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CHAPTER I 

 

INTRODUCTION 

 

Cyanobacteria have recently garnered attention as a renewable production source for fuels 

and chemicals. Manipulation of endogenous metabolic pathways has yielded hydrogen (Dutta et 

al. 2005; Masukawa et al. 2010), ethanol (Deng and Coleman 1999), higher alcohols (Oliver et al. 

2013; Varman et al. 2013), fatty acids and fatty alcohols (Liu et al. 2011; Yao et al. 2014), and 

several other products (Ducat et al. 2011; Quintana et al. 2011). The appeal of these prokaryotes 

as “mini factories” lies in their ability to capture CO2 from the atmosphere. This decreases the 

feedstock cost and provides a secondary level of environmental benefit (Kumar et al. 2011).  

A primary limitation of industrial use of cyanobacteria is the high cost of culture vessels. 

Open raceway ponds are a low-cost option. The ponds are supplied with nutrients and water either 

continuously or in batch. However, the open-atmosphere design leaves the culture susceptible to 

contamination, and the cost of biomass harvesting and product separation is often high. This design 

remains useful for strains of microalgae with high growth rates or requiring selective growth 

media, such as high alkalinity or salinity (Hu and Richmond 2013). Ponds may be used for products 

requiring little further separation, for example, Spirulina, an edible alga (Earthrise®). In this case, 

the whole cell is dried and pelleted, avoiding the cost of lysing cells and separating the extracted 

metabolites. 

Another system for industrial production of cyanobacteria is the photobioreactor (Sharma 

et al. 2013). Specific styles differ, but common features include (i) a barrier to prevent outside 

contamination and provide better control of conditions, (ii) continuous feed of nutrients, including 
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CO2 and pH adjusters, and (iii) a light source, either directly from the sun or from artificial lights. 

While these allow for greater control than open raceway ponds, the tradeoff is the higher costs in 

purchase and maintenance of these specialized reactors.  

Other drawbacks limiting the industrial implementation of cyanobacteria are low 

production titers and cell biomass production, especially when compared to other industrial 

microbes, such as Escherichia coli and yeast. For example, a 2,3-butanediol production pathway 

was introduced into both E. coli and a strain of cyanobacteria, Synechococcus elongatus sp. 

PCC 7942. Yield in E. coli peaked at 13.8 g L-1 over 40 hours whereas S. elongatus yield peaked 

at 2.38 g L-1 over a longer period of 21 days, a difference of almost two orders of magnitude in 

daily productivity (8.28 g L-1 day-1 versus 0.11 g L-1 day-1) (Oliver et al. 2013). Most of the tools 

used to address these drawbacks have been adapted from E. coli. This causes progress in the 

industrial application of cyanobacteria to lag further behind the existing platform microbes.  

Through metabolic engineering, the cyanobacterial genome can be manipulated to address 

low cell productivity. Metabolic engineering is an emerging field that emphasizes rational 

alterations of organismal metabolism through iterative synthesis and analysis steps 

(Stephanopoulos et al. 1998). Synthesis may involve the overexpression, knockdown, or knockout 

of an existing gene or the introduction of an exogenous gene into the host of interest to facilitate 

product formation. These new pathways are introduced to cellular metabolism through 

recombinant DNA technology. Analysis involves characterizing the strains of interest. The 

characterized strains are compared to a control strain to determine how to engineer the cells for 

further improvement.  

Strain characterization often includes observing rates of (i) substrate consumption, 

(ii) growth, and (iii) product formation to compare the effects of genetic alterations. In terms of 
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carbon flux or flow through the system, substrate consumption is the amount of carbon intake. 

Growth rate is a measure of carbon metabolized into biomass production. Product formation 

reflects carbon flux into the desired sink. Additional measurements may be collected to 

characterize each strain further. Large-scale sets of data used to compare phenotypic responses at 

various subcellular levels are labeled with the suffix ‘-omics’. These include data that span broad 

ranges of cellular metabolism and track changes at the gene, protein, metabolite, or flux levels to 

observe bulk response to stimuli. The information compiled during characterization is used to 

identify specific gene targets for further engineering to improve product formation. Further 

manipulation may include altering the specific genes introduced or removing competing pathways 

within the cells to further increase productivity.  

This project applies metabolic engineering to cyanobacteria. Chapter 2 of this thesis 

reviews previous work on cyanobacteria using the analytical method of metabolic flux analysis 

and also the synthesis of two products from the major precursor pyruvate. Chapter 3 probes an 

analytical model of central carbon metabolism previously applied to cyanobacteria. This study 

highlights key experimental data for reliable estimation of carbon flux through these critical 

pathways. One of the key findings from the previous analysis has been applied to a specific strain 

of aldehyde-producing cyanobacteria in Chapter 4. Strains overexpressing the genes of interest are 

characterized and compared to determine a new target for further gene engineering to optimize 

product formation. Chapter 5 provides a conclusion of the work performed for this thesis and 

suggestions for future direction of this project based on results. 
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CHAPTER II 

 

LITERATURE REVIEW 

 

MFA in Cyanobacteria 

Metabolic flux analysis (MFA) is a useful analysis tool for metabolic engineering. This 

computational tool has allowed for observation of flux in several platform organisms. MFA is 

commonly supplemented with labeling experiments to broaden the range of fluxes feasibly 

estimated and to increase the certainty of the calculations. Following introduction of stable 

isotopically labeled substrates to cells, the resultant labeling of downstream metabolites provides 

information used to quantify intracellular fluxes in pathways of interest. Due to recent advances, 

MFA can be conducted either at metabolic (quasi)steady state or in a more dynamic state of 

metabolism (Leighty and Antoniewicz 2011). Further, labeling may be measured once the atom 

labeling has been fully incorporated, in steady-state MFA (Wiechert 2001), or during the transient 

phase of label incorporation, in isotopically nonstationary MFA (Noh et al. 2007) (Figure 2.1). 

This first section reviews explorations of 13C MFA in cyanobacteria under metabolic steady state, 

using both steady-state labeling measurements and also isotopically nonstationary labeling 

measurements. A summary is provided on previous applications, describing culture conditions 

with emphasis on the labeled substrate(s) utilized and the resulting shifts in metabolism under the 

varying conditions. 

Steady-state 13C MFA. Steady-state MFA was first applied to Synechocystis sp. PCC 6803 

to investigate central carbon metabolism under mixotrophic and heterotrophic conditions (Yang et 

al. 2002a, b, c). The predominant mode of carbon utilization was determined by analyzing 
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metabolite labeling using a mixed feed of 90% unlabeled glucose and 10% fully-labeled 

[U-13C6] glucose. Heterotrophic cells were found to utilize the oxidative pentose phosphate 

pathway (oxPPP) almost exclusively for energy production, with more than 90% of the incoming 

glucose metabolized through this pathway to produce NADPH for growth and respiration. The 

coupling of NADPH production to oxidative phosphorylation represents a unique respiratory 

pathway found in cyanobacteria and is believed to compensate for the lack of an intact 

cyanobacterial TCA cycle (Pelroy et al. 1972). Under mixotrophic conditions, CBB cycle flux was 

approximately two-fold higher than glucose uptake, fueled by NADPH and ATP production from 

photosynthetic light reactions. However, flux through RUBP carboxylase/oxygenase (RuBisCO) 

still only accounted for one-third of the total carbon uptake. A substantial cyclic flux was noted 

through phosphoenolpyruvate carboxylase (PEPC) and malic enzyme (ME) under both 

heterotrophic and mixotrophic conditions, which is similar to the pathway of carbon assimilation 

found in C4 plants.  

In addition to their 13C MFA studies, Yang et al. (2002a) compared mRNA transcript levels 

and protein expressions with pathway fluxes to decipher mechanisms of metabolic regulation. 

Consistent with their flux results, genes encoding phycobilisomes, RuBisCO, and the CBB-cycle 

associated gap2 isoform of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were all 

transcriptionally repressed under heterotrophic conditions, while the oxPPP gene gnd 

(gluconate-6-phosphate or G6P ↔ ribulose-5-phosphate or RU5P) was upregulated by about 60%. 

Conversely, some expression levels did not appear to be in agreement with the flux results, 

indicating post-translational regulation by cellular redox or metabolite concentrations. Several 

genes encoding enzymes of central carbon metabolism were largely unaffected by light at the 

transcriptional level despite dramatic rerouting of flux through these pathways. This work 
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highlighted the utility of 13C MFA to uncover novel insights about regulatory mechanisms when 

combined with other ‘-omics’ platforms.  

Nakajima et al. (2014) combined 13C MFA with metabolomic and transcriptomic analyses 

of Synechocystis to compare cells grown under mixotrophic conditions and photoheterotrophic 

conditions. Labeling was achieved by an optimized mix of 70% [1-13C] glucose and 30% 

[U-13C] glucose while atrazine was added to the photoheterotrophic cultures to inhibit 

photosynthesis. Samples were taken during the exponential growth phase, and nine proteinogenic 

amino acids were selected for analysis: alanine, aspartate, glutamate, phenylalanine, glycine, 

isoleucine, leucine, serine, and valine. A comparison of the fluxes and their 95% confidence 

intervals showed that over half of the fluxes differed significantly between the two culture 

conditions. Changes in enzyme expression within these pathways were less dramatic, with most 

genes differing by less than two-fold between mixotrophic and photoheterotrophic conditions. A 

six-fold increase in RuBisCO activity was observed under mixotrophic conditions when compared 

to photoheterotrophic conditions. However, there was no significant change in the levels of RU5P 

or ribulose-1,5-bisphosphate (RUBP) or in the expression of phosphoribulokinase 

(RU5P ↔ RUBP) or RuBisCO large and small subunits. OxPPP flux was elevated under 

photoheterotrophic conditions to compensate for loss of photosynthetically produced NAPDH, but 

gene expression was again unaffected. In contrast to the previous study of Yang et al. (2002c), 

some residual oxPPP flux was still detectable under mixotrophic conditions. The authors attributed 

this to the lower light intensity used in the more recent study (40 μmol m-2 s-1 vs 125 μmol m-2 s-1), 

consistent with model predictions reported by Shastri and Morgan (2005). The gene that exhibited 

the largest expression change was gap1, which encodes an isoform of GAPDH that is essential for 
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glycolytic glucose breakdown and was suggested to respond to NADPH levels by shifting carbon 

flow between glycolysis and oxPPP.  

