a major product of the petroleum industry, have caused additional harm to the 

environment beyond the aforementioned greenhouse gas emissions2. Petroleum based plastics 

are a major source of pollution in our waterways due to the prolonged degradation periods 

associated with these products2,9. One alternative to these petroleum-based plastics is to use 

engineered microorganisms. The engineered microbe can produce various chemical 

commodities that can be used as monomers to synthesize a wide array of biodegradable 

plastics10,11. In the works presented in this dissertation, succinate and isobutanol are the target 

products synthesized by microbes. Both succinate and isobutanol are relevant chemicals to the 

plastics industry and can be used to make various polymers that can replace petroleum-based 

products9,12. By investigating the production of these chemicals in microbes, we can achieve an 

efficient synthesis platform that can not only sequester or reduce greenhouse gases but also 

help to replace highly polluting everyday products with greener alternatives.  

 

1.2 Rewiring Photosynthetic Metabolism 
 

Efforts have been made to overcome the intrinsic shortcomings of photosynthetic 

microorganisms by rewiring metabolism related to carbon fixation and photosynthesis. While 

efforts to improve RuBisCO have not been met with much success, current research has shifted 

focus towards rerouting metabolism to improve overall photosynthetic efficiency by focusing on 

key aspects of the Calvin-Benson cycle or the photosynthetic electron transport chain (PETC). 

One strategy used to accomplish this is rerouting excess energy from the PETC towards 

hydrogen production13. Excess energy from the PETC is generally lost as heat to the 

environment. Rewiring the PETC to capture this wasted energy can effectively convert excess 
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light energy into high energy chemical bonds that can be used as an eco-friendly alternative to 

other greenhouse gases such as methane. In the aforementioned study, Chlamydomonas 

reinhardtii, was successfully used for continuous hydrogen production for 14 days by fusing a 

naturally occurring [FeFe] hydrogenase to another enzyme known as superoxide dismutase, 

representing a large step forward in the viability of using this hydrogen production strategy to 

harness the excess reductive energy from the PETC13. 

An inherent drawback of RuBisCO is its promiscuous nature, when RuBisCO undergoes 

oxygenase activity a costly side pathway known as photorespiration occurs where the 

oxygenase product is recycled back into usable metabolism consuming energy and losing CO2 in 

the process. As much as 30% of energy produced by photosynthesis has been observed to be 

lost through photorespiration in plants6. Rewiring or preventing photorespiration represents a 

promising way to improve the overall efficiency of carbon fixation in photosynthetic organisms. 

Efforts to rewire photorespiration generally involve deleting energetically costly steps, 

circumventing steps where CO2 is lost, and rerouting metabolites towards central carbon 

metabolism6. One of the more ambitious efforts to ameliorate the cost of photorespiration was 

the expression of a synthetic carbon capture pathway to serve as both a photorespiratory 

bypass and as a supplement to the Calvin-Benson cycle, this was shown to be a viable use of 

synthetic biology to counteract the costly natural photorespiration pathway14.  

It should be noted that photorespiration is not the sole pathway responsible for carbon 

inefficiencies, many metabolic processes include steps where CO2 is lost to the environment. An 

important way to engineer microorganisms for sustainability involves carbon conservation, 

focusing on rerouting metabolism to circumvent decarboxylation reactions15. Of the more 

notable strategies is the non-oxidate glycolysis pathway (NOG) which has been shown to 

function in E. coli and which can effectively conserve all carbon associated with sugar 

catabolism to acetyl-CoA16. While carbon conservation is a powerful methodology for 

engineering metabolism, the field is still in its infancy and further work is required to evaluate 

the industrial viability of many carbon conservation strategies. Additionally, de-novo carbon 

fixation pathways, which will be addressed later, are currently being developed and may prove 

to be a better methodology for the development of sustainable production hosts.  
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1.3 Photomixotrophy 
 

Another approach to increase chemical production capacity in cyanobacteria is to 

supplement CO2 with carbohydrates as an auxiliary carbon source for the Calvin-Benson cycle, 

thereby making the organism photomixotrophic. By re-engineering glucose catabolism to direct 

carbon flux into the Calvin-Benson cycle, more ribulose-1,5-bisphosphate can be supplied to 

RuBisCO, accelerating CO2 fixation. This ultimately results in faster growth and production of 

downstream targets, as well as a 6- fold increase in titer once metabolism was rewired to 

accommodate photomixotrophy17. The addition of a heterotrophic mode further enhances the 

industrial potential of this approach by permitting CO2 fixation in darkness, allowing for 24-hour 

production under natural diurnal conditions. Glucose can be readily obtained from the acid 

hydrolysis of agricultural waste products such as corn stover, in conjunction with other sugars: 

xylose, arabinose, and galacturonic acid18. By installing catabolic pathways for these non-glucose 

sugars, these agricultural waste products can be used more efficiently. Xylose, the second most 

abundant sugar in corn stover lysate, has successfully been used to achieve photomixotrophic 

production of 2,3-butanediol in light and dark conditions with significant improvements in 

growth and product titer over the equivalent photoautotrophic organism19. 

 

1.4 Non-RuBisCO Carbon Fixation 
 

In contrast to research centering on canonical CO2 fixation, investigations into de novo 

CO2 fixation pathways have been explored and theorized in recent years as more efficient 

alternatives to traditional RuBisCO based CO2 assimilation. These pathways may provide 

advantages in chemical production hosts by offering insight into carboxylation reactions that 

could work in tandem with RuBisCO.  The expression of formate dehydrogenase in the 

cyanobacterium, Anabaena sp. PCC 7120, was shown to successfully increase intracellular 

formate concentration, representing an alternative to the photo-reduction of CO2 and can act to 

supplement natural carbon fixation pathways20.  



11 
 

Many of these de-novo CO2 fixation pathways have had limited success when installed 

into model organisms such as E. coli and yeast and it has yet to be shown if these pathways can 

function effectively in photosynthetic hosts. One pathway of note that has been shown to work 

in E. coli is the reductive glycine pathway, hereafter RGP21. This pathway leverages the native 

glycine cleavage system in the reverse direction to combine one equivalent of CO2 with 5,10-

methylenetetrahydrofolate that has been produced from formate to produce pyruvate. This 

method allows E. coli to directly assimilate CO2 into central metabolic pathways and is a more 

efficient method for CO2 fixation than traditional RuBisCO 22. This inorganic carbon can then be 

leveraged for biochemical synthesis. Additional work has also recently shown that the 

expression of formate dehydrogenase confers further renewable characteristics to strains 

harboring the RGP by removing the need for glucose supplementation23. Other notable CO2 

fixation pathways include the crotonyl-CoA/ethylmalonyl-CoA/hydroxybutyryl-CoA (CETCH) 

cycle and the tartronyl-CoA (TaCo) pathways24. While the RGP has proven to be a viable carbon 

fixation pathway that was shown to function in E. coli, the growth exhibited by this CO2 fixing E. 

coli is slower than its traditional heterotrophic phenotype21,23. Advancements in modeling and 

metabolomics may allow for an increase in the creation of de novo carbon fixation pathways 

that may prove to be both more efficient than traditional pathways and capable of functioning 

in a wider array of chemical production hosts.  

 

1.5 Metabolic Engineering Tools for Escherichia coli and Cyanobacteria 
 

The metabolic engineering toolkit for E. coli is vast. With access to plasmid expression 

systems, to the genomic integration of an engineered protein via CRISPR, the ability to engineer 

E. coli to produce chemical commodities is unmatched. The ability to rewire metabolism 

towards the extremes of introducing de novo carbon fixation methods is also made easier by 

the abundance of work performed on the overall metabolism of E. coli. This is what makes E. 

coli the perfect host for investigating if alternative CO2 fixation pathways can be integrated into 

metabolism to generate a host that can perform the renewable synthesis of chemicals from CO2 

more efficiently than natural methods.  
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In cyanobacteria, traditional genomic modifications are a labor-intensive task and 

limiting in nature due to the polyploidal nature of these organisms and the need for antibiotic 

resistance markers25. The current methodology for genomic integration involves constructing a 

plasmid with an antibiotic selection marker in a plasmid host such as E. coli. After introduction 

of this plasmid to cyanobacteria, several rounds of antibiotic screening are required to ensure 

complete genome segregation26. This process generally limits the number of modifications that 

can be performed in a single strain due to the physiological constraints of expressing multiple 

different antibiotic resistance genes.  

The overall task of metabolic engineering in cyanobacteria has been made dramatically 

more efficient thanks to the advent of CRISPR gene editing which allows for efficient markerless 

edits27. However, the protein Cas9 is toxic to a number of cyanobacteria species28. Researchers 

have recently uncovered other endonucleases that are similarly capable of CRISPR gene editing. 

The main endonuclease of interest is Cpf1 which, while similar to Cas9, is better tolerated by 

photosynthetic hosts29. As the body of research grows around Cpf1, more engineering strategies 

will be made available in the realm of photosynthetic chemical production and should offer a 

boon towards the viability of these organisms to begin replacing their non-CO2 fixing brethren in 

the realm of biochemical production30,31. Additionally, having the ability to perform markerless 

genomic modifications unlocks the potential to engineer these microorganisms far more 

ambitiously than what was previously possible.  

Other work on CRISPR technologies in cyanobacteria includes the use of CRISPR 

inhibition (CRISPRi) by using dead Cas9 (dCas9)32. While the endonuclease activity of the intact 

Cas9 protein seems to be toxic to these production hosts, dCas9 is able to function in the same 

manner in photosynthetic hosts as it is able to in heterotrophic hosts such as E. coli33. While the 

use of dCas9 may not be as broadly useful as traditional CRISPR, dCas9 has been shown to be 

invaluable in certain chemical production applications where more traditional gene knockouts 

would otherwise be toxic. Overall, as the field of metabolic engineering continues to grow, 

organisms like E. coli or species of cyanobacteria will become more widespread as alternative 

production hosts for chemical commodities that ideally can sequester large amounts of carbon 
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dioxide and will hopefully usurp petrochemistry as the de facto method for the synthesis of 

everyday products.  
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Chapter 2: Succinate Production in Cyanobacteria  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is reproduced with permission from: 

Treece, T. R.; Tessman, M.; Pomeroy, R. S.; Mayfield, S. P.; Simkovsky, R.; Atsumi, S. Fluctuating 

PH for Efficient Photomixotrophic Succinate Production. Metab. Eng. 2023, 79 (June), 118–129. 

https://doi.org/10.1016/j.ymben.2023.07.008.  



17 
 

2.1 Abstract 
 

Cyanobacteria are attracting increasing attention as a photosynthetic chassis organism for 

diverse biochemical production, however, photoautotrophic production remains inefficient. 

Photomixotrophy, a method where sugar is used to supplement baseline autotrophic 

metabolism in photosynthetic hosts, is becoming increasingly popular for enhancing sustainable 

bioproduction with multiple input energy streams. In this study, the commercially relevant 

diacid, succinate, was produced photomixotrophically. Succinate is an important industrial 

chemical that can be used for the production of a wide array of products, from pharmaceuticals 

to biopolymers. In this system, the substrate, glucose, is transported by a proton symporter and 

the product, succinate, is hypothesized to be transported by another proton symporter, but in 

the opposite direction. Thus, low pH is required for the import of glucose and high pH is 

required for the export of succinate. Succinate production was initiated in a pH 7 medium 

containing bicarbonate. Glucose was efficiently imported at around neutral pH. Utilization of 

bicarbonate by CO2 fixation raised the pH of the medium. As succinate, a diacid, was produced, 

the pH of the medium dropped. By repeating this cycle with additional pH adjustment, those 

contradictory requirements for transport were overcome. pH affects a variety of biological 

factors and by cycling from high pH to neutral pH processes such as CO2 fixation rates and CO2 

solubility can vary. In this study the engineered strains produced succinate during fluctuating pH 

conditions, achieving a titer of 5.0 g L-1 after 10 days under shake flask conditions. These results 

demonstrate the potential for photomixotrophic production as a viable option for the large-

scale production of succinate. 

2.2 Introduction 
 

Despite efforts towards carbon remediation, atmospheric CO2 levels continue to rise, in 

large part due to the current petroleum-based economy1. Many studies envisage that chemical 

commodities directly derived from biomass will play a large role in converting our petroleum-

based industries to a more sustainable production platform2,3. Photoautotrophic production of 

chemical commodities is an important aspect of a biobased economy. Improving technologies to 



18 
 

directly convert CO2 towards industrially relevant titers of chemical commodities would be a 

boon to sustainability efforts globally. Photomixotrophy is a strategy that can be leveraged to 

improve production from CO2 to chemicals in photosynthetic hosts by supplementing 

photoautotrophic metabolism with carbohydrate substrates sourced from waste biomass. 

Engineered organisms tend to leverage decarboxylation steps to produce chemical targets, 

therefore developing carbon conserving pathways towards these chemical products is of great 

interest4. Using a photosynthetic bacterium allows for a carbon efficient chemical production 

route by harnessing the naturally occurring CO2 fixation process to incorporate CO2 into the 

chemical of interest5,6.  

Succinic acid or succinate, has a large market today, valued at 223 million USD in 20217. 

Succinate has a wide range of applications from pharmaceuticals to bioplastic production. 

Commercialization of biologically-derived succinate, produced through microbial fermentation 

of biologically-sourced sugars, has been implemented by many companies such as Corbion, 

BASF, Roquette, and BioAmber. Succinate based bioplastics in particular can replace several 

everyday products, which can further decrease our carbon footprint by replacing polymer-based 

products that are difficult to recycle. Several bio-based platforms have been used to generate 

succinate industrially, including using heterotrophic organisms capable of high natural 

production, such as Mannheimia succiniciproducens, or engineering traditional model 

organisms, such as Escherichia coli.  