Another recent study by You et al. (2014) confirmed conclusions from previous studies in 

Synechocystis under mixotrophic growth conditions. In addition to 13C MFA, isotope dilution 

experiments were performed to identify the presence of particular pathways. Cells were fully 

labeled using NaH13CO3 and [U-13C] glucose. Then unlabeled glyoxylate or glutamate was added 

to determine the activities of specific reactions. The MFA model yielded evidence of high malic 

enzyme activity in agreement with the previous analysis by Yang et al. (2002b). OxPPP flux was 

low under the light- and carbon-sufficient conditions of the early-exponential phase, but labeling 

in late-exponential phase indicated higher oxPPP activity. You et al. focused particular attention 

toward elucidating the direction and activity of the TCA cycle. Similar to the flux analysis of 

Nakajima et al. (2014), this study calculated a zero flux through the glyoxylate shunt. Isotope 

dilution with glutamate detected carbon flow through α-ketoglutarate to succinate, which was 

consistent with activity of the α-ketoglutarate decarboxylase bypass pathway recently discovered 

by Zhang and Bryant (2011). However, 13C MFA verified that flux through this pathway was 

negligibly small, in agreement with previous MFA studies. 

In addition to Synechocystis, other strains of cyanobacteria have also become the subject 

of recent flux profiling experiments. A steady-state 13C labeling study by Feng et al. (2010) 

investigated the effects of different carbon and nitrogen substrates on the central metabolism of 

Cyanothece sp. ATCC 51142 under continuous light conditions. Three labeled substrates were 

tested ([U-13C] glucose, [2-13C] glycerol, and [3-13C] pyruvate) in either nitrogen-fixing or 

nitrogen-sufficient conditions to determine their impacts on growth and amino acid biosynthesis. 

GC-MS was used to analyze the 13C enrichment of five amino acids: histidine and serine, which 
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are synthesized from CBB cycle and PPP intermediates; alanine, which is derived from pyruvate; 

and aspartate and glutamate, which are both TCA cycle derivatives (Figure 2.2). Glycerol addition 

doubled the specific growth rate under both nitrogen-fixing and nitrogen-sufficient conditions, but 

neither glucose nor pyruvate enhanced growth in comparison to a control photoautotrophic culture. 

Consistent with this observation, the contribution of glycerol carbon to amino acid biosynthesis 

was substantially higher than either glucose or pyruvate. Furthermore, the amino acids histidine, 

alanine, and serine were completely derived from glycerol carbon under nitrogen-sufficient 

conditions, indicating a shift to photoheterotrophic growth. This study highlights the use of 

13C labeling studies to reveal major pathways of carbon utilization in less-characterized species.  

Feng et al. (2010) made extensive use of 13C labeling data to determine the contributions 

of extracellular carbon substrates to intracellular amino acid pools but did not attempt to estimate 

intracellular fluxes using rigorous pathway modeling. Another study by Alagesan et al. (2013) 

provided a more comprehensive flux analysis of Cyanothece sp. ATCC 51142 metabolism under 

similar growth conditions. A comparison of these two studies underscores the effects that culture 

conditions and measurement availability have on the computed fluxes. Both groups analyzed 

growth in nitrogen-sufficient and nitrogen-fixing conditions using 13C-labeled glycerol as a carbon 

source. However, Feng et al. determined that a glycerol-fed culture in nitrogen-replete media 

exhibited photoheterotrophic growth in the presence of light, while Alagesan et al. observed 

mixotrophic metabolism under similar conditions. The variation in culture experimental setup 

likely caused this difference, as the latter group chose a higher light intensity (100 μmol m-2 s-1 vs. 

50 μmol m-2 s-1) to avoid light limitation, and the cells were harvested early in the exponential 

growth phase to maintain sufficient CO2 availability. Also, a greater number of amino acids were 

analyzed by Alagesan et al., providing increased redundancy and pathway coverage. This enabled 
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Figure 2.2 – Model for INST-MFA analysis of central carbon metabolism. 
Pathways include the Calvin-Benson-Bassham cycle and oxidative pentose 

phosphate, photorespiration, lower glycolysis, and the TCA cycle. The six 

fluxes used in the simulation studies are colored green. Amino acids are 

colored red. Figure taken from Adebiyi et al. (2014). 
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13C MFA to be performed based on an extensive metabolic model that included a complete TCA 

cycle, as recently reported by Zhang and Bryant (2011). In both cases, the addition of glycerol to 

the media resulted in a higher growth rate, and both groups also noted incorporation of CO2 

through anaplerotic pathways involved in the formation of oxaloacetate (OAA) from PEP (i.e., 

C4-like metabolism). Further evaluation of this strain would benefit from standardized growth 

conditions and also by extending the 13C MFA studies to include additional isotopomer 

measurements beyond those obtained from proteinogenic amino acids.  

Isotopically nonstationary 13C MFA. The development of software packages, such as 

INCA, has enabled INST-MFA studies of autotrophic metabolism in cyanobacteria. These 

complement previous studies that have been limited to heterotrophic or mixotrophic conditions. 

The approach was first applied by Young et al. (2011) to the model cyanobacterium Synechocystis 

growing in a controlled photobioreactor. The study relied on both GC-MS and LC-MS/MS to 

quantify labeling trajectories of 15 intracellular metabolites following administration of 

13C-labeled bicarbonate to the culture. This was the first comprehensive flux analysis performed 

using isotope labeling data obtained in a fully autotrophic system. Steady-state labeling was 

typically achieved in less than 10 minutes, with the notable exception of TCA pathway 

intermediates (e.g., succinate, fumarate, and citrate) that were more slowly labeled. The flux map 

obtained using 13C INST-MFA was compared to a previously published linear programming 

solution that predicted the theoretical optimum flux profile needed to maximize growth and 

minimize light utilization (Shastri and Morgan 2005). Overall, the results indicated that 

photoautotrophically grown Synechocystis cells exhibited suboptimal carbon efficiency, with 

significant loss of fixed CO2 via oxPPP. This provides an example of how flux analysis can be 

used to identify pathways responsible for reduced productivity, by pinpointing processes that 
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contribute to carbon losses. These pathways offer potential metabolic engineering targets that can 

be manipulated to increase flux to desirable products. 

Earlier that same year, Huege et al. (2011) published results from a transient 13C labeling 

study comparing wild-type Synechocystis and two photorespiratory pathway mutants 

pre-acclimated to either high carbon (HC) or low carbon (LC) conditions. In the absence of a 

comprehensive flux analysis, metabolite turnover rates were assessed to provide local flux 

estimates (e.g., sucrose production) based on the observed dynamics of total 13C enrichment.  

Despite differing growth and labeling conditions, the wild-type results were largely in agreement 

with the findings of Young et al. (2011). It was determined in both cases that activity of C3 

metabolism involving RuBisCO was the primary source of carbon fixation, although C4 

metabolism through PEP carboxylase (PEPC) was active to a lesser degree as noted in the 

Cyanothece studies (Feng et al. 2010; Alagesan et al. 2013). However, Huege et al. noted PEPC 

activity only in LC conditions, whereas Young et al. calculated flux in the equivalent of HC 

conditions. Both groups noted that RuBisCO oxygenase activity was very low in the wild-type 

strains. Also, the glyoxylate shunt was found to be inactive in both of these studies, as no evidence 

was found in the 13C labeling data to support its presence under photoautotrophic conditions. 

Lastly, both groups noted the possibility of metabolite channeling within pathways, where 

enzymes catalyzing successive reactions cluster together spatially in order to minimize diffusional 

limitations. This effect was revealed by more rapid 13C enrichment and higher steady-state labeling 

of some downstream metabolites relative to upstream metabolites, which could not be explained 

in the absence of metabolite channeling.   

A similar transient 13C labeling study was recently combined with intracellular metabolite 

profiling to investigate cellular response to nitrate depletion in cyanobacteria (Hasunuma et al. 
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2013). In Arthrospira platensis and Synechocystis, the rate of 
13C incorporation in central carbon 

metabolites and amino acids was determined over a thirty-minute labeling period using NaH13CO3. 

In comparison with cells grown under nitrogen-replete conditions, nitrogen depletion resulted in 

lower cell growth rate, lower percentage of proteins in the cell, and higher glycogen content. The 

13C labeling data indicated that, with the exception of glutamine and glutamate, the enrichment of 

most intracellular metabolites was significantly decreased in A. platensis cells cultivated without 

nitrate. These findings suggest that cyanobacteria placed under nitrogen stress conditions degrade 

intracellular proteins to amino acids, which then serve as the carbon source for glycogen synthesis. 

Summary. MFA has proven useful for elucidating pathways in cyanobacteria. Both SS- and 

INST-MFA have been used to increase understanding of central carbon metabolism, particularly 

the use of oxPPP versus CBB and minimal activity in the TCA cycle and photorespiration. 

Different feed and light conditions exhibited shifts in metabolism to ensure continuous production 

of NADPH in the presence and absence of light. OxPPP was the prominent pathway in 

heterotrophic cells but was also found to be active in mixotrophic cells and even photoautotrophic 

cells, indicating decreased efficiency in carbon metabolism. Conversely, CBB flux was prominent 

in photoautotrophic cells and higher than glucose flux in mixotrophic cells. Combining MFA with 

other analysis methods provided deeper understanding of regulation and specifically demonstrated 

the uncoupling of transcription and translation with metabolism. Overall, this information can be 

used to identify interesting pathways for introducing biofuel or biochemical synthesis genes by 

highlighting sources of abundant carbon versus unused pathways.  
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Optimization of Pyruvate-derived Products in Cyanobacteria 

Pyruvate is produced as the end point of glycolysis and serves as a key metabolic node for 

downstream branches of metabolism, including amino acid synthesis and the TCA cycle 

(Figure 2.3). In metabolic engineering, this metabolite also serves as a precursor for a number of 

products of interest. This review briefly focuses on cyanobacterial production of two of these 

products and the metabolic engineering approaches used to increase productivity in two platform 

strains, Synechocystis sp. PCC 6803 and Synechococcus elongatus sp. PCC 7942. 

Cyanobacterial production of ethanol. Ethanol is one of the most visible biofuels in use 

today. Current production in the U.S. is primarily achieved by processing starch-based crops, such 

as corn. Recent legislation seeks to increase the volume of ethanol produced, but this adds excess 

agricultural stress by requiring increases in crop yields and also in land use (Khoo 2015). Research 

has gone into production of ethanol from platform microbes, such as Escherichia coli. Toxicity is 

a primary limitation to large-scale production. Also, these microbes still require some high cost 

carbon source, negating some of their benefits. Photoautotrophic cyanobacteria remain superior in 

this regard, but productivity remains a significant drawback.  

Exploration into ethanol production by cyanobacteria began in the strain Synechococcus 

elongatus sp. PCC 7942 (S. elongatus). This strain was engineered by Deng and Coleman (1999) 

through addition of pyruvate decarboxylase (pdc) and alcohol dehydrogenase II (adh) from 

Zymomonas mobilis (Figure 2.3). Genes were first placed under control of the 

ribulose 1,5-bisphosphate carboxylase/oxygenase large and small subunit (rbcLS) promoter. The 

promoter led to high expression of PDC and ADH and resulted in ethanol production of 63 mg L-1 

over 21 days (3 mg L-1 day-1) in liquid batch cultures. Further, the pdc start sequence and ribosome 

binding site were replaced with the start sequence and ribosome binding site of rbcLS.  
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Figure 2.3 – Biosynthetic metabolism of cyanobacteria. Highlighted are the pathways 

introduced or engineered for production of pyruvate derivatives, ethanol (blue) and 

2,3-butanediol (red). Abbreviations: 2-AL: 2-acetolactate; 2PGA: 2-phosphoglycerate; 

3PGA: 3-phosphoglycerate; AC: acetoin; ACA: acetyl-CoA; ACE: acetaldehyde; adh: alcohol 

dehydrogenase; AKG: α-ketoglutarate; alsD: acetolactate decarboxylase; alsS: acetolactate 

synthase; BDO: 2,3-butanediol; CIT: citrate; eno: enolase; ETO: ethanol; FUM: fumarate; 

ICI: isocitrate; MAL: malate; me: malic enzyme; OAA: oxaloacetate; pdc: pyruvate 

decarboxylase; PEP: phosphoenolpyruvate; pgm: phosphoglycerate mutase; pyk: pyruvate 

kinase; PYR: pyruvate; SUC: succinate. 
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This modification led to a 2-fold increase in pdc expression and an increase in ethanol production 

to 79 mg L-1 (3.8 mg L-1 day-1). Based on the experimental set up, these values were estimated as 

having a 5 – 15% loss. However, these values remained 100-fold less than the theoretical yield 

based on in vitro enzyme activity assays, which yielded 160 nmol min-1 mg of total protein-1, 

corresponding to a theoretical synthesis rate of 276 mg ethanol OD730
-1 L-1 day-1 versus 

2.5 mg ethanol OD730 
-1 L-1 day-1 produced in an aerated culture. This resulted in the conclusion 

that there was some limitation other than PDC and ADH activity.  

The next exploration into cyanobacteria-produced ethanol was in Synechocystis sp. 

PCC 6803 (Synechocystis) (Dexter and Fu 2009), the first cyanobacterium with a fully-sequenced 

genome. Again, pdc and adh were cloned from Z. mobilis. The genes were placed under control of 

the light-driven photosystem II (psbAII) promoter. Production reached 230 mg L-1 in 5 days 

(average 46 mg L-1 day-1) when grown in batch and around 553 mg L-1 in 6.5 days (average 

85 mg L-1 day-1)  when grown in a photobioreactor. After some time, though, a steep decline in 

ethanol concentration was observed, highlighting the reversibility of the adh enzyme. At its peak, 

the ethanol concentration remained within the range at which toxicity was determined to have 

minimal impacts on cell growth (about 10.6 g L-1). Therefore, the observed reduction in growth 

was attributed to metabolic reprogramming.  

Gao et al. (2012) also focused on ethanol production by Synechocystis. The genes were 

placed under control of the RuBisCO promoter, as with Deng et al. Production was optimized by 

introducing two copies of pdc from Z. mobilis and overexpressing endogenous adh rather than 

introducing the gene from an exogenous source. The genes were integrated into a neutral site and 

into the position of the poly-β-hydroxybutyrate (PHB) producing gene to decrease pyruvate lost to 

PHB simultaneously. This strain yielded 5.50 g L-1 over 26 days in a photobioreactor 
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(average 212 mg L-1 day-1), an increase over strains engineered with pdc and adh both from 

Z. mobilis (1.12 g L-1 or 43 mg L-1 day-1).  

A recent investigation tested the effect of malic enzyme (ME), a pyruvate-forming enzyme, 

on ethanol production in Synechocystis (Yoshikawa et al. 2015). ME was initially deleted. Pdc and 

adh from Z. mobilis were then added to this strain as well as the wild-type strain. Genes were 

placed under control of the promoter for nblA, a key protein of phycobilisomes degradation, 

because promoters from both psbA2 and rbcLS led to severe growth inhibition. Knocking out ME 

led to a decrease in flask production of ethanol compared to the wild-type, 379 ± 10 mg L-1 versus 

422 ± 9 mg L-1 over 12 days (31.6 mg L-1 day-1 versus 35.2 mg L-1 day-1). ME was reconstituted 

in the knockout strain and overexpressed in the wild-type strain under control of the psbA2 

promoter. This led to an 18-fold increase in ME expression and over 2-fold decrease in malate 

intracellular concentration compared to the wild-type ethanol producing strain. However, maximal 

production only increased to 431 ± 19 mg L-1 (35.9 mg L-1 day-1). The authors suggested that ME 

expression was likely outside of the range optimal for ethanol production due to the strength of the 

promoter. 

Despite the increases in productivity, these strains still yielded far less than industry 

standard. A recent review on ethanol production by cyanobacteria discusses industrial production 

by companies such as Algenol Biofuels and Joule Unlimited (Dexter and Fu 2009). The highest 

reported productivity is 552 mg L-1 after 1 day by Algenol (Piven et al. 2014). Of the academic 

research efforts, the highest reported productivity of 212 mg L-1 day-1 was achieved using a strong 

native promoter and the native adh (Gao et al. 2012). The most notable difference between this 

approach and others mentioned was the successful elimination of a competing PHB synthesis, 

leading to increased flux from pyruvate to the desired pathway and increasing production almost 
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5-fold. Moving forward, methods of eliminating competing pathways should be further 

investigated to increase carbon to pyruvate and, further, to ethanol.  

Cyanobacterial production of 2,3-butanediol. The alcohol 2,3-butanediol (BDO) is another 

pyruvate derivative. Like ethanol, BDO has potential as a drop-in fuel (Savakis et al. 2013). It is 

currently in use as the precursor for methyl ethyl ketone, 2-butanol, and 1,3-butadiene, which is 

used to produce polymer and copolymer materials. 

The pathway for biological synthesis of BDO begins at the pyruvate node (Figure 2.3). 

Acetolactate synthase (ALS or alsS) converts pyruvate to 2-acetolactate (2AL). Next, acetolactate 

decarboxylase (ALDC or alsD) converts 2AL to acetoin. This intermediate is more acutely toxic 

to cells, as will be shown later, and may also be secreted and taken up by the cells. The final step 

in BDO synthesis involves acetoin reductase, a secondary alcohol dehydrogenase (AR or adh), 

which converts acetoin to BDO. 

Within the cells, ALDC yields (R)-acetoin, which may be converted either to (meso)-BDO 

or (R,R)-BDO, depending on the reducing enzyme. If the acetoin is secreted, high pH in the 

supernatant may result in its racemization to (S)-acetoin, yielding (S,S)-BDO when taken up by 

the cells and dehydrogenated by AR. These factors have been taken into account in the 

optimization steps performed by the two groups who have studied BDO synthesis in cyanobacteria. 

The first strain of cyanobacteria used for production of BDO was Synechocystis (Savakis 

et al. 2013). Toxicity for this strain was measured as IC50 values of 375 mM (33.8 g L-1) for BDO 

and 95 mM (8.4 g L-1) for acetoin. The first set of enzymes tested were ALS from Enterococcus 

faecalis, ALDC and AR from Lactococcus lactis sp. cremoris. A catabolic ALS was chosen rather 

than an anabolic analog to avoid feedback inhibition from branched chain amino acids. The genes 

were introduced individually under control of the promoter Pt5 for low, unregulated expression 
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and yielded a 12-day production of 2.2 mg L-1 of acetoin (0.18 mg L-1 day-1) and 10.9 mg L-1 of 

BDO (0.91 mg L-1 day-1). A second set of enzymes were introduced into a new strain as a single 

operon under control of IPTG-inducible Ptrc promoter. Using ALS from Leuconostoc lactis NCW1, 

ALDC from Bacillus brevis, and AR from Enterobacter sp. 638 led to acetoin production of 

18.5 mg L-1 and a mixture of 20.0 mg L-1 and 9.0 mg L-1 of (meso)- and D/L-BDO, respectively 

over 12 days (1.5 mg L-1 day-1 of acetoin and 2.4 mg L-1 day-1 total BDO). A subsequent in vitro 

characterization of ALS from L. lactis NCW1 revealed low activity of the enzyme, hinting that 

Synechocystis had its own active ALS. Deleting the exogenous ALS from this strain led to an 

increase in regulation of the remaining proteins ALDC and AR over 2.5- and 1.5-fold, respectively. 

The culture medium was also modified by removing the excess bicarbonate because its addition 

was found to downregulate native ALS. Under these conditions, acetoin and BDO production 

reached 120 mg L-1 and 590 mg L-1 over 29 days with an average daily production around 

5.8 mg L-1 day-1 and 9.0 mg L-1 day-1. Finally, cofactor balances were optimized to control the 

BDO-to-acetoin ratio. Addition of a soluble transhydrogenase (sth; 

NADPH + NAD+ ↔ NADP+ + NADH) from Pseudomonas aeruginosa decreased acetoin as a 

secreted product to around 20 mg L-1 over 13 days (1.5 mg L-1 day-1) and increased BDO to 

140 mg  L-1 over the same time period (11 mg L-1 day-1). Enzymatically, the AR from Enterobacter 

was replaced with an NADPH-dependent AR from L. lactis NCW1 to take advantage of high 

NADPH levels under photosynthesis. Levels of acetoin and the racemic product (S,S)-BDO 

resulting from acetoin in the supernatant remained undetectable over 13 days while levels of 

(meso)-BDO peaked at 190 mg L-1 (15 mg L-1 day-1). 