Photoautotrophic production of succinate has been accomplished in recent studies 

focusing on engineering various cyanobacteria8,9. The TCA cycle in most cyanobacteria is 

bisected into two branches because these organisms are missing key enzymes to produce 

succinate from -ketoglutarate and complete the cycle10. The cyanobacterium Synechococcus 

elongatus PCC 7002 (hereafter, 7002) possesses a unique pathway for succinate production via a 

succinate semialdehyde intermediate10. Recent studies have established that other species of 

cyanobacteria can produce succinate when equipped with the succinate semialdehyde pathway 

from 70028,9. This pathway includes two key steps, an oxoglutarate decarboxylase and a 

succinate semialdehyde dehydrogenase10. These two enzymes alone are not sufficient for 

significant production of succinate and these engineered strains are further equipped with 
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upstream modifications including overexpression of the genes encoding for a phosphoenol 

pyruvate carboxylase and a citrate synthase to enhance carbon flux into the TCA cycle8,9. 

However, photoautotrophic production rates and yields of succinate significantly lag behind 

heterotrophic systems11,12. The cyanobacterium Synechocystis sp. PCC 6803 (6803) is naturally 

capable of succinate production under nutrient limiting and dark anoxic conditions through 

auto-fermentation, wherein intracellular glycogen is catabolized to produce necessary cellular 

energy requirements.  One study using this strategy was able to achieve a titer of 1.8 g L-1 

succinate after 72 hours under dark anaerobic and high biomass conditions (25g DCW L-1)13. 

Another recent study further improved succinate production in 6803 and achieved a titer of 4.2 

g L-1 14. One study in 7942 achieved a cumulative titer of 8.9 g L-1 succinate photoautotrophically 

after 112 days when using CRISPR inhibition to knockdown the activities of sdhB and glgC15. 

While these studies show potential as a means to convert CO2 into succinate, auto-fermentation 

requires multiple cultivation steps, anoxic conditions are often difficult to successfully 

implement and long production periods can be difficult to monitor. Additionally, heterotrophic 

organisms still outpace photoautotrophic organisms; one study using an engineered E. coli 

produced ~12 g L-1 succinate with a productivity of 0.17 g L-1 h-1 heterotrophically in minimum 

media under shake flask conditions16. 

In a previous study, the model cyanobacterium, Synechococcus elongatus PCC 7942 

(hereafter, 7942), was engineered to consume glucose resulting in a photomixotrophic strain5. 

Notably, this strain was able to continue carbon fixation and chemical production during dark 

conditions, providing a significant milestone in the efforts to make a commercially viable 

microbe that can directly convert CO2 into valuable chemicals5,17,18. Ideally, the 

photomixotrophic strains would be utilizing glucose from lignocellulosic hydrolysate, a strategy 

which allows for enhanced chemical production without competing against food supply and 

provides a route for recycling biomass that would otherwise be burned as waste.  

This work demonstrates that photomixotrophy can be applied to enhance succinate 

production in cyanobacteria. The glucose utilization5 and succinate production9 pathways were 

introduced into 7942. Additionally, the Calvin-Benson (CB) cycle was deregulated by removing 

cp12 encoding for the CB regulatory protein Cp12, which was previously shown to improve 
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photomixotrophic production of chemicals5.The gene sdhB, which encodes for succinate 

dehydrogenase subunit B was deleted to prevent conversion of succinate to its major 

downstream product, fumarate. This photomixotrophic strain uses two proton symporters in 

opposite directions, glucose import requires a low or neutral pH for efficient consumption and 

the succinate transporter requires high pH in order to export the product to the media. Thus, it 

was determined that a fluctuating pH would be required for efficient succinate production. The 

results provide useful insights into the viability of expanding photomixotrophic production 

platforms to scale up chemical bioproduction. 

2.3 Methods 
 

2.3.1 Reagents 
 

The following reagents were obtained from Research Products International (RPI): glucose, 

cycloheximide, gentamycin, spectinomycin, kanamycin, thiamine and IPTG. Phusion polymerase 

was purchased from New England Biolabs. All synthetic oligonucleotides were synthesized by 

Integrated DNA Technologies. 

2.3.2 Plasmid construction 
 

All plasmids and primers used in this study are listed in Tables 2.S1 and 2.S2, respectively. The 

target genes and vector fragments used to construct plasmids were amplified using PCR with 

the primers and templates described in Table 2.S3. The gene ppc was cloned from a codon 

optimized gene fragment purchased from Genewiz from Azenta Life Sciences. The resulting 

fragments were assembled by sequence and ligation-independent cloning19. All constructed 

plasmids were verified via Sanger sequencing. 

2.3.3 Strain construction 
 

Strains used in this study are listed in Table 2.1. Transformation and integration via double 

homologous recombination were performed as previously described20. In brief, cells at OD730 

∼0.4 were collected from 2 ml of culture by centrifugation, washed, and concentrated in 300 μl 
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of BG-11 medium. After adding plasmid DNA (2 μg) to the concentrated cells, the tube was 

wrapped in foil and incubated overnight at 30 °C. Cells were plated on a BG-11-agar solid media 

containing appropriate antibiotics and incubated at 30 °C under constant light until colonies 

appear. Complete chromosomal segregation for the introduced fragments was achieved through 

propagation of multiple generations on selective agar plates. Correct recombinants were 

confirmed for double crossover and gene fidelity by PCR and Sanger sequencing. 

Table 2.1 List of strains used in this study 

Strain 

no. 
Key genotype Ref 

1 
NSI:: Ptrc:galP-zwf-gnd; SpecR NSIII:: Ptrc:gabD (MG1655)-kgd (7002); 

GentR 
This work 

2 NSI:: Ptrc:gabD (MG1655)-kgd (7002); SpecR 9 

3 2 + NSII:: Ptrc:galP-zwf-gnd; KanR This work 

4 3 + sdhB::GentR This work 

5 3 + sdhB::PLlacO1:ppc (Cg); GentR This work 

6 3 + sdhB::PLlacO1:ppc (MG1655); GentR This work 

7 3 + sdhB::PLlacO1:ppc (7942); GentR This work 

8 3 + sdhB::PLlacO1:ppc (7942)–gltA (Cg); GentR This work 

9 3 + sdhB::PLlacO1:ppc (7942)–gltA (MG1655); GentR This work 

10 3 + sdhB::PLlacO1:ppc (7942)–gltA (7942); GentR This work 

11 2 + cp12::PLlacO1:prk Ptrc:galP-zwf-gnd; KanR This work 

12 11 + sdhB::PLlacO1:ppc (7942); GentR This work 

13 11 + sdhB::PLlacO1:ppc (7942)–gltA (Cg); GentR This work 

14 2 + Synpcc7942_0366::Tn5; KanR This work 
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2.3.4 Culture conditions 
 

Unless otherwise specified, 7942 cells were cultured in BG-11 medium20 with the addition of 

50 mM NaHCO3 without the addition of HEPES buffer. For production experiments, the 

production media was either 2x BG-11 or 5x BG-11, which were composed of doubled or 

quintupled 1x BG-11 medium component concentrations, respectively, with the exception of 

HEPES-KOH, which was excluded from all conditions, and the addition of glucose, NaHCO3 

(20 mM), IPTG (1 mM), thiamine (10 mg l−1), and appropriate antibiotics. Cells were grown at 

30 °C with rotary shaking (100 rpm) and light (80 μmol photons·m−2 s−1 in the PAR range) 

provided by 86 cm 20 W fluorescent tubes. Light intensity was measured using a PAR quantum 

flux meter (Model MQ-200, Apogee Instruments). Cell growth was monitored by measuring 

OD730 in a Microtek Synergy H1 plate reader (BioTek). Antibiotics concentrations were as 

follows: cycloheximide (50 mg l−1), spectinomycin (20 mg l−1), kanamycin (20 mg l−1), gentamycin 

(10 mg l−1) and chloramphenicol (5 mg l−1). 

Prior to succinate production, colonies were inoculated in BG-11 medium containing 

50 mM NaHCO3 and appropriate antibiotics and grown photoautotrophically. Cells at the 

exponential growth phase were adjusted to an OD730 of 0.5 in 10 ml BG-11 medium including 

20 mM NaHCO3 (unless otherwise stated), 1 mM IPTG, 10 mg l−1 thiamine and appropriate 

antibiotics in 20 ml glass tubes with a height of 15 cm and a diameter of 1.5 cm. For high-density 

production experiments, cells were adjusted to an OD730 of 5.0 in 25 ml of 2x BG-11 or 5x BG-11 

medium in 250 ml baffled glass flasks with a maximum circumference of 83 cm2. Appropriate 

concentrations of glucose were added as required. Every 24 h, 10% of the culture volume was 

removed, the pH was adjusted to 7.0 with 3.6 N HCl, and the removed volume was replaced 

with production media containing 200 mM NaHCO3 if bicarbonate was included for that 

experimental condition. For Fig. 2.4, cells were collected by centrifugation and resuspended 

with fresh production media on day 3 and resuspended at an OD730 of 5.0 in production media 

on day 6. For Fig. 2.5, the cells were harvested by centrifugation and resuspended in fresh 

media at a target OD730 of 5. For Fig. 2.7, the cultures were maintained at an alkaline pH, the 
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sampling volume was replaced daily, and no cell harvesting, or resuspension was performed. For 

Fig. 2.8, 5x BG-11 was used and no cell harvesting was performed. 

2.3.5 Genome sequencing 
 

Photoautotrophically grown cultures at an approximate OD730 of 0.8 were collected via 

centrifugation (20,000 x g for 3 min) and genomic DNA was extracted using a phenol-chloroform 

and ethanol precipitation protocol, as previously described21. Purified genomic DNA was 

analyzed by nanodrop for purity and concentration, and then submitted to the UC San Diego 

IGM Genomics Center for standard Illimuna library preparation according to the manufacturer’s 

instructions and sequencing using an Illumina NovaSeq 6000. Resulting sequence data for wild-

type 7942 and Strain 2 were analyzed for SNPs with BreSeq22 using default parameters. 

2.3.6 Quantification of extracellular metabolites 
 

Glucose and succinate concentrations in culture supernatants were determined using a 

high-performance liquid chromatography (20A HPLC Shimadzu) equipped with a differential 

refractive detector 10A and an Agilent Hi-Plex H organic acid analysis column (Agilent). The 

mobile phase was 5 mM of H2SO4, maintained at a flow rate of 0.2 ml min−1 at 55 °C for 18 min. 

To prepare samples for HPLC analysis, 1 mL of cell culture was centrifuged at 20,000 x g 

for 10 min at 25 °C. 10 μL of filtered culture supernatant was injected into the column for 

analysis. 

Glucose consumption was determined by measuring glucose concentration in culture 

supernatants at each sampling point and subtracting it from the previous measurement. 

Glucose concentration was also measured after resuspension in fresh media.  

For analysis of Strain 14, fumarate and succinate were analyzed via UV-HPLC (UV at 210 

nm) using an ACE C18-PFP 3 µm particle size, 150x2.1mm Ultra-Inert HPLC Column (MacMod 

Analytical, Chadds Ford) with an isocratic method using 0.1% formic acid in MilliQ water, pH 3.5 

on an Ultimate 3000 HPLC. Prior to HPLC analysis, 1 mL of cell culture was centrifuged at 20,000 

x g for 3 min at room temperature and the supernatant was filtered through a 0.22 µm filter. 
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10 μL of filtered culture supernatant was injected into the column for analysis. Between 

samples, the column is washed with acetonitrile (ACN) for 8 min followed by a 5 min linear 

gradient back to the 0.1% formic acid solution and a 10 min equilibration step. 

2.4 Results & Discussion 
 

2.4.1 Installation of the glucose and succinate pathways to 7942 
 

To utilize glucose, a glucose pathway that consists of three enzymes from E. coli; a 

galactose-proton symporter encoded by galP, a glucose-6-phosphate dehydrogenase encoded 

by zwf, and a 6-phosphogluconate dehydrogenase encoded by gnd was introduced to 7942 (Fig. 

2.1)5. An isopropylthio-β-galactoside (IPTG)-inducible PLlacO1
23 was utilized to express galP-zwf-

gnd (Table 2.1). The glucose pathway was observed in a previous study to enable a 

cyanobacterial strain to efficiently incorporate glucose into central carbon metabolism via the 

oxidative branch of the pentose phosphate pathway. This pathway also improved the carbon 

fixing ability of the cyanobacterial strain by increasing the substrate pool for the CO2 fixing 

enzyme, ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO)5.  7942 has an incomplete 

TCA cycle, thus the succinate semialdehyde shunt which includes kgd cloned from 7002 gDNA 

(Synpcc7002_A2770) and gabD cloned from E. coli MG1655 (hereafter, MG1655) gDNA 

encoding for an -ketoglutarate decarboxylase (KGDH) and succinate semialdehyde 

dehydrogenase (SSDH), respectively, (PLlacO1:kgd-gabD) was introduced to the strain with the 

glucose pathway, creating Strain 1 (Table 2.1). These variants of gabD and kgd were selected 

based off their reported activities and due to their successful use in producing succinate in 7942 

in a previous study9. Strain 1 was unable to produce succinate.  However, Strain 2 (Table 2.1), 

which was provided by the Lan group9 and has the same succinate semialdehyde shunt genes, 

was able to produce succinate photoautotrophically (75 ± 15.2 mg L-1 in 5 days  when induced 

with 1mM IPTG under photoautotrophic conditions in 1x BG-11 without bicarbonate 

supplementation). Because the heterologous expression cassettes in Strains 1 and 2 are 

equivalent, we hypothesized that background mutations may exist between the two strains. 

Thus, the genomes of the wild type and Strain 2 were re-sequenced to determine any genetic 
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differences. Three single nucleotide polymorphisms (SNPs) were present on the genome of 

Strain 2 as compared to the wild type strain in the loci Synpcc7942_0884 (elongation factor tu), 

Synpcc7942_1475 (sbtA), and Synpcc7942_1988 (conserved hypothetical). Based on the 

observed lack of production in Strain 1 and the SNPs present in Strain 2, Strain 2 was used for 

further modifications.  
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Figure 2.1 Photomixotrophic Succinate Production Pathway. 