At the same time Savakis et al. were studying BDO production in Synechocystis, Oliver et 

al. (2013) were applying similar efforts to S. elongatus. As with Synechocystis, toxicity was 
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measured first, but S. elongatus was found to be more acutely sensitive to the products. Acetoin 

led to a 42% decrease in growth in the first 24 hours at a concentration of 0.2 g L-1 versus an IC50 

of 8.4 g L-1 in Synechocystis. The cells were less sensitive to BDO than acetoin, though, exhibiting 

a 2.2% and 8.9% decrease in growth at concentrations of 10 g L-1 and 30 g L-1, respectively.  

Engineering began with introduction of the ALS gene from Bacillus subtilis under control 

of the IPTG-inducible promoter, PLlacO1. Various ALDC enzymes were tested, and two were 

chosen for further investigation. ALDC from Enterobacter aerogenes resulted in moderate acetoin 

production of 108 mg L-1 over 72 hours (36 mg L-1 day-1), while ALDC from Aeromonas 

hydrophila yielded high acetoin levels, 203 mg L-1 over 72 hours (68 mg L-1 day-1). A similar 

screening was performed to select the final enzyme in the pathway, referred to as secondary alcohol 

dehydrogenase (ADH). Four enzymes were chosen, two producing BDO in the (R)-configuration 

and two producing the (S)-configuration. Of these four, the highest productivity in the moderate 

strain over 72 hours was achieved using ADH from Thermoanaerobacter brockii, which yielded 

301 mg L-1 BDO (100 mg L-1 day-1) with 50 mg L-1 of acetoin (17 mg L-1 day-1). However, ADH 

from Clostridium beijernickii yielded the highest productivity with A. hydrophila ALDC, 

952 mg L-1 BDO (320 mg L-1 day-1) with 61 mg L-1 acetoin (20 mg L-1 day-1) compared to 

568 mg L-1 (190 mg L-1 day-1) with 59 mg L-1 acetoin (20 mg L-1 day-1) produced using ADH from 

T. brockii. Long term 21-day culturing of these two strains yielded 2.38 g L-1 BDO with 

C. beijernickii ADH and 1.97 g L-1 with T. brockii ADH (790 mg L-1 day-1 and 660 mg L-1 day-1, 

respectively). When lacI was transcribed in these strains as a repressor, constitutive expression 

was observed in the absence of the inducer IPTG, indicating the presence of leaky expression 

within the construct. It was also observed that increasing enzyme expression did not lead to 
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increased product formation, suggesting a substrate limitation, likely of pyruvate.  These two 

factors have been addressed in the next two papers. 

The first limitation addressed was that of pyruvate availability. Because metabolites from 

the Calvin-Benson-Bassham (CBB) cycle are necessary for carbon fixation, much of the carbon in 

central carbon metabolism is cycled within this pathway rather proceeding from 

3-phosphoglycerate (3PGA) towards pyruvate (Figure 2.3) (Oliver and Atsumi 2015). This work 

targeted the 3PGA to pyruvate pathway within the background of a previously optimized strain 

containing alsS from B. subtilis, alsD from A. hydrophila, and adh from C. beijernickii. 

Overexpressing the first enzyme phosphoglycerate mutase (pgm) in this pathway had no 

significant effect, but overexpressing the final pyruvate kinase (pyk) led to a significant growth 

defect. Total BDO production by these cells remained similar to the control strains, leading to an 

increased per-cell productivity and a final titer around 20 mg L-1 for one strain (strain 9) after 

96 hours (5 mg L-1 day-1). Overexpression of all three genes between 3PGA and pyruvate led to 

slower growth compared to the control but also to a final titer up to 49 mg L-1 (12 mg L-1 day-1) 

over 96 hours. Increasing the light intensity from 55 to 250 μmol photons m-2 s-1 and increasing 

the starting culture density led to a peak production of 726 mg L-1 over 60 hours (290 mg L-1 day-1) 

by strain 9 versus 535 mg L-1 produced by the control strain (214 mg L-1 day-1). Production by the 

pyk overexpressing strain also increased to 500 mg L-1 over 60 hours (200 mg L-1 day-1), and 

growth increased as well. Overexpression of the enzymes within the 3PGA to pyruvate pathway 

under high light and high cell density conditions led to an almost 1.4-fold increase in BDO 

productivity. 

Nozzi et al. (2015) addressed the issue of leaky expression by using a superfolder green 

fluorescent protein (sfGFP) as a reporter. After eliminating the promoter PLlacO1 as a source, leaky 
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expression was discovered in alsS and adh but not alsD. A bacterial promoter prediction program 

identified four and three potential promoter sites, respectively, but testing each site showed the 

leaky expression was a cumulative effect. The greatest constitutive promoter effect was detected 

in alsS. ADH activity increased when placed directly downstream of this gene. Rearranging the 

enzyme order from alsS-alsD-adh to alsD-alsS-adh successfully suppressed expression in the 

absence of IPTG. This led to lower productivity (45 mg L-1 OD730
-1 versus 125 mg L-1 OD730

-1
 with 

addition of 1 mM IPTG). However, this was because the leaky expression led to higher 

accumulation of BDO before IPTG addition in the base strain. This final article highlighted sources 

of leaky expression in exogenous or overexpressed genes and illustrated the tightness in control 

that may be achieved by modifying gene order. 

The 2,3-butanediol synthesis pathway has been successfully introduced into cyanobacteria. 

These analyses highlight a primary difference between two commonly-used strains, Synechocystis 

and S. elongatus, that is, that the former exhibits higher tolerance to potentially toxic products 

(Kämäräinen et al. 2012). Metabolic engineering platform decisions should consider this factor. 

The highest productivity was observed in S. elongatus, peaking at 790 mg L-1 day-1 in a 21-day 

production experiment (Oliver et al. 2013). Subsequent optimization resulted in further 

improvement of this strain by increasing pyruvate through overexpression of enzymes within the 

pathway from 3PGA to pyruvate. The productivity of the control in this experiment was lower 

than the reported values in the previous paper, suggesting culture differences. However, the 

enzyme overexpressing strain showed almost a 1.4-fold increase over the control strain under the 

same conditions. The final optimization scheme of eliminating leaky expression is an especially 

beneficial consideration in systems for which product formation involves growth-inhibiting steps, 

for example, with the pyruvate kinase overexpression. By maintaining this control, cultures can be 
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grown to higher cell densities before product formation is induced, decoupling the two carbon 

sinks and increasing carbon available for product synthesis.  

Summary. Production of these two pyruvate derivatives show promise in increasing the 

industrial feasibility of cyanobacteria. The primary benefit of cyanobacteria over more rapidly 

growing bacteria is its ability to fix CO2. More recently, a group introduced CO2-fixing 

mechanisms within the heterotrophic E. coli (Gong et al. 2015). However, the fixed carbon 

accounted for less than 20% of carbon entering central carbon metabolism, representing 

mixotrophic growth, which is already feasible in many strains of cyanobacteria, including 

Synechocystis. The engineering approaches successfully applied within the optimized strains 

presented within this literature review include the following: 

1) engineering genes, including promoter and ribosome binding site optimization, gene 

codon optimization, and gene order optimization,  

2) eliminating pathways competing for the pyruvate, specifically PHB synthesis,  

3) optimizing enzymes introduced, either by screening exogenous genes or by evaluating 

the potential of endogenous genes, and 

4) adjusting culture conditions, from altering media additives to fit the genes of interest 

to increasing cell density to account for low growth/high product strains. 

These steps consistently yielded increases in product formation and provide avenues for increasing 

the productivity of cyanobacteria. 
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CHAPTER III 

 

SIMULATION STUDY OF METABOLIC FLUX ANALYSIS 

 

Introduction 

Metabolic flux analysis (MFA) is a mathematical modeling approach used to determine 

flow of material through intracellular biochemical pathways comprehensively (Nielsen 2003; 

Sauer 2006; Stephanopoulos 1999; Wiechert 2001). The final outcome of MFA is a flux map that 

depicts the in vivo activity of metabolic enzymes. This information can be used (i) to identify major 

intracellular pathways and critical branch points in the metabolic network, (ii) to calculate rates of 

otherwise unmeasurable pathways, and (iii) to determine maximum theoretical yields for synthesis 

of products or biomass from complex, integrated biochemical pathways (Woolston et al. 2013). 

However, MFA is most useful when flux comparisons can be made between different strains or 

growth conditions and also when combined with other phenotypic data sets. This enables 

researchers (i) to understand flux control at metabolic branch points (Vallino and Stephanopoulos 

1994), (ii) to identify kinetic or regulatory bottlenecks in the metabolic network (Antoniewicz et 

al. 2007), and (iii) to identify targets for re-routing flux to desirable end products (or away from 

wasteful byproducts). One classic example that illustrates the application of MFA for rational 

target selection is the overproduction of lysine in the soil bacterium Corynebacterium glutamicum, 

which has been expertly summarized by Koffas and Stephanopoulos (2005). 

MFA begins with translation of available biochemical and genomic information into a set 

of mathematical equations representing metabolite mass balances. This system of equations can 

be augmented by various thermodynamic and/or regulatory constraints. Stoichiometric MFA 
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approaches apply these balance equations to solve for intracellular fluxes based on measurements 

of extracellular substrate consumption or product formation rates. However, the system of mass 

balance equations is typically underdetermined for realistic metabolic networks, and therefore, it 

is not possible to solve for all intracellular fluxes without making additional ad hoc assumptions. 

In this case, optimization-based or constraint-based methods are often applied to explore the space 

of possible solutions, rather than attempting to identify a unique flux solution. Alternatively, 

additional measurements derived from isotope labeling experiments (ILEs) can be used to generate 

an overdetermined system of equations that can be solved using least-squares regression. ILE are 

accomplished using substrates with isotopically labeled atoms, typically carbon-13 (13C) or 

deuterium (2H). This allows the metabolic model to be expanded to include mass isotope isomer 

(isotopomer) balances of individual metabolites in addition to overall mass balances, altogether 

providing the mathematical basis for 13C MFA calculations. 