Genes in red are overexpressed and genes in blue are deleted in this study. GalP, galactose-

proton symporter; Zwf, G6P dehydrogenase; Gnd, 6PG dehydrogenase; G6P, glucose-6-

phosphate; 6PG, 6-phosphogluconate; Prk, phophoribulokinase; RuBP, ribulose-1,5-

bisphosphate; Ru5P, ribulose-5-phosphate; Cp12, a regulatory protein of the CB cycle; 3PG, 3-

phosphoglycerate; 2PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate; PEPC encoded by ppc, 

phosphoenolpyruvate carboxylase; Cit, citrate; GLTA encoded by gltA, citrate synthase; Iso, 

isocitrate; 2OG, 2-oxoglutarate; KGDH encoded by kgd, oxoglutarate dehydrogenase; SSDH 

encoded by gabD, succinate semialdehyde dehydrogenase; Suc-CoA, succinyl-CoA; SdhB, 

succinate dehydrogenase subunit B; Fum, fumarate; Mal, malate; OAA, oxaloacetate.  
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The glucose pathway was introduced into Strain 2, creating Strain 3 (Table 2.1). Strain 3 

with and without bicarbonate produced 352 ± 40.1 mg L-1 and 300 ± 20.4 mg L-1 succinate, 

respectively, after 5 days, a 4 – 4.3 fold increase over photoautotrophic production (Fig. 2.2a, 

Fig. 2.S1). In the production experiments, Strain 3 produced fumarate as a major side product. 

To remove fumarate production, sdhB on the chromosome of Strain 3 was deleted, resulting in 

Strain 4. Succinate dehydrogenase (SDH) is responsible for the conversion of succinate to 

fumarate, as well as the generation of electrons that ultimately impact the redox state of the 

plastoquinone pool8,24,25. Strain 4 with and without bicarbonate produced 516 ± 48.4 mg L-1 and 

543 ± 12.3 mg L-1 succinate, respectively, and no fumarate was detected via HPLC after 5 days 

(Fig. 2.2a). However, the addition of bicarbonate inhibited growth of Strain 4 (Fig. 2.2c). 

Although growth inhibition occurred, the sdhB knockout was used for further study due to its 

benefit to specific productivity in experiments with bicarbonate present, 0.012 ± 0.001 g L-1 

OD730
-1 day-1 for Strain 3 and 0.054 ± 0.002 g L-1 OD730

-1 day-1 for Strain 4 (Fig. 2.2abc). Because 

these strains have a mutation in sbtA, we hypothesize that the synthetic combination of this 

transporter mutation and a redox imbalance from an incomplete reductive branch of the TCA 

cycle causes the observed bicarbonate-dependent growth inhibition of Strain 4. Further studies 

are needed to elucidate the inhibition mechanisms. 
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Figure 2.2 Photomixotrophic succinate production and growth of strains 3, 4, and 5. 

a) production b-d) Growth of Strains 3, 4, and 5 (Table 1) with (blue) and without (orange) 20 

mM bicarbonate. Error bars indicate s.d. (n = 3 biological replicates). For significance 

calculations, n.s represents no significant difference P > 0.05, (*) represents P ≤ 0.05, (**) 

represents P ≤ 0.01, (***) P ≤ 0.001 using an unpaired t-test. Experiment was performed in 1x 

BG-11 with 10 g L-1 glucose. 
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2.4.2 Increased carbon flux toward the TCA cycle 
 

We hypothesized that increased carbon flux from central metabolism to the TCA cycle 

would remedy the growth detriment with bicarbonate. The ppc gene from Corynebacterium 

glutamicum (hereafter, Cg) under PLlacO1 was introduced to Strain 4, creating Strain 5 (Table 2.1). 

Phosphoenol pyruvate carboxylase (PEPC) encoded by ppc converts phosphoenolpyruvate to 

oxaloacetate through reaction with bicarbonate, thus potentially impacting the bicarbonate-

dependent growth defect26. The Cg variant of ppc was chosen because Cg is a known glutamate 

overproducer and it has been hypothesized that enzymes related to the TCA cycle from Cg 

would have a higher activity9,26. Strain 5 did not show the growth detriment present in Strain 4 

in the presence of bicarbonate (Fig. 2.2d). Succinate production was also improved in Strain 5 

(Fig. 2.2a). Strain 5 with and without bicarbonate produced 586 ± 9.88 mg L-1 and 388 ± 55.0 mg 

L-1 succinate, respectively, after 5 days (Fig. 2.2a). 

To identify efficient PEPC for succinate production, additional strains were constructed 

with ppc from MG1655 and 7942 (Strains 6 and 7 respectively (Table 2.1)). Overexpression of 

ppc in MG1655 is a well-established method for regenerating TCA cycle intermediates via 

carboxylation of intracellular pools of phosphoenol pyruvate towards oxaloacetate and this 

reaction catalyzed by PEPC is highly favorable among other anaplerotic reactions9,27. We 

hypothesized that this variant would enhance succinate production in 7942. Additionally, we 

hypothesized that overexpression of native 7942 ppc would achieve similar results.  Indeed, 

Strain 7 with 7942 ppc produced more succinate than Strain 5 (Fig. 2.3a, Fig. 2.S2). In contrast, 

Strain 6 with ppc from MG1655 did not produce detectable levels of succinate (Fig. 2.3a). The 

MG1655 PEPC is allosterically inhibited by aspartate and citrate which may be one reason for 

the observed lack of succinate production in Strain 6. Additionally, PEPC from different species 

can be sensitive or insensitive to regulation by various metabolites, such as cyclic-di-AMP, which 

may not be present at relevant concentrations in 794228–30.  Thus Strain 7 was used for further 

modifications.  
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Figure 2.3 Low density photomixotrophic succinate production of strains 5-13. 

a) Production of succinate in strains 5, 6, and 7 (Table 1) to evaluate optimal ppc variant. b) 

Production of succinate in Strains 8, 9 and 10 (Table 1) to evaluate optimal gltA variant. c) 

Production of succinate in Strains 11, 12 and 13 (Table 1). Each strain was cultivated in BG-11 

supplemented with 20 mM sodium bicarbonate and 10g L-1 glucose. Appropriate antibiotics and 

inducers were also added. Error bars indicate standard deviation (n = 3 biological replicates). For 
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significance calculations, n.s represents no significant difference P > 0.05, (*) represents P ≤ 

0.05, (**) represents P ≤ 0.01, (***) P ≤ 0.001 using an unpaired t-test.  
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To identify an efficient citrate synthase (GLTA) for succinate production, Strains 8, 9, and 

10 were constructed using variants of gltA from Cg, MG1655, and 7942 along with the 7942 ppc 

(Table 2.1). GLTA converts oxaloacetate to citrate. We hypothesized that the additional 

expression of gltA would increase the carbon flux toward succinate. Strain 8 produced similarly 

to Strain 7, while Strains 9 and 10 produced much less than Strains 7 and 8 (Fig. 2.3b, Fig. 2.S3). 

These results suggest that gltA is not the rate-limiting step in these strains and that there may 

be a bottleneck in upstream metabolism, in fact, overexpression of gltA in Strains 9 and 10 likely 

overburdened the cell causing the observed decrease in production. Additionally, GLTA requires 

two substrates, acetyl-CoA and oxaloacetate, since overexpression of ppc likely competes for 

the available phosphoenolpyruvate substrate pool, acetyl-CoA pools may be depleted compared 

to oxaloacetate in Strains 8 through 10, therefore the limitation is substrate availability not 

availability of the free GLTA enzyme. 

2.4.3 Deregulation of the CB cycle 
 

We have previously shown that the deletion of cp12 and the additional expression of prk 

improved CO2 fixation, glucose utilization, and product formation5. Cp12 is a regulatory protein 

that represses two important enzymes of the CB cycle, glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) and phosphoribulokinase (PRK). PRK converts D-ribulose-5-phosphate 

to D-ribulose-1,5-bisphosphate, which is a substrate of RuBisCO31,32. The cp12 gene was deleted 

and the prk gene was additionally expressed without or with ppc (7942) or ppc (7942)-gltA (Cg), 

creating Strains 11, 12, and 13 (Table 2.1). Strain 11, without the additional expression of ppc 

and gltA, produced 761 ± 20.9 mg L-1 succinate, nearly double that of Strain 3 which is identical 

to Strain 11 except for the deletion of cp12 and overexpression of prk (Fig. 2.3c, Fig. 2.S4). 

Strain 12 with the additional expression of ppc (7942) produced similarly to Strain 11, 

suggesting PEPC is not the limiting step in this strain. Strain 13 with the additional expression of 

ppc (7942) and gltA (Cg) produced the highest titers of succinate at 950 ± 25.0 mg L-1 (Fig. 2.3c). 

The observable benefit of overexpressing gltA in the context of Strain 13 compared to the 

nonbeneficial overexpression observed in Strains 8 through 10 is likely due to the upstream 
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bottleneck being removed, most likely caused by increasing flux through the CB cycle, allowing 

for an increase in acetyl-CoA pools. Thus, we used Strain 13 in the following experiments.  

2.4.4 High cell density succinate production 
 

We attempted to optimize production conditions using Strain 13. The production 

experiment started at OD730 ~5. 7942 generally cannot grow to the high OD730s achieved in this 

study under photoautotrophic conditions due to density-dependent light deficiencies without 

condensing cell cultures, however, photomixotrophic conditions allow for this deficiency to be 

removed through sugar supplementation of metabolism5,33. The media were replaced at day 3 

and 6 to refresh sugar and medium content. At day 6, the OD730 was adjusted to 5 (Fig. 2.4). 

Under these conditions, Strain 13 produced 4.0 ± 0.20 g L-1 in 8 days (Fig. 2.4a). However, the 

cells had an observable growth burden following centrifugation and cell harvesting at Day 3 and 

6. Interestingly, succinate production and glucose consumption remained constant in spite of 

this growth inhibition or post-media replacement lag phase (Fig. 2.4ab). To test the effects of 

the media replacement on Strain 13, another experiment was carried out where the cells were 

harvested at day 3 and the OD730 was adjusted back to 5 (Fig. 2.5). The culture suffered from 

poor growth following centrifugation, suggesting that full media replacement by centrifugation 

was not optimal for these experiments (Fig. 2.5).  
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Figure 2.4 Effects of media replacement on Strain 13  

a) Succinate production. b) Glucose consumed over the time course of the experiment. c) pH 

changes over time. pH was adjusted back to 7 every 24 hours; pH was recorded prior to 

adjustment. Both pH measurements prior to adjustment and post adjustment are plotted. d) 

OD730 on day 3, cells were collected by centrifugation and resuspended in fresh production 

media. On day 6, cells were collected by centrifugation and resuspended at an OD730 5 in fresh 

production media. Error bars indicate s.d. (n = 3 biological replicates). Experiment was 

performed in 2x BG-11 with 40 g L-1 glucose and 20mM bicarbonate. 
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Figure 2.5 High density succinate production in Strain 13 with centrifugation and media 

replacement in 2x BG-11 

a) Succinate production. b) Glucose consumed over the time course of the experiment. c) pH 

changes over time. pH was adjusted back to 7 every 24 hours; pH was recorded prior to 

adjustment. Both pH measurements prior to adjustment and post adjustment are plotted. d) 

OD730 on day 3, cells were collected by centrifugation, resuspended, and adjusted down to an 

OD730 of 5 in fresh production media. On day 6, cells were collected by centrifugation and 

resuspended in fresh production media. Error bars indicate s.d. (n = 3 biological replicates). 

Experiment was performed in 2x BG-11 with 40 g L-1 glucose and 20mM bicarbonate. 
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3.4.5 Photomixotrophic succinate production with pH fluctuations 
 

Both the glucose and succinate transporters are proton symporters34,35. A low pH is 

required for efficient glucose import and a high pH is required for efficient succinate export. 