Two different 13C MFA approaches have been applied to cyanobacteria: steady-state MFA 

(SS-MFA) and isotopically nonstationary MFA (INST-MFA) (Figure 2.1). A brief review of these 

applications is found in Chapter 2. The term “steady-state” refers to isotopic steady state, in which 

labeling measurements are obtained after 13C from introduced substrates has fully incorporated 

into intracellular metabolites. Ideally, the experiment is performed in a continuous culture to 

maintain metabolic steady state throughout the ILE. Alternatively, cells growing exponentially 

(rapidly dividing) in batch culture may be used to approximate metabolic steady state conditions. 

The isotope tracer for SS-MFA is typically a mixture of 13C-labeled glucose analogs, the 

composition of which is selected to maximize flux precision within the pathways of interest 

(Antoniewicz 2013). Under these conditions, cyanobacteria exhibit mixotrophic or heterotrophic 

metabolism. INST-MFA becomes necessary for studies of autotrophic metabolism. In autotrophic 
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cultures, the condition of isotopic steady state is no longer ideal because addition of single carbon 

tracers (13CO2 or NaH13CO3) results in a uniform 13C-labeling pattern in the downstream 

metabolites. These steady-state labeling measurements fail to reflect carbon atom rearrangements 

within the network (Shastri and Morgan 2007). Rather, transient measurements of isotope 

incorporation following a feed switch from natural H12CO3
-
 to enriched H13CO3

- are used to 

estimate autotrophic fluxes in INST-MFA (Young et al. 2011).  

Recently, a package of MATLAB routines, called INCA (Isotopomer Network 

Compartmental Analysis), was developed to automate the computational workflow of INST-MFA 

(Young 2014). This program solves the coupled system of ordinary differential equations that 

comprise the transient isotopomer balances. INCA relies on the elementary metabolite unit 

framework to simulate transient 13C labeling experiments efficiently (Young et al. 2008), allowing 

for application of INST-MFA to metabolic networks of arbitrary size and complexity. As with 

SS-MFA, the biological system must be maintained at metabolic steady state throughout the 

labeling time course, but INST-MFA tracer experiments are performed on a time scale of minutes 

rather than hours to assess the dynamics of 13C incorporation (Nöh and Wiechert 2006).  Rapid 

sampling and cold-quenching of cells are required to arrest the in vivo labeling state of central 

carbon metabolites, which is then measured in cell extract samples using mass spectrometry 

(Jazmin et al. 2014; Jazmin and Young 2013). 

In INST-MFA, a stable isotopically labeled carbon source is introduced to cells, and the 

labeling of the intracellular metabolites is measured over a series of time points (Figure 3.1). Gas 

chromatography with mass spectrometry (GC/MS) is used to quantify the mass isotopomer 

distribution of each metabolite at each time point. This yields a large amount of data. To aid in 

simplifying this method of analysis, a previous model was probed to assess if there exists a minimal   
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  Figure 3.1 – Workflow of INST-MFA in cyanobacteria. Labeled CO2 or bicarbonate is fed 

to a culture at metabolic (quasi)steady state, and metabolite labeling is measured over time 

using mass spectrometry. The mass isotopomer distributions (MIDs) of all measured 

metabolites are compared with simulated values produced by a mathematical model of the 

transient isotopomer balances. The fluxes in the model are iteratively adjusted until the 

simulated MIDs match their experimentally determined values.  Figure taken from Adebiyi et 

al. (2014). 
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set of data that could be inputted into INCA and yield a reliable set of flux estimates. The following 

sections provide data on subsets of metabolite and time points, emphasizing which groupings most 

affected flux uncertainties and highlighting their significance within the metabolic model.  

 

Method 

The precision of flux estimates obtained from INST-MFA is dependent upon the 

measurement of metabolite labeling within the pathways of interest. In order to assess the relative 

importance of the measurements included in a prior cyanobacteria study (Young et al. 2011), the 

same model and flux estimates were used to simulate time-course mass isotopomer measurements 

at the times listed in Table 3.1. Then best-fit model parameters were estimated using the full 

complement of MS measurements and assuming 0.5 mol% uncertainties on all values (Base Case 

model). Next, all of the mass isotopomer measurements used for the simulation were separated 

into one of six groups based on their location within the metabolic network (Table 3.2 and 

Figure 2.2) and the fluxes were re-estimated after inactivating each group, separately. Inactivating 

measurements did not change the best-fit values of the estimated fluxes, but the estimated 

uncertainties fluctuated in several cases.  

To precisely quantify flux uncertainties, 95% confidence intervals (CIs), indicating the 

range of feasible flux values given the available data, were computed for the following six net 

fluxes, which together span the null space of the stoichiometric matrix and represent all 

independent degrees of freedom for the model: glucose-6-phosphate (G6P) dehydrogenase 

(G6PDH), part of the oxidative pentose phosphate pathway (oxPPP); ribulose-1,5-bisphosphate 

(RUBP) carboxylase (RBC) and sedoheptulose-1,7-bisphophatase (SBPase), both from the 

Calvin-Benson-Bassham (CBB) cycle; RUBP oxygenase (RBCOX) of the photorespiratory (PR)  
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Table 3.1 – Simulated time points for mass 

isotopomer measurements.  

 

Time points are calculated as suggested by Nöh 

and Wiechert (2006) using ti = abi-1 for a = 20 

and b = 1.525. Exact times were rounded as 

shown. Table taken from Adebiyi et al. (2014). 

 

Table 3.2 – Ion fragment groupings by pathway. 

 

The mass spectrometry metabolite ion fragments from the original INST-MFA model (Young 

et al. 2011) were placed into groups based on pathway and size. Pathways include Calvin-

Benson-Bassham cycle, tricarboxylic acid (TCA) cycle, PEP-MAL cycle, photorespiration, and 

the oxidative pentose phosphate pathway. Abbreviations: 3PGA: 3-phosphoglycerate; CIT: 

citrate; DHAP: dihydroxyacetone phosphate; F6P: fructose-6-phosphate; FUM: fumarate; 

G6P: glucose-6-phosphate; GA: glycerate; GAP: glyceraldehyde-3-phosphate; MAL: malate; 

PEP: phosphoenolpyruvate; R5P: ribose-5-phosphate; RUBP: ribulose-1,5-bisphosphate; 

RU5P: ribulose-5-phosphate; S7P: sedoheptulose-7-phosphate; SUC: succinate. Table taken 

from Adebiyi et al. (2014). 
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pathway; malic enzyme (ME) of the phosphoenolpyruvate (PEP) cycle (PEP-cyc: formed by PEP 

carboxylase, malate dehydrogenase, and malic enzyme); and malate synthase (MS) of the 

tricarboxylic acid cycle glyoxylate shunt. A group of metabolites was considered to contribute 

significantly to the flux uncertainty if the value increased over an arbitrary threshold of 1.5-fold in 

response to inactivation of the metabolites. Any groups found to be significant based on this 

criterion were further examined by inactivating each individual metabolite within the group to 

determine which contributed the most towards the observed increase in flux uncertainty.  

 

Results and Discussion 

The simulation illustrated the importance of local intermediate metabolites on flux 

measurements. The results from the flux uncertainty analysis fell into natural groupings based on 

pathway location as shown in Figure 3.2. The uncertainties of upper glycolytic enzymes G6PDH, 

RBC, and RBCOX increased by 1.5- to 1.6-fold upon deactivation of the CBB-5C/7C group, yet 

further analysis showed that this was a cumulative effect of all four metabolites within the group 

rather than the result of one specific metabolite. Conversely, the uncertainties of G6PDH and RBC 

nearly doubled with inactivation of G6P, and that of RBCOX quadrupled following inactivation 

of PR pathway metabolite glycerate (GA). The uncertainty of the remaining upper glycolytic flux, 

SBP, was strongly affected by inactivation of both CBB cycle groups. In this case, the change 

induced by deactivating the CBB-3C/6C group was most influenced by DHAP (1.6-fold increase), 

while the response to deactivating the CBB-5C/7C group was more clearly due to inactivation of 

the S7P measurement (8-fold increase). The final flux grouping contained enzymes ME and MS 

for which significant changes were observed upon inactivation of the TCA pathway measurements 

(over 5-fold and 2-fold, respectively) and PEP cycle measurements (over 2.5-fold and 1.5-fold,  
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respectively). Citrate contributed the most towards the importance of the TCA group, although no 

single measurement within this group was responsible for the entirety of the observed effect on 

either ME or MS. Inactivation of MAL alone led to a nearly 2.5-fold increase in the ME uncertainty 

and over a 1.5-fold change in the MS uncertainty. Interestingly, inactivation of GA of the PR 

pathway led to an almost 4-fold increase in the MS uncertainty because the MS substrate, 

glyoxylate, is also an intermediate of the PR pathway (Figure 2.2). 

In general, each enzyme’s substrate(s) and product(s) affected the flux uncertainty most 

significantly. Availability of these measurements directly improves the reliability of flux 

estimations by constraining the intermediate balance equations. Without this information, the 

program must estimate flux values based on less direct measurements. In cyclic pathways or 

reversible reactions, these metabolites become even more necessary, as seen with SBP. 

Furthermore, product measurements aid in estimating flux distribution between branched 

pathways, for example, between RBC and RBCOX. A number of metabolites across central carbon 

metabolism are becoming detectable using GC/MS (Wegner et al. 2014).  

The effects of varying the number and span of sampling time points was also investigated. 

Different sets of time points were inactivated, and uncertainties were re-estimated for the same six 

independent fluxes (Figure 3.3). Most flux estimates were fairly robust to dropping evenly spaced 

time points (“Odd time points” and “Even time points”). Within this subset, only the reliability of 

the SBP flux estimation was affected, almost doubling upon inactivation of odd time points. This 

appears to be largely due to loss of information at the early time points since dropping all time 

points under 2 min (“Time pts 1  5”) caused the SBP flux uncertainty to increase almost 4-fold. 

Conversely, the remaining fluxes were more strongly affected by inactivation of the late time 

points (“Time pts 6 – 10”). This is counterintuitive given that the emphasis of this method is on  
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Figure 3.3 – Changes in flux uncertainties following time point 

inactivation. (a) Time points from Table 3.1 were inactivated in 

combinations as listed to determine their effect on flux uncertainty. 

(b) Time points are optimized to include transient 13C incorporation 

labeling. The dotted line separates time points 1 – 5 from 6 – 10. 

Figure taken from Adebiyi et al. (2014). 
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transient incorporation of labeled carbon into intracellular metabolites. Overall, the initial time 

point and a small subset of the final time points are concluded to be sufficient for an initial flux 

estimate, though the remaining time points are still necessary to increase flux precision, as noted 

in comparison of “all except pts 4,7,10” to “even time points” in Figure 3.3. 

  

Conclusion 

This simulation study has provided new insights into the requirements for flux estimation 

using INST-MFA. The study illustrates the importance of metabolites representative of the 

pathways and enzymes to be observed. Specifically, the substrates and products should be included 

where possible, especially in cyclic or branched pathways. For time points, a reliable flux 

estimation may be generated using only the initial time point and three time points approaching 

steady-state enrichment. A select subset of the previous data has been shown as sufficient to 

provide an initial estimate of the six flux values using this criteria (Figure Appendix A.2). 

However, increasing the number of metabolites and the number of time points will aid in increasing 

accuracy and lowering the uncertainty of the flux estimates by increasing redundancy.  
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CHAPTER IV 

 

ENGINEERING OF CYANOBACTERIA FOR INCREASED ALDEHYDE PRODUCTION 

 

Introduction 

Synechococcus elongatus sp. PCC 7942 (S. elongatus) has been previously engineered to 

produce isobutyraldehyde (IBA) (Atsumi et al. 2009) (Figure 4.1a). The gene encoding 

ketoisovalerate decarboxylase (KIVD) has been obtained from Lactococcus lactis and introduced 

into the S. elongatus genome. KIVD catalyzes conversion of the branched chain keto-acids, 

ketoisovalerate and ketoisocaproate, from the valine and leucine synthesis pathways into 

isobutyraldehyde (IBA) and isovaleraldehyde (IVA), respectively (Figure 4.1b).  

IBA, the product of interest, is a direct precursor of isobutanol. As a potential fuel additive, 

isobutanol is an improvement over ethanol with its higher energy content (82% of gasoline 

versus 65%) and lower water solubility (8.5% miscible versus 100%), among other qualities (Ryan 

et al. 2011). This alcohol has also been used historically in place of n-butanol, primarily as a 

“process solvent in the flavor and fragrance, pharmaceutical, and pesticide industries” 

(Billig 2000). Isobutanol is produced industrially from hydrogenation of IBA, which is produced 

in a mixture with n-butyraldehyde (nBA) from propylene. Compared to isobutanol, the aldehyde 

IBA is a more advantageous target product for biosynthesis because its high volatility allows the 

chemical to be easily stripped from culture. This minimizes toxic effects upon the cells. 

As shown in Figure 4.1a, IBA is a downstream product of pyruvate, a major metabolic 

node that primarily functions as the branch point between energy-producing glycolysis and the 

TCA cycle, which is used in most organisms to generate precursor metabolites for cell growth. 
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Figure 4.1 – Overview of the metabolic pathway of the IBA-producing strain. 

(a) Ketoisovalerate decarboxylase (kivd) from Lactococcus lactis was introduced 

into Synechococcus elongatus sp. PCC 7942 to convert a pyruvate derivative KIV 

to IBA (Atsumi et al. 2009). The strain was further optimized by addition of genes 

from Bacillus subtilis (alsS) and Escherichia coli (ilvC and ilvD). An analysis by 

Young et al. (2011) showed that PEP carboxylase (pepc), malic enzyme (me), and 

malate dehydrogenase (mdh) provide a natural pathway around the bottleneck in 

enzymatic pyruvate conversion by pyruvate kinase (pyk). Enzymes highlighted in 

blue were introduced by Atsumi et al.; enzymes in red were introduced for this 

project. (b) KIVD facilitates decarboxylation of KIV and KIC to IBA and IVA, 

respectively. Abbreviations: 2-AL: 2-acetolactate; 3-PGA: 3-phosphoglycerate; 

ACA: acetyl-CoA; AKG: α-ketoglutarate; ALA: alanine; CIT: citrate; 

DHIV: 2,3--dihydroxy-isovalerate; IBA: isobutyraldehyde; IVA: isovaleraldehyde; 

KIC: α-ketoisocaproate; KIV: α-ketoisovalerate; LEU: leucine; MAL: malate; 

OAA: oxaloacetate; PEP: phosphoenolpyruvate; PYR: pyruvate; SUC: succinate; 

VAL: valine. 
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Additionally, pyruvate is the direct precursor of the proteinogenic amino acids alanine, valine, 

leucine, and isoleucine. In metabolic engineering of cyanobacteria, pyruvate has found use as a 

major precursor for production of several biofuels and biochemicals (Angermayr et al. 2015). A 

brief review of two more pyruvate derivatives and metabolic engineering efforts applied towards 

increasing productivity in cyanobacteria was provided in the Literature Review in Chapter 2.  

Pyruvate is formed by pyruvate kinase (PYK) as the final step of glycolysis. PYK catalyzes 

conversion of phosphoenolpyruvate (PEP) to pyruvate. High levels of ATP, produced in 

abundance during photosynthesis, have been found to inhibit PYK activity (Knowles et al. 2001). 

Decreased PYK flux has been observed in vivo by an isotopically nonstationary metabolic flux 

analysis (INST-MFA) of the cyanobacterium Synechocystis sp. PCC 6803 under photoautotrophic 

conditions (Young et al. 2011). In the analysis, a natural PYK bypass was noted in which carbon 

was channeled from PEP into pyruvate through a three-step pathway involving PEP carboxylase 

(PEPC), malate dehydrogenase (MDH), and malic enzyme (ME) (Figure 4.1a). Based on the 

INST-MFA results, a comparable amount of pyruvate was produced through this bypass rather 

than through PYK (5.3 ± 0.8 moles of ME flux per 100 moles of CO2 assimilated versus 

9.5 ± 0.8 mol of PYK flux per 100 mol CO2). A more recent analysis performed in wild-type 

S. elongatus also noted higher carbon flux through PEPC, MDH, and ME rather than through PYK 

(Figure 4.2) (Jazmin 2015). Carbon flux from PEP was significantly greater through PEPC 

(0.189 ± 0.009 mmol gDW-1 h-1) than through PYK (0.004 ± 0.003 mmol gDW-1 h-1). Flux into 

pyruvate from ME (0.023 ± 0.015 mmol gDW-1 h-1) was also five times greater than flux from 

PYK. This bypass provides a potential method for increasing flux to pyruvate, benefitting 

subsequent production of its derivatives.  
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Figure 4.2 – Comparison of flux into pyruvate. The combination of 

PEP carboxylase (PEPC), malate dehydrogenase (MDH), and malic 

enzyme (ME) form a natural pyruvate kinase (PYK) bypass to increase 

carbon flux to pyruvate. 13C MFA analysis of S. elongatus was used to 

estimate the flux through each enzyme. Data ± SEM; n = 3; **p < 0.01.  
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            The IBA-producing cyanobacteria have been engineered through overexpression of each 

bypass pathway gene: PEPC, MDH, and ME (Table 4.1). For comparison, the PYK enzyme has 

also been overexpressed within the IBA-producing strain. This set of single-gene overexpression 

strains comprise the initial set for characterization. The strains showing the greatest increase in 

IBA production compared to the base strain will be selected as the background for double- and 

triple-gene overexpressions with the objective of maximizing carbon flux within this bypass 

pathway to increase flux to pyruvate and, ultimately, IBA. 

 

Method 

Culture conditions. Experiments were performed with three biological replicates per strain 

in BG11 media1 modified with the addition of 50 mM NaHCO3. Each strain was inoculated to a 

starting optical density (OD750nm) of 0.4 in 75 mL. Temperature was maintained at 30°C in a water 

bath on a platform shaker set to 130 rpm. To begin, the cultures were placed in the dark to 

synchronize the circadian rhythm of the cells. Flasks were removed from the dark after 12 hours 

and returned to the water bath under a light intensity of 150 μE m-2 s-1. The cultures were induced 

with 1 mM isopropyl-beta-D-thiogalactopyranoside (IPTG) to begin expression of the introduced 

genes. Measurements began six hours after induction. 

Strain construction. The base IBA-producing strain was obtained from the lab of James 

Liao in University of California – Los Angeles. Further engineering was performed by Yao Xu 

and Lara Jazmin of Vanderbilt University. Each enzyme for overexpression was cloned into a 

vector encoding carbenicillin resistance. Genes were placed under control of the promoter lacP for 

                                                 
1 BG-11 medium contains the following per 1 L of deionized water: 1.5 g NaNO3, 0.04 g K2HPO4, 0.075 g MgSO4, 

0.036 g CaCl2, 0.012 g FeNH4, 0.001 g Na2EDTA, 0.02 g Na2CO3, and 1 mL of trace element mix A5 [2.86 g L-1 H3BO3, 

1.81 g L-1 MnCl2, 0.222 g L-1 ZnSO4, 0.391 g L-1 Na2MoO4, 0.079 g L-1 CuSO4, 0.0494 g L-1 Co(NO3)2].   
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Table 4.1 – Strain list.  

 

Strains were created by Yao Xua and Lara Jazminb. 
aDepartment of Biology and Microbiology, Vanderbilt University, Nashville, TN. 
bDepartment of Chemical and Biomolecular Engineering, Vanderbilt University, Nashville, TN. 

(1) Atsumi et al. 2009 
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induction by IPTG. Upon selective pressure, the cells incorporated the plasmids into their 

chromosome, resulting in a stable recombination. The genes encoding malic enzyme and 

phosphoenolpyruvate carboxylase were cloned from wild-type S. elongatus. Malate 

dehydrogenase was obtained from Synechocystis sp. PCC 6803 and codon optimized for insertion 

into the S. elongatus strain.   