Because an alkaline pH was found to be beneficial for photoautotrophic succinate production9, 

the pH for photomixotrophic production needs to shift between low and high or maintain a pH 

that works for both. The secretion of succinate and other diacids to the media was previously 

hypothesized to occur through a diacid transporter, encoded by SynPCC7942_0366, which is 

predicted to rely on a proton gradient similar to the mechanism of the glucose transporter, 

GALP9,34. To test this hypothesis, we generated Strain 14 through transposon insertional 

knockout of SynPCC7942_0366 in Strain 2 (Table 2.1). HPLC analysis of the supernatant from 

production cultures of Strains 2 or 14 demonstrated that both succinate and fumarate secretion 

are greatly reduced upon knockout of SynPCC7942_0366, supporting this gene’s role in 

encoding a transporter (Fig. 2.6). GALP being a proton symporter uses a proton from the media 

to transport glucose across the bacterial membrane, therefore a neutral or acidic pH in the 

media is ideal for efficient sugar consumption35. First, we performed a high-density experiment 

wherein pH was maintained at alkaline levels instead of being adjusted back to a neutral pH 

daily (Fig. 2.7). The medium pH steadily increases as CO2 in bicarbonate is fixed, resulting in the 

evolution of hydroxide. When succinate is not being produced, pH increases to ~10.5, which was 

shown to be a beneficial pH for photoautotrophic succinate production9. When succinate was 

being produced, the medium was acidified to a pH of approximately 9.5, where pH equilibrated 

even as succinate continued to be produced (Fig. 2.7). Strain 13 under this condition produced 

2.8 ± 0.056 g L-1 succinate in 7 days (Fig. 2.7a), which was lower than that with pH adjustment 

where 4.0 ± 0.20 g L-1 succinate was produced (Fig. 2.4). Glucose consumption was diminished 

under the alkaline conditions (day 0 to day 3, 3.5 ± 0.062 g L-1 d -1 and day 3 to day 7, 2.3 ± 0.11 

g L-1 d -1, Fig. 2.7b) compared to glucose consumption prior to centrifugation on day 3 in a 

previous high-density experiment (4.1 ± 0.23 g L-1 d -1, Fig. 2.4b). We hypothesize that the 

decrease in glucose consumption resulted in lower succinate titers. The previous experiment 

with pH adjustment (Fig. 2.4) was conducted in 2x BG-11 and the cultures were centrifuged. We 

hypothesized that 5x BG-11 would be beneficial for high density experiments. Since succinate 
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production and glucose consumption were both diminished in the 5x BG-11 condition compared 

to 2x BG-11, it became necessary to investigate if the alkaline conditions were at fault for the 

diminished metrics as we hypothesized. It should be noted that changes in pH can cause 

variation in many factors ranging from enzyme kinetics to CO2 fixation rates and growth. Studies 

suggest that 7942 favors alkaline conditions for photoautotrophic growth and protein 

production36,37.Further study is required to determine how photomixotrophic metabolism is 

affected under different pH conditions in 7942. However, intracellular pH is generally stable in 

7942, ranging only from 7.16 ± 0.03 to 7.55 ± 0.02 in media with pH ranging from 5 to 1038. 
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Figure 2.6 Inhibition of secretion of fumarate and succinate upon knockout of 

Synpcc7942_0366.  

a) HPLC-UV retention traces of supernatant samples from production cultures of Strains 2 

(black) and 14 (red). Spike-ins of pure fumarate or succinate demonstrate that fumarate runs at 

a retention time of 4.65 min and succinate runs at 5.0 min. b) Specific titer of succinate in 

strains 2 and 14. c) Specific titer of fumarate in strains 2 and 14. For significance calculations, n.s 
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represents no significant difference P > 0.05, (*) represents P ≤ 0.05, (**) represents P ≤ 0.01, 

(***) P ≤ 0.001 using an unpaired t-test. 
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Figure 2.7 High density succinate experiment in strain 13 at high pH in 5x BG-11 

a) Succinate production. b) Glucose consumed over the time course of the experiment. c) pH 

over time. d) OD730. Error bars indicate s.d. (n = 3 biological replicates). Experiment was 

performed in 5x BG-11 with 40 g L-1 
glucose and 20 mM bicarbonate. 
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Given these results, we chose to focus on enhancing glucose import by adjusting the 

medium pH to 7 daily since it is known that the GALP transporter functions best at acidic or 

neutral medium pH35. Bicarbonate in the media offers the ability to increase pH with hydroxide 

evolution. The sensitivity to bicarbonate found in Strain 4 was removed by additionally 

expressing ppc (Fig. 2.2ad), making Strain 13 amenable to bicarbonate-dependent pH 

adjustments. Additionally, succinate acidifies the culture media upon production. To investigate 

the pH effects of both bicarbonate and succinate, a production experiment was started at pH 7 

and the pH was adjusted back to pH 7 every day (Fig. 2.8). In this experiment, pH was allowed to 

fluctuate to alkaline levels due to the evolution of hydroxide from bicarbonate and was adjusted 

back to neutral levels daily. The pH was measured prior to adjustment and was determined to 

be indicative of succinate production. By day 1, minimal succinate production had occurred, and 

pH remained at 10.5 (Fig. 2.8c). The highest succinate productivity rates were observed from 

day 2-5, and subsequently pH was lower (pH ~8.5) prior to adjustment during that time due to 

the produced succinate acidifying the medium (Fig. 2.8ac). By days 9-10 succinate productivity 

decreased, therefore, pH of the cultures was more alkaline prior to adjustment (pH ~9.5) (Fig. 

2.8ac). Glucose consumption also correlated well with succinate production and decreased pH; 

glucose consumption was highest (3.9 ± 0.26 g L-1d-1) during days 2-5 where succinate 

production was decreasing medium pH to more neutral levels (pH ~8.5 prior to adjustment) 

(Fig. 2.8b). Glucose consumption was lower (2.2 ± 0.59 g L-1d-1) on days 9-10 when the medium 

was more alkaline (Fig. 2.8b). Increased succinate production correlated with exponential 

growth (Fig. 2.8d) while decreased rates correlated with a stationary phase of growth. Strain 13 

under this condition produced 5.0 ± 0.41 g L-1 succinate and efficiently consumed glucose (3.5 ± 

0.44 g L-1 d-1) over the entire time course.   
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Figure 2.8 High density photomixotrophic succinate production in strain 13 with fluctuating 

pH 

a) Succinate production. b) Glucose consumed over the time course of the experiment. c) pH 

changes over time. pH was adjusted back to 7 every 24 hours; pH was recorded prior to 

adjustment. Both pH measurements prior to adjustment and post adjustment are plotted. d) 

OD730. Error bars indicate s.d. (n = 3 biological replicates). Experiment was performed in 5x BG-

11 with 40 g L-1 glucose and 20 mM bicarbonate. 
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2.5 Conclusion 
 

We improved glucose assimilation and succinate production through gene knockout and 

overexpression. The pH of the media was observed to be important to both the production of 

succinate and the consumption of glucose. We investigated various production conditions, our 

findings in this study show that a fluctuating pH enhances succinate production compared to a 

stable high pH. Further studies are needed to elucidate whether these results are due to the 

proton symporters involved in glucose import and succinate export, or to metabolic changes 

under these various pH conditions. We also hypothesize that a fluctuating pH is natural in an 

outdoor growth environment due to the diel cycle as CO2 fixation rates naturally oscillate. This 

natural oscillation in medium pH was mimicked in the laboratory scale cultures and we 

determined that succinate can be produced under fluctuating pH conditions. Research into the 

effects of pH on photomixotrophic production of chemical commodities warrants further 

exploration to determine the next steps towards optimizing a large scale outdoor cyanobacterial 

cultivation process. Additionally, this study demonstrated that photomixotrophy in 

cyanobacteria can be applied to other production systems and is generally an effective way for 

enhancing production of valuable chemical commodities.   
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2.7 Supplementary Information 
 

Table 2.S1 Plasmids used in this study 

Plasmid 

name 
Contents 

Relevant 

Strain(s) 

Marker 
Ref 

pAL1136 NSIII targeting plasmid, Ptrc:alsD-alsS-adh  - GentR Kanno et al. 2017  

pAL1450 NSI targeting plasmid, Ptrc:galP-zwf-gnd 1 SpecR Kanno et al. 2017  

pAL1515 NSI targeting plasmid, Ptrc:galP-zwf-gnd 
All except 

11-15 
KanR Kanno et al. 2017  

pAL1618 cp12::Ptrc:prk-rbcLS - KanR Kanno et al. 2017  

pAL1832 
NSIII targeting plasmid, Ptrc:gabD (MG1655)-

kgd (7002)-ppc (7942)-gltA (MG1655) 
1 GentR This work 

pAL2225 sdhB::PLlacO1:ppc (Cg) 5 GentR This work 

pAL2229 ΔsdhB 4 GentR This work 

pAL2241 sdhB::PLlacO1:ppc (MG1655) 6 GentR This work 

pAL2242 sdhB::PLlacO1:ppc (7942) 7, 12 GentR This work 

pAL2276 sdhB::PLlacO1:ppc (7942)–gltA (7942) 10 GentR This work 

pAL2277 sdhB::PLlacO1:ppc (7942)–gltA (Cg) 8, 13 GentR This work 

pAL2279 sdhB::PLlacO1:ppc (7942)–gltA (MG1655) 9 GentR This work 

pAL2301 cp12::Ptrc:prk, Ptrc:galP-zwf-gnd 11-13 KanR This work 

UGS-19F2 Synpcc7942_0366::Tn5 14 KanR Chen et al. 2012 

M. Kanno, A. L. Carroll, S. Atsumi. Nat. Commun. 8, 1–11 (2017).  

Chen Y, Holtman CK, Taton A, Golden SS. Adv Photosynth Respir 33:119 –137 (2012). 
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Table 2.S2 Oligonucleotides used in this study 

Name Sequence 5’ to 3’ 

TT90 GATTTAATCTGCCGTATGTAAAGATCCTCTAGAGTCGACCTG 

TT111 GCGGCTGGCATGCGCAATACAGG 

TT113 GCGACTTTAAAAGCGATATCAAGCGTTAAAGATCCTCTAGAGTCGACCTG 

TT114 GATTTAATCTGCCGTATGTAAATTAATAAGGAGGAATTATTAGCATGAGTGCTGCTCTCCAGTC 

TT116 GCATGCGCAATACAGGTTGACTTTAATTTAACGTAAATAAGGAAGTCATTATGGCTGATACAAAAGCAAAAC 

TT122 CACCTGGGCAGATGTGTTGAAC 

TT123 GATTGCGAGTGAGATATTTATG 

TT124 GAGTTGACGCGTGCTTATCA 

TT125 GCCTTTCGTTTTATCTGTTG 

TT213 AATGACTTCCTTATTTACGTTAAATTAAAG 

TT213 CTTTAATTTAACGTAAATAAGGAAGTCATT 

TT214 AGATCCTCTAGAGTCGACCTG 

TT214 ACCTGATCTGTCGTATGTAAAGATCCTCTAGAGTCGACCTGCAGG 

TT221 ATTAATAAGGAGGAATTATTAGCATGAATACTGCAG 

TT222 ACGTAAATAAGGAAGTCATTATGAAACTTAACGACAGTAAC 

TT223 CAAATATATGTGCATCGGTCTTTAAATTAATAAGGAGGAATTATT 

TT359 TGGCGAGCCTCGGAGTGTTCC 

TT360 CCAAAGTGGCAGAAGACAGCACTGTATGC 

TT361 CAGAAGACAGCACTGTATGCCCTAGAGGCATCAAATAAAACG 

TT362 GAACACTCCGAGGCTCGCCAGCACTGGTGCTGTAGCAATC 

TT363 GCCTATTGCGGCATTGTTGCTGTCA 

TT364 GACTGGATCAGTAAATCTAGGATTCAGTTGTTCTAGAGACTC 

TT507 CGTCACTGTCTCGAGGGATCCTATTAATAAGGAGGAATTATT 

TT508 TTGCGGCATTGTTGCTGTCACGTACGCTCGAACCCCAGAG 
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TT509 CTGTTGTTTGTCGGTGAACGCTCTCGACTGGATCAGTAAATCTAGGATTCAGTTG 

TT510 AGATCCTCTAGAGTCGACCTGCAGG 

TT511 ATTAATAAGGAGGAATTATTAGCATGAACGAACAATATTCCGC 

TT512 GGTATGCGTAATACCGGCTAAAGATCCTCTAGAGTCGACCT 

TT513 CTGGCATGCGCAATACAGGTTGAAGATCCTCTAGAGTCGACCT 

TT514 ATTAATAAGGAGGAATTATTAGCATGAGTGCTGCTCTCCAGTCATCC 

TT515 TCAAATATGTATCCGCTCATGGCGGCCCAG 

TT516 CAGGCAAGAACCTCGAATTTCTCATCGGATTGC 

TT523 GCTTGGTTTTGGACAGTGATCTCAAATATGTATCCGCTCAT 

TT524 CGAATTTCTCATCGGATTGCGATTCAGTTGTTCTAGAGACTCGAG 

TT544 TAAATAAGGAAGTCATTATGGCTGATACAAAAGCAAAACTCACC 

TT545 CGACTTTAAAAGCGATATCAAGCGTTAAGCAGGCATGCAAGCTTAAGCG 

TT546 ACGTAAATAAGGAAGTCATTATGTTTGAACGCGATATCGTGGCCAC 

TT547 GTCCCACGCGAAGAACGCTAGGCAGGCATGCAAGCTTAAGC 

TT548 TAAATAAGGAAGTCATTATGACTGCCGTCAGCGAGTTTCG 

TT549 CGGGATTTGGCGATCGAATCTGATTGAGCAGGCATGCAAGCTTAAGC 

TT583 GCAGGCATGCAAGCTTAAGCGAGAG 

TT584 GCAATACAGGTTGAAGATCCTCTAGAGTCGACCTCTTTAATTTAACGTAAATAAGGAAGTCATTATG 

TT628 GTTTGTCGGTGAACGCTCTCCGACTGCACGGTGCACCAATG 

TT629 CGCTCTCACGCGTTCTAGAGGCTCACCTCAATCAACGCTCAC 

TT632 CTCTCACGCGTTCTAGAGGCTCACCTCAATCAACGCTCACC 

TT633 GTTGTTTGTCGGTGAACGCTCTCCGACTGCACGGTGCACCAAT 
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Table 2.S3 Plasmid Construction Guide 

 Vector PCR Insert(s) PCR 

Plasmid Primer (F) Primer (R) Template Primer (F) Primer (R) Template Insert description 

pAL1832 TT214 TT213 pAL1136 TT222 TT223 MG1655 gDNA gabD 

 
TT221 TT90 7002 gDNA kgd 

TT114 TT111 7942 gDNA ppc 

TT116 TT113 MG1655 gDNA gltA 

pAL2225 TT361 TT362 pAL1136 TT359 TT363 7942 gDNA Upstream sequence of sdhB 

 

TT364 TT360 7942 gDNA 
Downstream sequence of 

sdhB 

TT508 TT509 

Codon 

Optimized 

Gene 

Fragment from 

Genewiz  

ppc (Cg) 

pAL2229 TT524 TT523 pAL2225 TT515 TT516 pAL1136 GentR 

pAL2241 TT510 TT507 pAL2225 TT511 TT512 MG1655 gDNA ppc 

pAL2242 TT510 TT507 pAL2225 TT514 TT513 7942 gDNA ppc 

pAL2276 TT583 TT584 pAL2242 TT548 TT549 7942 gDNA gltA 

pAL2277 TT583 TT584 pAL2242 TT546 TT547 

Codon 

Optimized 

Gene 

Fragment from 

Genewiz  

gltA (Cg) 

pAL2279 TT583 TT584 pAL2242 TT544 TT545 MG1655 gDNA gltA 

pAL2301 TT632 TT633 pAL1618 TT628 TT629 pAL1450 galP-gnd-zwf 
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Figure 2.S1. Glucose consumption of Strains 3 through 5 

Glucose consumed over the time course of the experiment for Strains 3 through 5 with or 

without 20 mM bicarbonate (+B or –B). Error bars indicate s.d. (n = 3 biological replicates). 

Experiment was performed in 1x BG-11 with 10 g L-1 glucose. 
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Figure 2.S2. Glucose consumption and OD730 of Strains 5 through 7 

a) Glucose consumed over the time course of the experiment for Strains 5 through 7. b) OD730 

for Strains 5 through 7 over the time course of the experiment. Error bars indicate s.d. (n = 3 

biological replicates). Experiment was performed in 1x BG-11 with 10 g L-1 glucose and 20 mM 

bicarbonate. 
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Figure 2.S3. Glucose consumption and OD730 of Strains 8 through 10 

a) Glucose consumed over the time course of the experiment for Strains 8 through 10. b) OD730 

for Strains 8 through 10 over the time course of the experiment. Error bars indicate s.d. (n = 3 

biological replicates). Experiment was performed in 1x BG-11 with 10 g L-1 glucose and 20 mM 

bicarbonate. 
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Figure 2.S4. Glucose consumption and OD730 of Strains 11 through 13 

a) Glucose consumed over the time course of the experiment for Strains 11 through 13. b) OD730 

for Strains 8 through 13 over the time course of the experiment. Error bars indicate s.d. (n = 3 

biological replicates). Experiment was performed in 1x BG-11 with 10 g L-1 glucose and 20 mM 

bicarbonate. 
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Chapter 3: Carbon Efficient Isobutanol Production in Escherichia coli 
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3.1 Abstract 
 

Developed in this work is an electrical-biological hybrid system wherein engineered Escherichia 

coli consumes formate produced electrocatalytically from CO2 to supplement bioproduction of 

isobutanol. Biological CO2 sequestration is notoriously slow compared to electrochemical CO2 

reduction, while electrochemical methods struggle to generate carbon-carbon bonds. A hybrid 

system is promising for combining the benefits of biology and electrochemistry. E. coli was 

engineered to assimilate formate and CO2 in central metabolism using the reductive glycine 

pathway. We have shown that chemical production in E. coli can benefit from single carbon 

substrates when equipped with the RGP. In this work the engineered strain of E. coli that can 

consume formate from an electrocatalytic bioreactor and produce isobutanol at a yield of 

>100% of theoretical maximum from glucose. Our results demonstrate that carbon produced 

from electrocatalytically reduced CO2 can bolster chemical production in E. coli.   
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3.2 Introduction 
 

The current global climate crisis has been largely fueled by our reliance on fossil fuels, 

leading to unprecedented levels of greenhouse gases in the atmosphere1. This ongoing crisis has 

driven an increased demand for sustainable chemical production from renewable sources. 

Developing methods to use atmospheric carbon dioxide for the production of chemical 

commodities has garnered particular attention in recent years as a solution that can both 

reduce current greenhouse gas levels and provide an alternative to petroleum-based 

chemistry2,3. Biological systems of engineered microorganisms have been studied to either 

indirectly or directly use atmospheric CO2 for the production of valuable chemical 

commodities2,4. Traditional biological fermentation strategies perform indirect CO2 

sequestration by feeding sugar feedstocks sourced from various crops to heterotrophic 

microorganisms such as yeast or Escherichia coli. This methodology has the drawback of directly 

competing with the global food supply5. Using photosynthetic production systems for direct CO2 

reduction also has drawbacks such as slow growth and lower production rates compared to 

heterotrophic microbes2. Inorganic strategies for CO2 sequestration have similarly been 

investigated and provide an efficient means to convert CO2 into more useful single carbon 

molecules6–11. However, inorganic methods cannot efficiently create carbon-carbon bonds7. 

These drawbacks to both biological production and inorganic CO2 conversion have motivated 

research into various hybrid strategies where single carbon molecules produced from 

electrocatalytically reduced CO2 are fed to biological hosts, providing a production platform that 

circumvents the aforementioned drawbacks12,13. Here, in the model organism E. coli we built 

upon the reductive glycine pathway (RGP) and have shown that E. coli can efficiently convert the 

electrochemically relevant molecule, formate, into the value-added product, isobutanol, a 

gasoline substitute and a precursor for jet fuel and polymers14,15.  

In a previous study, the theorized RGP was shown to function effectively in E. coli, 

enabling growth in a serine auxotrophic strain13. Other studies using a similar strategy to the 

RGP have shown that E. coli can be engineered to grow on formate and CO2 alone, but the 

resultant chemoautotrophic E. coli suffers from slow growth and lower overall chemical 
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production12. One study hypothesized that intracellular NADH and NADPH levels contributed to 

the slower growth phenotype. Two genes encoding for variants of the enzyme formate 

dehydrogenase were installed to generate additional reducing equivalents, however, the 

engineered strain still lagged behind standard growth rates for E. coli12.  

The RGP requires two carbon inputs: formate and CO2. In an electrocatalytic setting CO2 

can be reduced to formate, simplifying the carbon inputs for the RGP6,13. In a previous study, it 

was demonstrated that E. coli is capable of growing and assimilating CO2 and formate in the 

cathode of an electrochemical bioreactor where CO2 is readily converted to formate, reducing 

the carbon inputs down to CO2 alone13. The previous study required the use of the rare metal 

indium for the working electrode for the reduction of CO2 to formate13. In this study, we 

demonstrate that an iron carbonyl cluster can alternatively be used to reduce CO2 to formate in 

the hybrid system. There are several benefits to using this iron-based catalysis compared to 

indium. Iron is Earth-abundant metal and the iron carbonyl cluster can perform catalysis for 

longer durations6.  Additionally, this iron-based catalyst has the highest observed catalytic rates 

at neutral pH, making this catalyst ideal for a biological hybrid system6. Using a carbon electrode 

in the working compartment of the catalysis prevents the use an otherwise toxic metal 

electrode that impacts the overall health of the biocatalysis. The catalyst used in this study is 

highly stable and specific to formate production, as such it does not produce other side 

products such CO, H2, oxalate, methanol, or formaldehyde making it superior to other catalysts 

in the context of electrical-biological systems6.  

The downstream chemical of choice in this study, isobutanol, is a relevant polymer and 

jet fuel precursor16,17. Isobutanol production in E. coli is well established17. Connecting the RGP 

to isobutanol production provides an ideal signal for determining if the RGP is capable of 

incorporating formate and CO2 into a biologically derived chemical product17. An important 

study for this field determined that the chemolithotrophic bacterium, Ralstonia eutropha, could 

produce isobutanol from electrochemically produced formate18. However, R. eutropha is an 

obligate aerobe and susceptible to damage from the reactive oxygen species that are generated 

in an electrocatalytic setting where oxygen is present. While isobutanol provides a robust 

indicator of E. coli’s ability to efficiently convert formate into a value-added chemical, many 
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other chemical commodities can be generated using this system. Due to the ability of the RGP 

to incorporate formate and CO2 into pyruvate, any downstream chemical production pathway 

that relies on intracellular pyruvate pools could potentially benefit from the RGP13.  

This study represents the ability of an electrical-biological hybrid system to provide a 

more renewable platform for chemical production in E. coli compared to traditional 

heterotrophic fermentations while also providing a more efficient method for CO2 sequestration 

compared to Ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) based carbon 

capture.  

3.3 Methods 
 

3.3.1 Reagents 
 

All enzymes involved in the molecular cloning experiments were purchased from New 

England Biolabs (NEB). All synthetic oligonucleotides were synthesized by Integrated DNA 

Technologies. Sanger Sequencing was provided by Genewiz from Azenta Life Sciences.  

3.3.2 Strains and Plasmids 
 

All strains and plasmids used in this study are listed in Table 3.1 and Table 3.S1, 

respectively. All oligonucleotides are listed in Table 3.S2. Plasmids were constructed using 

sequence and ligation independent cloning (SLIC)33. The constructed plasmids were verified via 

Sanger Sequencing. A guide to the construction of plasmids used in this study is detailed in 

Table 3.S3. The plasmid (pAL2244, Table 3.S1) containing the linear fragment for the integration 

of the gene formate dehydrogenase from Arabidopsis thaliana (hereafter At) expressed under 

the Biobricks strong constitutive promoter PBBa_J23119 was integrated into safe site 940 of E. coli 

using Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas941 and was codon 

optimized and purchased from Genewiz from Azenta Life Sciences. 
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Table 3.1 List of key strains used in this study 

Strain no. Name Key genotype Ref 

1 YT151 
BW25113/F’[traD36, proAB+, lacIq ZΔM15 Tn10(TetR)] 

ΔserA  
13 

2 AL4068 1 + SS9::PBBa_J23119:fdh (At) This work 

3 AL17 
BW25113/F’[traD36, proAB+, lacIq ZΔM15 Tn10(TetR)] 

ΔadhE ΔfrdBC Δfnr-ldhA Δpta ΔpflB 
17 

4 AL4014 3 + ΔserA This work 

5 AL4101 4 + SS9::PBBa_J23119:fdh (At) This work 

6 AL4159 4 + SS9::PBBa_J23119:fdh (Cb) This work 

7 AL4160 4 + SS9::PBBa_J23119:fdh (Sc) This work 

8 AL4214 6 + PsdaA::PLlacO1  This work 

 

3.3.3 CRISPR 
 

Genome modifications such as gene deletion and gene insertion were constructed using 

CRISPR-Cas9-mediated homologous recombination41. Linear DNA repair fragments for gene 

deletions and insertions were constructed by amplifying genomic or plasmid DNA via PCR 

assembly42. Plasmids encoding sgRNA for CRISPR-Cas9-mediated homologous recombination 

were constructed using Q5 site-directed mutagenesis (New England Biolabs) using pTargetF 

plasmid (Addgene #62226) as a template. All genomic modifications were verified via Sanger 

Sequencing. A guide for CRISPR-Cas9-mediate gene deletions and insertions used in this study is 

detailed in Table 3.S4. 

3.3.4 Culture Conditions 
 

Overnight cultures were prepared in 3 mL of Luria-Bertani (LB) media containing 

appropriate antibiotics. Antibiotic concentrations were as follows: tetracycline (5 µg mL−1), 

spectinomycin (25 µg mL−1), kanamycin (25 µg mL−1), ampicillin (100 µg mL−1). Low density 

isobutanol experiments were carried out in 5 mL M9P: M9 minimal media (33.7 mM Na2HPO4, 
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22 mM KH2PO4, 8.6 mM NaCl, 9.4 mM NH4Cl, 1 mM MgSO4, 0.1 mM CaCl2) including A5 trace 

metal mix (2.86 mg L−1 H3BO3, 1.81 mg L−1 MnCl2·4H2O, 0.079 mg L−1 CuSO4·5H2O, 49.4 g L−1 

Co(NO3)2·6H2O) supplemented with 5 g L-1 yeast extract (Research Products International) and 

10 g L-1 glucose (Fisher Bioreagents) with additional appropriate carbon sources. Overnight 

culture in LB media was spun down at 6,000 g for 1 min. The cell pellet was re-suspended with 5 

mL M9P media with 10 g L−1 glucose. The M9P culture was grown to an OD600 of ~0.4 and 

subsequently spun down at 6,000 g for 1 min. The pellet was resuspended in 5 mL M9P 

supplemented with appropriate carbon sources and was induced with 1 mM IPTG and 10 μg L -1 

aTc. Cultures were incubated at 37 °C. Cell growth was monitored by measuring OD600 in a 

Synergy HTX Plate Reader (BioTek Instruments, Inc.). 

For high density experiments, overnight culture was used to inoculate a 250 mL screw 

cap flask containing 50 mL M9P. The 50 mL culture was allowed to grow to an OD600 of ~0.4 and 

was induced with 1 mM IPTG and 10 μg L-1 aTc. The culture was allowed to grow for an 

additional 1.5 h to an OD600 of ~1. The 50 mL culture was centrifuged at 6,000 g for 5 min and 

resuspended in 1 mL of M9P with appropriate carbon sources for an OD600 of ~50.  

3.3.5 Preparation of Catalyst   
 

The catalyst [Na(diglyme)2][Fe4N(CO)12] was prepared according to a reported 

procedure43. 

3.3.6 Electrochemical Measurements  
 

Cyclic voltammograms (CV’s) were recorded under a N2 or CO2 gas (N2) (99.998%, 

Praxair) atmosphere using an electrochemical analyzer (CH Instruments, Model 620D or Model 

1100B), a glassy carbon working electrode (CH Instruments) with a nominal surface area of 

0.0707 cm2), and a platinum wire auxiliary electrode. Controlled electrode potential (CPE) 

experiment was performed on a multichannel Biologic VSP 300 potentiostat. The glassy carbon 

working electrode was polished on a felt pad with alumina paste (0.05 μm, BASi), sonicated in 

deionized water, rinsed with MeOH, and dried with a Kimwipe prior to each experiment. As the 

reference electrode, a Ag/AgCl(sat.) electrode was used form aqueous measurements. All 
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reported potentials are referenced to the SCE couple, and were determined using ferrocene 

(Aldrich) as an internal standard, where E1/2 (Fc+1/0 ) is +0.159 V vs SCE in water43. Milli-Q water 

(18 MΩ) was used for measurements performed in aqueous solution. Buffer solutions were 0.1 

M phosphate buffer adjusted to pH 7.4. Reagents for buffer preparation were purchased from 

EMD, VWR, and Sigma, and were used as received. In all cases, CV sweeps were initiated at the 

open circuit potential and recorded in quiescent solution.  