Growth experiments. Growth was monitored over a 48-hour period during the exponential 

growth phase. The time period was chosen to encompass at least one doubling time. Rates were 

calculated using the MATLAB-based software package called ETA (Extracellular Time-course 

Analysis) (Murphy and Young 2013) and compared to wild-type S. elongatus. Significant 

decreases in growth rate of the engineered strains compared to the controls indicated increased 

metabolic burden. 

Quantification of aldehydes. IBA and IVA were readily stripped from the liquid culture 

due to their high volatility. Air was bubbled into rubber stoppered culture flasks, and the effluent 

was condensed in a series of two cold traps containing 25 mL of 1,2-propanediol. The first trap 

was placed on ice to condense water from the vapor; the second was placed in a chiller set to -28°C. 

Samples were taken from the traps and analyzed in a gas chromatograph with flame ionization 

detector (GC/FID)2 with 1 mM n-butyraldehyde (nBA) added as an internal standard to determine 

aldehyde concentration. The parent IBA-strain served as the primary control while a wild-type 

S. elongatus was used as a negative control.  

Metabolite pool size measurements. Thirty hours after induction, a sample of 20 mL of 

culture was drawn, rapidly added to a chilled PBS solution to quench metabolism, and placed on 

                                                 
2 The samples were run using a Shimadzu Scientific Instrument GC 2010 equipped with a DB-Wax column (Agilent 

Technologies; 30 m x 0.20 μm x 0.20 mm ID). Temperatures were as follows: injection temperature, 210°C; detector 

temperature, 250°C; column oven temperature program, 30°C for 6 minutes, ramp 30°C min-1 to 230°C then hold 6 

minutes. Carrier gas used was helium. Injection volume was 0.5 μL using a split ratio of 10:1.  
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ice. Cells were pelleted out of solution and lysed to extract the intracellular metabolites. The polar 

metabolites were first derivatized by dissolution in a methoxyamine (MOX; Pierce, Rockford, IL) 

reagent. Following sonication and incubation, samples were reacted with N,O-

bis(trimethylsilyl)trifluoroacetamide (BSTFA) + 10% trimethylchlorosilane (TMCS) for further 

derivatization  and incubated overnight. Samples were then centrifuged to remove further 

dissolved residue and analyzed using GC/MS3, using norvaline as an internal standard for 

comparison among strains.  

 

Results and Discussion 

Strain characterization was accomplished by comparing carbon flux into two primary 

sinks, biomass and aldehydes. Flux into biomass formation was measured as growth rate. 

Introduction of new carbon-consuming pathways was expected to result in decreased growth as 

carbon is redirected from biomass. However, among the strains, there was no significant difference 

in growth rates (Figure 4.3). The average doubling time of 34 hours was higher than the reported 

value of less than 14 hours in the same strain (Kuan et al. 2015). This was likely an effect of the 

higher starting cell density in the batch culture (OD ≅ 0.4) resulting in self-shading of the 

photoautotrophic cells. Comparison of growth rates in a six-day experiment that began at lower 

cell densities (OD ≅ 0.05) supported this conclusion (Appendix A.3). The parent IBA-producing 

strain trended towards slower growth (μ = 0.0203 ± 0.0012 h-1) in comparison to the wild-type 

(WT) S. elongatus strain (μ = 0.0239 ± 0.0012 h-1). The remaining mutant strains exhibited growth 

rates more consistent with the parent IBA-producing strain. The lowered rate suggests that less 

                                                 
3 Samples were run using an Agilent Technologies 7890 gas chromatograph equipped with a DB-35MS column 

(Agilent; 30 m x 0.25 mm x 0.25 mm ID). Temperatures were as follows: injection temperature, 270°C; column oven 

temperature program, 80°C for 5 minutes, ramp at 10°C min-1 to 320°C then hold 5 minutes. Carrier gas used was 

helium. Injection volume was 1 μL, and samples were run in splitless mode.  
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Figure 4.3 – Effect of strain engineering on growth. Growth 

was tracked by measuring optical density over forty-eight hours 

following gene induction using 1 mM IPTG. Wild-type 

S. elongatus served as control. Data ± SEM; n ≥ 6.  
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carbon was fixed into biomass, consistent with carbon diversion into aldehyde synthesis.  

GC/FID was used to quantify flux into aldehyde production over time.  As previously 

mentioned, KIVD facilitated the production of two volatile aldehydes, IBA and IVA. Capture of 

these aldehydes was achieved by bubbling humidified air through rubber stoppered flasks and into 

a series of two solvent-filled traps (Appendix B.1). The sum of IBA and IVA was compared among 

the engineered strains, using the parental IBA-producing strain as the control (Figure 4.4). 

Overexpression of ME resulted in increased aldehyde productivity (1.2-fold increase relative to 

the parental IBA-producing strain). This enzyme served as the final, committed step in pyruvate 

synthesis through the bypass, pulling carbon into pyruvate and, ultimately, IBA. The increased 

production observed upon overexpression suggested that ME was the rate-determining enzyme 

within the PYK bypass. 

Another characterization tool employed to compare the strains was observing the pool sizes 

of intracellular metabolites. Pool size measurements provided useful information regarding 

intracellular flux. Accumulations and depletions in pathway intermediates were used to identify 

enzymes with low and high conversion rates, respectively, and also to identify downstream 

bottlenecks. For this experiment, cells were grown in liquid culture for thirty hours in constant 

light before sampling and rapidly quenching metabolism. The intracellular metabolites were then 

extracted and derivatized to quantify the pool sizes using GC/MS. Metabolites were selected to 

show carbon distribution around the pyruvate node and the TCA cycle. The pool sizes of key 

metabolites within this lower portion of central carbon metabolism were quantified for WT, the 

parental IBA-producing strain, and the four engineered strains. Figure 4.5 shows the pool sizes of 

six metabolites, each normalized to an internal standard, norvaline, and expressed relative to the 

WT strain. 
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  Figure 4.5 – Intracellular pool sizes of pyruvate derivatives. The 

fragment ion counts of metabolites derivatized by MOX and TMS were 

quantified using GC/MS. Abbreviations: AKG: α-ketoglutarate; 

MAL: malate; PYR: pyruvate; SUC: succinate; VAL: valine.  

Data ± SEM; n = 4; **p < 0.01. 

 

Figure 4.4 – Effect of enzyme overexpression on aldehyde production. 

Isobutyraldehyde and isovaleraldehyde were captured for 24 hours after 

induction with 1 mM IPTG and quantified using GC/FID. The total 

aldehyde productivity from each flask was normalized to the average 

productivity of the parental IBA-producing culture. Data ± SEM; n ≥ 6.  
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Overexpression of PEPC, MDH, and ME showed preferential accumulation of metabolites 

within the reductive branch of the TCA cycle. Cyanobacteria have an incomplete TCA cycle as 

their genome does not encode the enzyme α-ketoglutarate dehydrogenase to catalyze conversion 

of α-ketoglutarate (AKG) to succinate (SUC) (Figure 4.1). The reductive branch of the cycle 

includes the MDH enzyme and terminates in SUC. The pool size of SUC showed a 1.5-fold to 

3-fold increase in the parental IBA-producing strain and in strains overexpressing the PYK bypass 

genes. This suggested that increased carbon entering the reductive branch of the TCA cycle 

proceeded down the pathway to SUC rather than cycling up to pyruvate. Conversely, 

overexpressing PYK decreased flux from PEP into this branch, as evidenced by the 65% decrease 

in the SUC pool size with respect to WT and 80% decrease with respect to the parent 

IBA-producing strain.  

Malate (MAL) was another metabolite within the reductive branch that exhibited a 

significant difference in pool size. In the MDH-overexpressing strain, the two MAL fragments 

showed greater than 10-fold and 11-fold increases relative to the WT pool size (Figure 4.5). This 

showed that MDH overexpression was successful in increasing carbon flux into MAL but unable 

to increase flux into pyruvate. Conversely, 8-fold and 6-fold decreases were observed for the 

fragments in the ME overexpression strain. These values identify ME as a pivotal enzyme within 

the bypass pathway. This provides a physiological explanation as to why ME increased IBA 

production and verifies the potential of the PYK bypass in increasing productivity of pyruvate 

derivatives.  

 

Conclusions 

An alternate pathway was suggested and tested for increasing pyruvate. Successful increase 

in pyruvate production was expected to increase production of pyruvate derivatives, IBA and IVA. 
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Single gene overexpression identified the rate-determining enzyme as ME. Overexpression of ME 

resulted in depletion of the MAL pool into pyruvate for increased IBA formation. This provided 

verification of the potential of this PYK bypass pathway for increasing formation of pyruvate 

derivatives.  
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CHAPTER V 

 

CONCLUSION 

 

Summary 

This thesis has focused on the application of metabolic engineering towards improving the 

industrial potential of cyanobacteria. The chapters detail methods of analyses using MFA and 

strain characterization. In this work, these methods were used to determine the metabolic 

phenotype of different strains and to identify targets for further genetic engineering. The validated 

analysis methods provide an effective toolset for subsequent strain engineering.  

Chapter 3 discussed the simulation results of an INST-MFA application to cyanobacteria. 

The goal was to determine a minimal data set that could be introduced to the computational 

program and yield a reliable flux estimation. The metabolites that were found to exert the greatest 

influence on the model were the substrates and products of the enzymes studied. Time points 

approaching steady-state labeling most significantly affected the flux reliability, decreasing 

uncertainty. Using this information, a minimal set of data was tested using simulated data and 

experimental data (Appendix A). The analysis verified that the minimal set could be used to 

estimate model fluxes. However, it also highlighted the benefit of a broader set, that is, to increase 

the certainty and reliability of the flux estimation.   

Chapter 4 provided data on the characterization of strains engineered to produce aldehydes. 

The previous MFA analysis highlighted a bottleneck in production of pyruvate, the major 

metabolite precursor, as evidenced by comparable flux through a bypass pathway. Each gene 

within the bypass pathway was overexpressed to determine its effect on carbon flux towards 
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product. The malic enzyme overexpressing strain showed increased aldehyde productivity over 

the base strain and was shown to deplete the precursor pool in favor of pyruvate formation. The 

characterization results indicated potential targets for further genetic engineering. 