3.3.7 Controlled Potential Electrolysis (CPE)  
 

CPE experiments were performed in a gas-tight glass cell (working electrode 

compartment volume of 60 mL) under 1 atm of static N2 (Praxair, 99.998%) or carbon dioxide 

(Praxair, 99.5%) with a stirred solution. The cell was custom made by Adams & Chittenden 

Scientific glass (Fig. S4). The counter electrode compartment was separated from the working 

electrode compartment by a glass frit of medium porosity. In a typical experiment, 20 mL of 

degassed 0.1 M phosphate buffer solution (made from 0.05 M Na2HPO4/0.05 M NaH2PO4 was 

used in the working electrode compartment along with 0.5 mM Na(diglyme)2[Fe4N(CO)12] 

(diglyme: bis(2-methoxyethyl) ether). In control experiments performed with the same solutions 

absent the iron catalyst no formate was detected, only ~ 2 C of charge were passed over 1 h and 

low levels of H2 were detected, consistent with our prior reports6.  

The working electrode was a glassy carbon plate with an area of 8 cm2 (Tokai Carbon), 

while the counter electrode was a coiled Pt wire ∼70 cm in length (0.5 mm diameter, 99.997% 

metals basis from Alfa aesar). The reference electrodes employed for CPE experiments were of 

similar design to those used for CV measurements, using a longer glass tube to fit the H-cell. 

Between CPE experiments, the glass cell, the stir bar, the working electrode, and the counter 

electrode were cleaned via sonication in 5% (v/v) nitric acid for 5 min, rinsed with deionized (DI) 

water, sonicated in DI water for 5 min, rinsed with DI water, and then sonicated in acetone for 5 

min, rinsed with DI water, and allowed to dry in an oven before use. Every two weeks the frit 

was checked and baked out or changed by a glassblower. The glassy carbon plate had an 

additional initial step of being thoroughly sanded on all surfaces with 300 grit SiC paper and 

then 600 grit SiC paper and rinsed with water prior to sonication steps. The counter electrode 
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(Pt coil) was flame annealed prior to each experiment. For longer CPE runs (more than 20 h) 

both the cathodic and anodic compartment was purged with humidified CO2 in each hour and 

the anode chamber was purged with N2 gas.  A home-built intermittent purging valve set up 

was used for purging. During CPE the pH of the solution was monitored by a Bluelab pH 

controller (Bluelab USA). In those longer CPE experiments no headspace measurements were 

performed to detect H2 gas. Faradaic Efficiency (FE) was determined by calculating the amount 

of charge required in production of each product divided by total charge passed during each 

experiment.  

Quantification of headspace gases and solution-phase products were performed 

separately6. At the end of an electrolysis, a gaseous sample (0.1 mL) was drawn from the 

headspace, using a gas-tight syringe (Vici), and injected into a gas chromatography−thermal 

conductivity detection (GC- TCD) system (Model Varian 3800 GC coupled with a TCD detector 

and a Carboxen 1010 PLOT fused silica column (30 m × 0.53 mm) (Supelco) using N2 (99.999%, 

Praxair) as the carrier gas. H2 concentration was determined using a previously prepared 

working curve6. Analysis of the liquid phase and determination of formate content was achieved 

by removing 0.5 mL of sample from the CPE experiment and analyzed via high performance 

liquid chromatography described below.  

3.3.8 Bio-electrochemical cultivation for isobutanol production 
 

Following the CPE experiment, a syringe was used to remove 20 mL of solution from the 

working electrode side of the cell. The CPE solution was supplemented with 50 mM sodium 

bicarbonate and 10 g L-1 glucose. Antibiotics and inducers (IPTG and aTc) were also added in 

appropriate amounts. Overnight cultures were prepared in 3 mL of Luria-Bertani (LB) media 

containing appropriate antibiotics. Overnight LB culture was used to inoculate a 250 mL screw 

cap culture flask containing 50 mL M9P. The culture was grown to an OD600 of 0.4 and induced 

with IPTG and aTc. The culture was allowed to grow for an additional 1.5 hours to an OD600 of 

approximately 1. The culture was then centrifuged at 6,000 g for 5 minutes. The cell pellet was 

resuspended in 1 mL of the solution made using the reaction mixture following the CPE 
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experiment. 100 µL was removed from the bacterial culture are regular intervals and 

subsequently analyzed using GC and High Performance Liquid Chromatography (HPLC). 

3.3.9 GC analysis 

Concentrations of isobutanol were analyzed by GC–FID. The GC system is a GC-2010 with 

an AOC-20 S auto sampler and AOC-20i auto injector (Shimadzu). The column used was a DB-

WAX capillary column (30 m length, 0.32 mm diameter and 0.5 μm film thickness; Agilent 

Technologies). The GC oven temperature was held at 225 °C, and the FID was held at 330 °C. The 

injection volume was 0.5 μl, injected at a 15:1 split ratio. Helium was used as the carrier gas. 

Retention times from samples were compared with standards.  

To prepare samples for GC analysis, 1 ml of cell culture was centrifuged at 20,000 g for 

10 min at 25 °C. 100 μL of culture supernatant was diluted with 900 μL MilliQ water.  

3.3.10 HPLC analysis 

Concentrations of glucose and formate were analyzed by 20A HPLC (Shimadzu) equipped 

with a differential refractive detector 10A and an Aminex fast acid analysis column (Bio-Rad). 

The mobile phase was 5 mM of H2SO4, maintained at a flow rate of 0.6 ml min−1 at 65 °C for 12.5 

min. 

To prepare bacterial samples for HPLC analysis, 1 mL of cell culture was centrifuged at 

20,000 g for 10 min at 25°C. 10 μL of filtered culture supernatant or of the liquid phase from 

CPE experiments was injected into the column for analysis. 

3.3.11 Stable isotype tracer analysis 

To prepare samples for metabolomics analysis, 0.5 mL of cell cultures were frozen in 

liquid nitrogen and stored at -80°C until analysis. Metabolite extraction, derivatization and 

analysis by GC-TOF-MS was carried out by the West Coast Metabolomics Center at University of 

California, Davis. 
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3.4 Results and Discussion 
 

3.4.1 Isobutanol Production in Reductive Glycine Pathway Strain 

 

In the previous study, the RGP was constructed in the E. coli strain, YT151 (Strain 1, Table 

3.1)13. The RGP containing a formate assimilation pathway constructed from three genes from 

Clostridium ljungdahlii19 (hereafter Cl): a formate-tetrahydrofolate ligase encoded by fhs20, 

methenyl-THF cyclohydrolase encoded by fchA21, and methylene-THF dehydrogenase encoded 

by folD22 was combined with the expression of the glycine cleavage system in the reverse 

direction (rGCS)13,23 (pYT100, Table 3.S1). The RGP was shown to function in E. coli; 

metabolomics data from this study showed that labelled formate and CO2 were assimilated into 

L-alanine via pyruvate13. The isobutanol production plasmid (pAL603, Table 3.S1)24  was 

introduced to Strain 1. The isobutanol production pathway was constructed from five genes: an 

acetolactate synthase from Bacillus subtilis encoded by alsS25, a ketol-acid reductoisomerase 

and a dihydroxy-acid dehydratase from E. coli encoded by ilvC and ilvD17, respectively, a ketoacid 

decarboxylase from Lactococcus lactis encoded by kivD26, and an alcohol dehydrogenase from 

Lactococcus lactis encoded by adhA27. This isobutanol pathway was shown to be efficient at 

converting pyruvate into isobutanol in previous studies17,24 (Fig. 3.1). The production of 

isobutanol with and without the RGP plasmids (pYT100 and pAL2236, Table 3.S1) was compared 

in M9P with 50 mM NaHCO3 and 0.2 g L-1 formate. Strain 1 with the RGP was not able to 

produce isobutanol, while Strain 1 without the RGP produced 1.75 g L-1 isobutanol in 48 h (Fig. 

3.S1a).  The results suggested that there is metabolic imbalance preventing the synthesis of 

isobutanol. We hypothesized that intracellular NADH/NADPH levels were not sufficient to 

provide the energetic requirements for both pathways. Thus, the gene encoding for NADP+-

dependent formate dehydrogenase (Fdh) from Arabidopsis thaliana (hear after At)12 was 

integrated into safe site 9 (SS9)28 in the chromosome of Strain 1, generating Strain 2 (Table 3.1). 

Strain 2 with the isobutanol production and the RGP plasmids was able to produce isobutanol at 

2.23 g L-1, suggesting that additional reducing equivalents are required to produce isobutanol 

with the RGP. These three strains produced formate in the first day and consumed formate 



69 
 

slightly in the second day (Fig. 3.S1b). The results suggested inefficiency in the formate 

assimilation of the strains. 
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Figure 3.1 Isobutanol production pathway in electrical-biological hybrid system.  

CO2 is electrocatalytically reduced to formate. Formate is assimilated to methylene-

tetrahydrofolate (CH2-THF). The excess CO2 is sequestered by the glycine cleavage system acting 

in the reverse direction to combine with the CH2-THF to synthesize glycine. Abbreviations: 2-AL 

(2-acetolactate), 2,3-DHKIV (2,3-dihydroxyketoisovalerate), 2-KIV (2-ketoisovalerate), IBL 

(Isobutyraldehyde), RGP (Reductive glycine pathway). Enzymes in black are overexpressed in the 

engineered strain. Enzymes in gray are expressed at native levels. 
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3.4.2 Engineering Isobutanol Strain with Reductive Glycine Pathway 
 

To improve isobutanol production, this system was moved into AL17 which was designed 

for isobutanol production (Strain 3, Table 3.1)17. This strain possesses several gene deletions 

that were generated to direct flux away from other fermentation products17,29. Particularly, the 

deletion of pflB, which encodes for a pyruvate formate-lyase eliminated formate production in 

Strain 329. The deletion of pflB was also used to improve the pyruvate forming flux from formate 

and CO2 of an E. coli strain by preventing the production of formate from intracellular 

pyruvate12. Notably, Strain 3 harboring the isobutanol production and the RGP plasmids was 

able to produce 3.19 g L-1 isobutanol without the addition of Fdh indicating that the genomic 

modifications present in AL17 allow for more efficient production of isobutanol (Fig. 3.2a). 

Strain 3 consumed formate, indicating that the formate assimilation inefficiencies present in 

earlier strains (Fig. 3.S1b) were overcome in this strain. In Strain 3, L-serine can be produced by 

the RGP and the native L-serine biosynthetic pathway. We hypothesized that the increased L-

serine pool decreases the efficiency of the RGP. The serA gene was deleted from the 

chromosome of Strain 3, generating Strain 4 (Table 3.1). The titer and the yield of isobutanol 

production were improved in Strain 4 compared to Strain 3 (Fig. 3.2a), suggesting that the 

carbon being assimilated by the RGP is more efficient in aiding the production of isobutanol 

when glucose metabolism is cut off from L-serine synthesis. This result could be due to flux, by 

necessity, increasing towards L-serine from formate and CO2 when serine is unable to be 

synthesized from glucose.  
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Figure 3.2 Isobutanol production in AL17 Strains 

a) Isobutanol production in Strains 3 and 4 with the RGP after 2 days. Cultured in M9P with 10 g 

L-1 glucose 3 g L-1 formate, 50 mM sodium bicarbonate with 1 mM IPTG and 10 μg L-1 aTc. b) 

Isobutanol production after 2 days in Strains 5 through 7 harboring fdh variants. Cultured in 

M9P with 20 g L-1 glucose 3 g L-1 formate, 50 mM sodium bicarbonate with 1mM IPTG and 10 μg 

L-1 aTc. c) High density isobutanol production in Strains 4, 6 and 8. Isobutanol titer reported 

after 1 h in Strains 4, 6 and 8. Cultured in M9P with 10 g L-1 glucose, 10 g L-1 formate, 50 mM 
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sodium bicarbonate with 1 mM IPTG and 10 μg L-1 aTc. Yield is reported as gram isobutanol 

produced per gram glucose consumed (g g-1). Errors indicate s.d. (n = 3 biological replicates). 
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3.4.3 Formate Dehydrogenase Screening 
 

The expression of fdh (At) improved isobutanol production (Fig. 3.S1a). We screened two 

other variants of formate dehydrogenase to determine if there was a similar benefit to either 

production or yield. The Fdhs from Candida boidinii (hereafter Cb) and Saccharomyces 

cerevisiae (hereafter Sc) are NAD+-dependent30,31, while Fdh (At) is NADP+-dependent. The 

corresponding gene was cloned under the constitutive promoter PBBa_J23119 and integrated into 

SS9, generating Strains 5 (At), 6 (Cb), and 7 (Sc) (Table 3.1). Strain 6 consumed the most formate 

and produced isobutanol with the best yield of the three strains (Fig. 3.2b). Although Strain 7 

produced more isobutanol than Strain 6, the yield was the worst of the three strains (Fig. 3.2b). 

Thus, we proceeded with Strain 6 for future experiments.  

3.4.4 Strain and Fermentation Optimization 
 

It has been shown that replacing the native promoter of sdaA (PsdaA) to PLlacO1
34 

enhanced the conversion of formate and CO2 to pyruvate in the RGP13. The gene sdaA encodes 

for an endogenous L-serine deaminase which catalyzes the conversion of L-serine to pyruvate 

and was previously determined to be the optimal target for overexpression to enhance growth 

on L-serine13.  To test if the promoter replacement improves isobutanol production, PsdaA was 

replaced with PLlacO1 in Strain 6, generating Strain 8 (Table 3.1). This modification improved the 

yield (Fig. 3.S2), demonstrating that more carbon from the RGP was being incorporated into 

isobutanol.   

To reduce the impact of cell growth on isobutanol production, a high density (Optical 

Density at 600 nm (OD600) > 30) was conducted to elucidate the ability of the engineered strain 

to act as a whole cell non-growing biocatalyst35, capable of converting RGP substrates into 

isobutanol. In this experiment an induced culture of the strains was grown to an approximate 

OD600 of 1 and subsequently centrifuged and resuspended in 1/50th the volume of fresh 

experimental media generating a dense non-growing slurry of E. coli. Strains 4, 6 and 8 were 

compared to elucidate the effects of expressing both fdh and sdaA on isobutanol production. 

Strains 6 and 8 produced 3.48 and 3.35 g L-1 isobutanol respectively, showing that a non-growing 
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biocatalytic expression system is beneficial for overall chemical production (Fig. 3.2c). Strain 8 

performed the best with respect to yield, achieving a yield of 0.43 g isobutanol per g glucose (g 

g-1) which is 101% of the theoretical max yield of isobutanol produced from glucose alone (0.41 

g g-1). Achieving above 100% of theoretical maximum yield indicates that the genomic 

modifications in this strain facilitate the incorporation of formate and CO2 into isobutanol. An 

additional experiment was carried out under identical methodology where Strain 8 was 

cultivated with and without formate and bicarbonate (Fig. 3.3). Without formate and/or 

bicarbonate present in the media resulted in lower yield when compared to the condition 

where both bicarbonate and formate were present, indicating that formate and bicarbonate aid 

in the production of isobutanol in this strain (Fig. 3.3).  
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Figure 3.3 High density isobutanol titer and yield in Strain 8 

Isobutanol titer after 1 h in Strain 8. Cultured in M9P with 10 g L-1 glucose, with or without 3 g L-

1 formate and 50 mM sodium bicarbonate. Induced with 1 mM IPTG and 10 μg L-1 aTc. Yield is 

reported as gram isobutanol produced per gram glucose consumed (g g-1). The theoretical 

maximum yield (TMY) is 0.41 g g-1. Errors indicate s.d. (n = 3 biological replicates). 
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A stable isotype tracer analysis was performed to ensure that the single carbon 

substrates were indeed incorporated into central metabolism and into the isobutanol 

production pathway wherein 13C-labeled formate and bicarbonate were fed to Strain 8 under 

low density conditions. The carbon at position 1 and position 2 in glycine came from CO2 and 

formate, respectively (Fig. 3.4)23. When unlabeled bicarbonate and formate were used, there 

was no enrichment of M1 and M2 with relative abundance of these ions matching data from 

the NIST library standards (Fig. 3.4). When labeled bicarbonate and formate were used, the M1 

and M2 were twice as abundant, indicating that the RGP is functioning as intended (Fig. 3.4). 

The intermediate 2-ketoisovalerate was also analyzed using this stable isotope tracer analysis 

and it was determined that M1 was enriched by 4.3%, indicating that some of the formate and 

bicarbonate is flowing through the RGP towards isobutanol. Since the RGP connects to pyruvate 

much of the labeled formate and bicarbonate is likely flowing to other metabolites unrelated to 

isobutanol production and further study is required to mitigate this flux away from the product 

of interest.  
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Figure 3.4 13C-labeling analysis 

a) Relative intensity of m/z = 276 (M0), 277 (M1), and 278 (M2) in the glycine produced in Strain 

8. Cells were cultured using unlabeled formate and bicarbonate (12For/12BC) or 13C formate 

and 13C bicarbonate (13For/13BC). Ref indicates data from the NIST library of standards. Errors 

indicate s.d. (n = 3 biological replicates). b) Structure of glycine derivatized with MeOX MSTFA. If 
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the pathway is active, position 1 and position 2 would be derived from CO2 and formate, 

respectively.  
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To further demonstrate the ability of this engineered strain to leverage formate and CO2 

to produce isobutanol an additional high-density experiment was carried out wherein the only 

carbon sources were formate and CO2. Isobutanol production was observed, suggesting that the 

engineered strain can integrate single carbon substrates into isobutanol (Fig. 3.S3).  

3.4.5 Coupling Electrocatalysis with Engineered Strain 
 

A series of controlled potential electrolysis (CPE) experiments were performed using the 

catalyst [Na(diglyme)2][Fe4N(CO)12] (Table 3.2, Fig. 3.S4). The applied potential was selected by 

performing a series of CPE experiments over the applied potential range of −1.12 - −1.24 V to 

determine where formate production rate and selectivity over H2 production would be highest 

(Fig. 3.S5). A potential of −1.2 V was selected based on those experiments which were run over 

1 h each. For production of formate to support isobutanol production the CPE experiments 

were run over 20 h and the cathode chamber was purged every 1 h with humidified CO2. 

Control blank CPE experiments with no added catalyst show significantly lower amounts of 

charge passed during 20 h CPE experiment (Table 3.2). We also ran a CPE experiment with the 

used glassy carbon working electrode (rinse test) to ensure that deposition of catalyst or other 

materials was not responsible for the catalysis: no formate was detected from that experiment. 

The stability and homogeneous nature of the catalyst was tested before and after CPE 

experiments by recording infrared spectra of CPE solution to make sure that the catalyst is still 

present in solution. Peaks characteristic of [Na(diglyme)2][Fe4N(CO)12] were observed at 2015 

and 1989 cm-1 and were present before and after CPE experiments indicating that the catalyst 

was intact for each trial (Fig. 3.S6).  
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Table 3.2 CPE results for control experiments and experiments with catalyst 

Experiments Time/h Charge (C) FE(%) Formate Yield (g L-1) 

Blank (No Catalyst) 22 160 67% (H2) Not detected 

0.5 mM Catalyst 22 354 84(5) (HCOO-) 4.2 (0.3) 

Rinse test 22 180 60% (H2) Not detected 

Applied potential (Eapp) for CPEs is -1.2 V vs SCE, Detection limit of formate by HPLC is 0.05 g L-1, FE 

is Faradic Efficiencies for H2 and Formate. High FE for H2 in blank and rinse test are the result of the 

ability of buffering anions to donate hydrogen directly to the electrode surface. 

 

 

In CPE experiments, 4.2 g L-1 formate was produced after 21 hours using 0.5 mM catalyst 

(Table 3.2) which demonstrates the ability of this catalyst to convert CO2 efficiently into 

formate. This formate production rate of 0.2 g L-1 h-1 is relatively slow compared with published 

work11 that employs gas diffusion electrodes and heterogeneous electrocatalysts such as tin, 

bismuth, or lead and operate at > 10 g L-1 h-1. However, here we have used a traditional H-cell 

set up which has slow diffusion kinetics and low solubility of CO2 in the aqueous buffer, and this 

choice of the electrochemical cell could be modified in future work to access faster formate 

production rates36,37. Formate is the most readily synthesized chemical from CO2 using 

electrocatalytic methods6. The use of an Earth-abundant material such as iron that can continue 

to produce formate for long periods (> 20 h) also represents one of the more renewable and 

sustainable methodologies to sequester carbon. To demonstrate the electrocatalytically 

produced formate could be upcycled into other valuable chemicals, we cultivated Strain 8 using 

the CPE reaction mixture, supplemented with 50 mM NaHCO3 and 10 g L-1 glucose (Fig. 3.5). The 

engineered E. coli consumed the formate produced electrocatalytically at a rate of 1.84 g L-1 h-1 

(Fig. 3.5b) under high density conditions during the production of isobutanol without the need 

to purify formate away from the reaction mixture. Strain 8 could produce isobutanol with a high 

productivity (2.53 g L-1 h-1) using an electrocatalytic reaction mixture (Fig. 3.5c). This is in 

contrast to other hybrid systems reported where the produced compound must be purified 

away from toxic compounds prior to being used as a substrate for an engineered 
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microorganism38,39. This finding demonstrates that efficient electrocatalytic reduction of CO2 can 

be coupled to biochemical production to convert formate into the valuable chemical commodity 

isobutanol. This study represents a significant advance towards sustainably producing chemicals 

from CO2. 
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Figure 3.5 Enriched electrochemical broth used for isobutanol synthesis 

a) Plot of [formate] vs time (blue), Faradic Efficiency vs time (red) and plot of Current density vs 

time (black) CPE experiment performed with 0.5 mM catalyst in 0.1 M phosphate buffered 

aqueous solution at pH 7.2. b) E. coli formate consumption of electrocatalytically produced 
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formate. c) Isobutanol production in E. coli using electrochemical broth. Error bars indicate s.d. 

(n = 3 technical (a) and biological (b & c) replicates). 
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3.5 Conclusion 
 

Here we have shown that a non-RuBisCO based CO2 fixation method, the RGP, can be 

efficiently used to bolster the production of a value-added chemical commodity. By creating a 

hybrid system, we can link renewable sources of electricity with the production of an energy 

dense chemical commodity. This electrical-biological hybrid system has several benefits over 

electrochemical or biological production alone. The production of formate from CO2 by 

electrochemical methods has established a more rapid method of carbon sequestration than 

carbon capture by photosynthesis. The use of formate as a feedstock for E. coli has led to an 

efficient electrocatalysis platform for the production of isobutanol, a stable, high-energy and 

valuable chemical.  

The RGP is a promising platform for CO2 assimilation in microbes. Additionally, there are 

several reasons that both E. coli and the RGP are promising candidates for future optimization of 

a hybrid electrical-biological system for CO2 fixation. First, E. coli has been shown to be a viable 

host for the RGP that requires minimal metabolic perturbations in order to establish a CO2 fixing 

strain. Second, two-thirds of the carbons in the RGP come from formate, which can be readily 

synthesized in an electrocatalytic setting. Third, E. coli is a well-established host organism, 

allowing us to balance various parameters of metabolism and generate metabolic changes 

quickly as was done when screening and installing formate dehydrogenase.  

As renewable sources of energy production become more widespread, a surplus of 

electricity is generated during the day, resulting in excess unused energy. By using this excess to 

electrocatalytically capture CO2 we can improve the environmental impact of renewable energy 

generation. By combining electrocatalytic systems with microbial production platforms, we can 

link efficient carbon capture methods with the bio-based production of valuable chemical 

commodities. Additionally, by showing that E. coli can incorporate electrocatalytically produced 

formate that was generated using a more efficient catalyst into central metabolism, we have 

shown that as these fields continue to grow, advances in either field can add an overall benefit 

to the sustainability and efficiency of hybrid systems.  
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3.7 Supplementary Information 
 

Table 3.S1 List of plasmids used in this study 

Plasmid 

name 
Contents Origin 

Marker 
Ref 

pCas Pcas:cas9 ParaB:Red lacIq Ptrc:sgRNA  pMB1 KanR addgene #62225 

pTargetF PJ23119:sgRNA-pmB1 pMB1 SpecR addgene #62226 

pYT048 PLlacO1: gcvTHP  ColE1 AmpR 13 

pYT100 PLtetO1: fhs-fchA-folD (Cl) p15A KanR 13 

pAL603 PLlacO1:kivD-adhA, PLlacO1:alsS-ilvCD ColE1 AmpR 24 

pAL1023 PLtetO1 ColA KanR 43 

pAL1851 pTargetF-lacZ ColE1 AmpR 43 

pAL1853 sgRNA-ss9 pMB1 AmpR 43 

pAL1899 sgRNA-serA pMB1 AmpR This work 

pAL2235 PLtetO1: gcvTHP  ColA KanR This work 

pAL2236 PLtetO1: gcvTHP  ColA SpecR This work 

pAL2244 PJ23119:fdh (At, codon optimized for E. coli) pUC-GW AmpR Genewiz 

pAL2342 sgRNA-PsdaA::PLlacO1 pMB1 AmpR This work 

Cl, Clostridium ljungdahlii; At, Arabidopsis thaliana 
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Table 3.S2 Oligonucleotides used in this study 

Name Sequence 5’ to 3’ 
Plasmid(s) or 
fragment(s) 
produced 

Used for 
sequencing 

MM40 GAGTCAGTGAGCGAGGAAGC  pAL1899, 
pAL2342 

MM60 AGTTAAATCGGTTTTAGAGCTAGAAATAGC pAL2342  
MM62 AATATTGCGAACTAGTATTATACCTAGGACTG pAL2342  

MM63 AGCAACTGGAGAAGTAAGACG 
PsdaA::PLlacO1 

repair 
fragment 

 

MM64 TCGTCGATCTCTTTCTTGCTG 
PsdaA::PLlacO1 

repair 
fragment 

 

MM274 GCGGATGCAAATCCGCACACAACATTTCAAAAGACAGGATTGGGTAAATG
CGCGCCC 

ΔserA repair 
fragment 

 

MM275 CCTGCCCGTTGATTTTCAGAGAAGGGGAATTAGTACAGCAGACGGGCGCG
CATTTACCC 

ΔserA repair 
fragment 

 

MM276 AAGCGCACCGGTTTTAGAGCTAGAAATAGC pAL1899  
MM277 TAGCATTGGCACTAGTATTATACCTAGGAC pAL1899  
TT530 CGATTAGCGAATACCAGTAAACGCGTGCTAGAGGCATCAAATAAAACG pAL2235  

TT531 AAAGGAGTCTGTTGTGCCATGGTACCTTTCTCCTCTTTAATGAATTCGGT
CAGTG pAL2235  

TT532 TTAAAGAGGAGAAAGGTACCATGGCACAACAGACTCCTTTGTAC  pAL2235  
TT533 TTGATGCCTCTAGCACGCGTTTACTGGTATTCGCTAATCGGTACG pAL2235  
TT534 CGGCTTGAACGAATTGTTAGAC pAL2236  
TT535 AGCTCTCGGGTAACATCAAGG pAL2236  

TT536 CTAACAATTCGTTCAAGCCGGACTCCTGTTGATAGATCCAGTAATGACCT
C  pAL2236  

TT537 CTTGATGTTACCCGAGAGCTGGCGCCCCAGCTGGCAATTC  pAL2236  

TT552 GCTTGGTTGAGAATACGCCGAAGTTAAAATCAGC SS9 repair 
fragment SS9 

TT553 GCCTACGATTACGCATGGCTTGCC SS9 repair 
fragment SS9 

TT577 TTAGCGATACTGCGGCGCCAG  fdh (Cb) 
TT580 TAGCACGCGTATTTGATGCCTCTAGCACGCGTTTACTTTTTATCATGTTT

TCCGTACGCTTTGGTCACG fdh (Cb)  

TT586 TTCTCCTCTTTAATGAATTCAACTAGTATTATACCTAGGACTGAGCTAGC
TGTCAAC  

SS9 repair 
fragment 

 

TT593 CATTGCACAAGGACTCAAGG  fdh (Sc) 
TT594 AAAATTGTGGCCATAACGTG  fdh (Sc) 

TT609 TTATGCCACCAGAGCTTATGGACAGAAGAAATAAACGCGTGCTAGAGGCA
TCAAATACG 

SS9 repair 
fragment 

 

TT613 CTTCGACATCTAGTATTTCTCCTCTTTCACTAGTAACTAGTATTATACCT
AGGACTGAG 

SS9 repair 
fragment 

 

TT614 AATACTAGTTACTAGTGAAAGAGGAGAAATACTAGATGTCGAAGGGAAAG
GTTTTGCTG fdh (Sc)  

TT615 GCACGCGTATTTGATGCCTCTAGCACGCGTTTATTTCTTCTGTCCATAAG
CTCTGGTGG fdh (Sc)  
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TT616 ACCAAAGCGTACGGAAAACATGATAAAAAGTAAACGCGTGCTAGAGGCAT
CAAATACGC 

SS9 repair 
fragment 

 

TT617 TTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTTGAATTCATTAAAGA
GGAGAAAGG fdh (Cb)  

Cb, Candida boidinii; Sb, Saccharomyces cerevisiae 
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Table 3.S3 Plasmid construction guide 

 Vector PCR Insert(s) PCR 

Plasmid Primer (F) Primer (R) Template Primer (F) Primer (R) Template Insert description 

pAL1899* MM276 MM277 pAL1851  

pAL2235 TT530 TT531 pAL1023 TT532 TT533 pYT048 rGCS 

pAL2236 TT534 TT535 pTargetF TT537 TT536 pAL2235 rGCS 

pAL2342* MM60 MM62 pAL1851  

*Q5 Site-Directed Mutagenesis (NEB) 
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Table 3.S4 Guide for CRISPR-Cas9-Mediated gene deletions and insertions 

Modification 

pTargetF 

Linear repair fragment assembly PCR primers 

and PCR Template Plasmid 

20 bp sgRNA targeting 

sequence 5' to 3' 

ΔserA pAL1899 GCCAATGCTAAAGCGCACCG MM274, MM275 Template: YT151 

PsdaA::PLlacO1 pAL2342 TCGCAATATTAGTTAAATCG MM63, MM64, Template: YT276 

SS9::PJ23119:fdh 

(At) 
pAL1853 TCTGGCGCAGTTGATATGTA TT552, TT553 Template: pAL2244 

SS9::PJ23119:fdh 

(Cb) 
pAL1853 TCTGGCGCAGTTGATATGTA 

TT552, TT553, TT586, TT616 Template: pAL2244 

TT617, TT580 Template: Cb gDNA 

SS9::PJ23119 fdh 

(Sc) 
pAL1853  TCTGGCGCAGTTGATATGTA 

TT552, TT553, TT609, TT613 Template: pAL2244 

TT614, TT615 Template: Sc gDNA 

At, Arabidopsis thaliana; Cb, Candida boidinii; Sb, Saccharomyces cerevisiae   
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Figure 3.S1 Isobutanol in YT151 strains  

a) Isobutanol production in Strain 1 with or without the presence of the RGP and Strain 2 with 

the RGP and fdh after 2 days. Cultured in M9P with 10 g L-1 glucose 0.2 g L-1 formate, 50 mM 

sodium bicarbonate with 1 mM IPTG and 10 μg L-1 aTc. b) Formate concentration in media over 
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time in Strain 1 with and without the presence of the RGP and Strain 2. Errors indicate s.d. (n = 3 

biological replicates). 
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Figure 3.S2 Isobutanol production in Strain 8 with and without RGP 

Isobutanol production after 3 days in Strain 8 with or without the RGP. Cultured in M9P with 10 

g L-1 glucose 3 g L-1 formate, 50 mM sodium bicarbonate with 1 mM IPTG and 10 μg L-1 aTc. 

Errors indicate s.d. (n = 3 biological replicates). 
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Figure 3.S3 High density isobutanol production without glucose 

Isobutanol titer after 1 hour in Strains 6 and 8. Cultured in M9P with 10 g L-1 formate, 50 mM 

sodium bicarbonate with 1mM IPTG and 10 μg L-1 aTc. Errors indicate s.d. (n = 3 biological 

replicates). 
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Figure 3.S4  Schematic of H-cell used in CPE experiments to produce formate. 
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Figure 3.S5 CPE experiments 

Plot of faradaic efficiency (%) and current density (j) vs applied potential (V vs SCE) during 

controlled potential electrolysis over 1 h with 0.5 mM [Na(diglyme)][Fe4N(CO)12] in 0.1 M 

phosphate buffer (pH 7.4). Errors indicate s.d. (n = 3 replicates). 
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Figure 3.S6 Infrared spectra of [Na(diglyme)2][Fe4N(CO)12] 

IR spectra of [Na(diglyme)2][Fe4N(CO)12] recorded before (red) and after (black) CPE experiment 

in 0.1 M Phosphate buffer. The peak at 2015 and 1989 are characteristic of 

[Na(diglyme)2][Fe4N(CO)12] reported elsewhere6. 
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Chapter 4: Conclusion 
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The research presented in these works represents the ability of metabolic engineering to 

enable renewable methodologies for chemical commodity synthesis from renewable sources. 

These bioproduction systems are able to use renewable feedstocks such as sugars or carbon 

dioxide to generate the same chemical commodities that have been historically sourced from 

petrochemical methods. With each advance in the field of bioproduction we drive towards a 

more sustainable economy that is less dependent on fossil fuels. As this field progresses it is 

highly important to continue efforts to make these chemical production platforms more 

sustainable through investigating various production hosts that can enable novel synthesis 

routes for these products.  

Succinate production in 7942, addressed in chapter two, is a promising step towards a 

more sustainable bioproduction system. While succinate can be readily produced in other host 

organisms, cyanobacteria offer a means for carbon dioxide to be directly converted into 

succinate. By continuing to investigate cyanobacteria as production hosts, any increase in our 

understanding of these organisms will progress our ability to use these photosynthetic hosts as 

alternative bioproduction systems that offer several benefits over their heterotrophic 

counterparts. Photomixotrophy, in particular, is a system that is relatively new to the field of 

metabolic engineering and due to its positive benefits on both production and growth of 7942 

requires further study. By continuing to investigate photomixotrophy we may continue to 

optimize this altered form of metabolism to better utilize photosynthetic hosts to produce 

everyday chemical commodities.  

Similarly, developing carbon sequestration pathways in traditionally heterotrophic 

organisms, such as E. coli, is another important route for metabolic engineering as a field to 

explore. As addressed in chapter three, developing a de novo carbon fixation pathway improves 

the sustainable effects of using bioproduction systems. While isobutanol is a well established 

product of these engineered microorganisms, we can continue to improve upon these synthetic 

routes by investigating novel pathways such as the reductive glycine pathway to bolster 

chemical production from single carbon substrates.  
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With each new finding, the field of metabolic engineering is driving closer to the end 

goal of solving the sustainability challenges we are facing globally. As we move on from the 

systems and processes of the industrial revolution to mitigate the ongoing climate crisis, it is of 

paramount importance to look to nature for solutions and to ensure the longevity of life on this 

planet.  
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Appendices 
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Appendix A: Exploring Various Pathways for the Production of 1,4 – Butanediol in 

Cyanobacteria 
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 1,4-butanediol is a valuable platform chemical commodity that has uses in synthesizing 

important materials or industrial chemicals. However, like many traditional routes for synthesizing 

platform chemicals, the route to produce 1,4-butanediol relies on petrochemical and energy-

intensive methods. Synthesizing 1,4-butanediol using bio-based methods are one approach to 

alleviate the environmental impact of generating platform chemicals that the economy relies on. 

In our current work to produce 1,4-butanediol using 7942 we have attempted to engineer three 

distinct pathways into cyanobacteria. The first pathway was provided by the Golden Lab at UCSD. 

This pathway contains the following genes under the control of the IPTG inducible promoter Ptrc: 

4hbd which encodes for a 4-hydroxybutyrate dehydrogenase from Porphyromonas gingivalis, kgd 

which encodes for an alpha-ketoglutarate dehydrogenase  from Synechococcus elongatus PCC 

7002, cat2 which encodes for a 4-hydroxybutyrate CoA transferase from Porphyromonas 

gingivalis, ald which encodes for an aldehyde dehydrogenase from Clostridium beijerinckii, and 

adh1 which encodes for an alcohol dehydrogenase from Geobacillus thermoglucosidasius. These 

five enzymes are responsible for converting alpha-ketoglutarate to 1,4-butanediol. However, 

when we installed this pathway in 7942, generating Strain 1, no 1,4-butanediol was detected.  

Rather than investigating the potential bottlenecks or side products of this pathway, we 

instead constructed an alternative strain using a different pathway known as the Weimberg 

pathway, in an effort to efficiently convert extracellular xylose into alpha-ketoglutarate. This 

pathway consists of a xylose transporter from Escherichia coli encoded by the gene xylE, and four 

genes from Caulobacter crescentus: xdh which encodes for a xylose dehydrogenase, xylC which 

encodes for a D-xylonolactonase, xylD which encodes for a D-xylonate dehydrogenase, and xylX 

which encodes for a 2-keto-3-deoxy-D-xylonate dehydratase. Alpha-ketoglutarate is then 

leveraged to produce 1,4-butanediol through the enzymes alpha-ketoisovalerate decarboxylase 

(kivD) from Lactococcus lactis and an alcohol dehydrogenase (yqhD) from Escherichia coli. The 

final strain (Strain 2) which was constructed to possess both the Weimberg pathway along with 

kivD and yqhD, was able to consume extracellular xylose (~5g/L over 5 days) and produce 1,4-

butanediol in small quantities, approximately 50mg/L. As a control, a strain was also constructed 

with the genes kivD and yqhD alone (Strain 3) and this strain was unable to produce 1,4-

butanediol. These results suggest that the Weimberg pathway functions and may increase the 
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intracellular amount of 2,5-dioxopentanoate to the concentration required to synthesize 1,4-

butanediol via this route but due to the low yield (0.01 gram 1,4-butanediol produced per gram 

xylose consumed) we believe that the Weimberg pathway intermediates may interact with central 

metabolism, thus funneling our substrate intended for 1,4-butanediol to other metabolites. This 

hypothesis requires further investigation, but due to the lower than anticipated titer of 1,4-

butanediol made by Strain 2 we decided our efforts would be better spent investigating a third 

pathway for 1,4-butanediol production.  

This final pathway involves leveraging succinate semialdehyde pools that are produced 

through the reaction catalyzed by the enzyme alpha-ketoglutarate dehydrogenase which was 

shown to be functional in our own succinate production studies. Succinate semialdehyde is 

converted to 4-hydroxybutyrate by an alcohol dehydrogenase encoded by the gene yqhD from 

Escherichia coli. 4-hydroxybutyrate is then converted to 4-hydroxybutyraldehyde by a carboxylic 

acid reductase encoded by the gene car from Mycobacterium marinum. We also engineered our 

strain to house the gene sfp, which encodes an apoprotein from Bacillus subtilis that has been 

shown to improve the activity of the carboxylic acid reductase. 4-hydroxybutyraldehyde is then 

ultimately converted to 1,4-butanediol by the alcohol dehydrogenase. When this pathway was 

installed into 7942, Strain 4 was generated. Strain 4 produced ~90mg/L 1,4-butanediol in 5 days 

under photoautotrophic conditions, suggesting that this 1,4-butanediol production pathway is 

more efficient in the context of global 7942 metabolism. Future work with this strain is planned 

to include engineering photomixotrophic strains using this pathway that can utilize both glucose 

and/or xylose to increase the carbon flux towards 1,4-butanediol. We hypothesize that like in our 

previous studies, photomixotrophy will be beneficial for 1,4-butanediol production.  
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Appendix B: Electrical-Biological Hybrid System for Polymer Precursor Production in 

Collaboration with Zymochem 
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As reported in the above study regarding electrical-biological hybrid production of 

isobutanol we worked in collaboration with Zymochem to use this hybrid system to produce 

formate in an effort to power the redox requirements of their polymer precursor pathway in 

Escherichia coli. Several experiments were conducted to establish this hybrid system. First, the 

iron carbonyl cluster used as a catalyst to reduce carbon dioxide to formate was tested in media 

in various concentrations to determine if any toxic effects on growth or production were 

observed. We determined that growth of E. coli was inhibited by the presence of the catalyst in 

the optimal concentration for catalysis (0.5mM). We determined that 0.1mM was nontoxic to E. 

coli and thus further experiments were conducted using this concentration.  

Using 0.5mM catalyst concentration, the production of ~4g/L formate was observed 

over the course of 20 hours. Using the 0.1mM concentration ~100mg/L (2.2mM) formate was 

produced in the same time period. The Zymochem strain requires one equivalent of formate to 

generate one equivalent of NADH using a formate dehydrogenase (FDH) from Saccharomyces 

cerevisiae. One NADH is required for one equivalent of substrate in this pathway. The molar 

mass of the substrate is ~146g/mol, upon feeding E. coli 10g/L in a 25mL fermentation inside of 

the active electrical bioreactor, ~2.5g/L of the product (molar mass of ~147g/mol) was 

produced. When the same experiment was conducted outside of the electrical bioreactor 

without any formate added to solution, no product formation was observed suggesting that the 

formate produced by the electrocatalysis is responsible for the necessary reducing equivalents 

to power this step of the polymer precursor pathway. These experiments provided clear proof 

of concept that an electrical-biological hybrid system can be used to provide an alternative and 

environmentally conscious way of harnessing atmospheric carbon dioxide to produce chemical 

commodities.  

 