 

Recommended Future Works 

To further increase aldehyde productivity, the bypass genes, PEPC, MDH, and ME, may 

be overexpressed in combination. Of the possible pairwise combinations, co-expression of ME 

and MDH shows the most potential to improve productivity. From Chapter 4, it was observed that 

MDH overexpression increased the malate pool while ME overexpression depleted it, suggesting 

that, in combination, these enzymes could significantly increase pyruvate production. Conversely, 

MDH-PEPC shows the least potential and will likely lead only to malate pooling, as observed in 

overexpression of MDH. Overexpression of all three genes would be anticipated to increase 

aldehyde production most significantly. 

Exploration of productivity in cyanobacteria would benefit from metabolic flux analyses 

of the overexpression strains characterized in this work. As discussed in the literature reviews, 

MFA has been seldom applied to autotrophic cells. Only three articles have been published 

applying INST-MFA to cyanobacteria (Hasunuma et al. 2013; Huege et al. 2011; Young et al. 

2011) with only Young et al. yielding a flux map. INST-MFA of the ME-overexpressing strain 

can be used to verify the conclusions derived from the metabolite pool study experiment. It may 

also serve to identify pathways that could be knocked down or deleted to further increase carbon 

for product formation.  
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Conclusion 

This project addressed one of two primary drawbacks for implementation of cyanobacteria, 

that is, productivity. However, further improvements can and should be made in this respect. 

Continuous efforts towards building the cyanobacteria toolset will prove beneficial in increasing 

its industrial feasibility. Justification for this exploration is that use of cyanobacteria has the 

potential (i) to decrease dependence on nonrenewable resources, including crude oil, 

(ii) to decrease side effects on the agricultural industry, resulting from use of arable land and 

consumable feedstocks, and (iii) to reduce carbon dioxide levels in the atmosphere, reversing 

effects of parallel industries. Cyanobacteria certainly illustrate potential, and industry will greatly 

benefit from continued exploration in this regard.  
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APPENDIX A 

 

SUPPLEMENTAL DATA 

 

Minimal Data Set for INST-MFA 

The conclusion from the simulation experiment was that (i) the substrates and products 

should be included where possible, especially in cyclic or branched pathways and that, (ii) for time 

points, a reliable flux estimation may be generated using only the initial time point and three time 

points approaching steady-state enrichment. For verification, these criteria were applied to the 

Synechocystis model using the simulated data as well as the experimental data. Actual 

experimental error values were used for the experimental data set whereas the error for the 

simulated data was set to 0.5 mol%. Seven metabolites were initially selected, but an eighth 

metabolite was needed to bound the confidence intervals for the experimental data (Table A.1). 

Four time points were chosen as suggested (Figure A.1).  As shown in Figure A.2, there is good 

agreement between the best fit and optimized minimal set with only a slight increase in the 

confidence interval. The flux estimate values did change in the case of the minimal set using 

experimental data. However, the best fit values for each flux were still within the confidence 

interval of the estimated fluxes, indicating that these values may be improved to the correct value 

by increasing the number of data points.   
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Table A.1 – Minimal subset of metabolites for INST-MFA.  

 

Seven metabolites were chosen to test if there is a minimal set using which will result in a 

reliable initial flux estimate. *An eighth metabolite, DHAP, was found necessary to bound the 

confidence interval of SBP. The group numbers correlate with Table 3.2. Abbreviations: 

3PGA: 3-phosphoglycerate; CIT: citrate; DHAP: dihydroxyacetone phosphate; G6P: glucose-

6-phosphate; G6PDH  glucose-6-phosphate dehydrogenase; GA: glycerate; MAL: malate; 

ME: malic enzyme; MS: malate synthase; RBC: ribulose-1,5-bisphosphate carboxylase; 

RBCOX: ribulose-1,5-bisphosphate oxygenase; RUBP: ribulose-1,5-bisphosphate; 

S7P: sedoheptulose-7-phosphate; SBP: sedoheptulose-1,7-bisphosphatase. 

 

Figure A.1 – Minimal subset of time points for INST-MFA. Time points chosen 

include the initial time point (0 min. for the simulated data, 0.3333 min. for the 

experimental data) and time points approaching steady state. In the absence of a 

4.1667 min. time point for the experimental data, an 8 min. time point was used. 
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Figure A.2 – INST-MFA fluxes calculated using a minimal subset of inputs. Fluxes 

were estimated using the metabolites listed in Table A.1 and time points shown in 

Figure A.1 and compared to the best fit model. Data = value ± 95% confidence interval.  

 



54 

 

Light-dependent Growth Rate 

An optimized growth rate of Synechococcus elongatus sp. PCC 7942 was most recently 

reported as μ = 0.052 h-1 by Kuan et al. (2015), yet the growth rates determined within experiments 

performed for this thesis were consistently μ ≅ 0.020 h-1. The primary difference that was 

investigated was initial culture densities as this effects light availability. Because cyanobacteria 

are photoautotrophic, it followed that more dense cultures, which resulted in increased self-shading 

of the cells, would exhibit lower growth rates. To verify that this was, in fact, the source of the 

observed decrease, the growth rates from the 48-hour curves (Figure 4.3) were compared to growth 

rates calculated from a 6-day growth curve (Figure A.3). The rates were calculated based on the 

change in cell density between days 0 – 2 (low density, high light availability) and days 4 – 6 (high 

density, low light availability). The initial growth rate (D0-2) was nearer the optimal value 

(μ ≅ 0.048 h-1) while the latter growth rate agreed with the 48-hour growth rates. The cell density 

range used in the 48-hour growth experiment was chosen to correlate with other experiments 

requiring high cell density, so these conditions will continue to be used for a more consistent 

comparison.   
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Figure A.3 – Comparison of growth rates during different segments of cell 

exponential growth. (a) Cell growth was tracked over a period of six days for cultures 

of wild-type Synechococcus elongatus sp. PCC 7942 and the five engineered strains to 

determine the long term effect of the additional genes on biomass formation. IPTG was 

added to a final concentration of 1 mM at day 0 for all flasks. n = 1; data obtained from 

Yao Xu (Department of Biological Sciences, Vanderbilt University). (b) Growth rates, 

μ, were determined assuming exponential growth, X = Xo exp(μt), where Xo was the 

initial concentration of cells and X was the concentration of cells (OD) at time t. Values 

calculated from the 6-day growth curves (with and without IPTG, n = 1) were compared 

to the values calculated from the 48-hour growth curves (Data ± SEM; n ≥ 6). 
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APPENDIX B 

 

PROTOCOLS 

 

Media Recipes 

 The two types of media used for cell culturing were BG11 media and LB agar plates. BG11 

media was used for agar plates for culture growth from frozen stock and long term growth of 

strains and also for liquid cultures. To the plates and the pre-culture liquid flasks were added 

antibiotic resistance to maintain selective pressure on the added genes and to minimize culture 

contamination. LB plates were used check for contaminations following experiments. 

 

BG11 recipe 

 Add make up water to desired 2+ L flask or 1 L media bottle (991.5 mL/L for plate, 983 

mL/L for liquid culture). 

 Add media components from stock as described below.  

  Stock Agar Plate Liquid Culture 

1)     NaNO3 150 g/L 5 mL/L 10 mL/L 

2)     K2HPO4•3H2O 40 g/L 0.5 mL/L 1 mL/L 

3)     MgSO4•7H2O 75 g/L 0.5 mL/L 1 mL/L 

4)     CaCl2•2H2O 36 g/L 0.5 mL/L 1 mL/L 

5)     FeNH4•Citrate 12 g/L 0.5 mL/L 1 mL/L 

6)     Na2EDTA (pH8.0) 1 g/L 0.5 mL/L 1 mL/L 

7)     Na2CO3 20 g/L 0.5 mL/L 1 mL/L 

8)     A5 (listed below) --- 0.5 mL/L 1 mL/L 

H3BO3 2.86 g/L    

MnCl2•4H2O 1.81 g/L    

ZnSO4•7H2O 0.222 g/L    

Na2MoO4•2H2O 0.391 g/L    

CuSO4•5H2O 0.079 g/L    

Co(NO3)2•6H2O 0.0494 g/L    
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9)     Bacteriological Agar (for Agar only)   15 g/L  

10)  NaS2O3 (for Agar only) 1M 1 mL  

 

 Autoclave on liquid cycle. Allow to cool to touch before proceeding. 

 For agar plates:  

o Once cool to touch, add antibiotics to the following concentrations: 

Antibiotic Stock 
Final 

Concentration  

Added from 

stock 

Km 50 mg/mL 10 μg/mL 0.2 mL/L 

Spec 40 mg/mL 40 μg/mL 1 mL/L 

Cb 10 mg/mL 5 μg/mL 0.5 mL/L 

 

o Pour ~25-30 mL of agar into each sterile petri dish. Allow agar to solidify in hood with 

open or cracked lids. When cool, replace each lid and store at room temperature. 

 For liquid plates: 

o Once cool to touch, NaHCO3 may be added. Remove ~50 mL/L of media into a 

separate beaker. Add necessary amount of NaHCO3 to smaller volume (4.2 g/L) and 

mix until fully dissolved. Using a single-use sterilized syringe and 0.20 μm filter, filter 

sterilize the solution back into the media.  

 

LB media 

 Add 500 mL of water to a 1 L Erlenmeyer flask. 

 Add the following dry ingredients: 

o 5 g NaCl 

o 5 g Tryptone 

o 2.5 g Yeast Extract 

o 7.5 g Bacteriological agar 
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 Autoclave on liquid cycle. Allow to cool to touch before proceeding. 

 Once cool to touch, pour ~25-30 mL of agar into each plate. Allow agar to solidify in hood 

with open or cracked lids. When cool, replace each lid and store in 4°C refrigerator. 

 Thaw to room temperature before use. 

 

Experiment Preculture 

 The following protocol provides a method to begin a culture from agar plate for 

experiment. Consistent use of this method minimizes errors due to different numbers of passages. 

 

 Day 1: Add 2 mL of Modified BG11 media to 5 mL cell culture tube. Inoculate cells from agar 

plate into media.  

 Day 2: Transfer the 2 mL culture to 25 mL of fresh media [with antibiotic, same as above] and 

place in illuminated (~50 μE m-2 s-1) incubator set to 30°C and 100 rpm.  

 Day 4-5: Add 25 mL culture to 100 mL of fresh media [with antibiotic] in water bath set to 

150 μE m-2 s-1, 30°C and 130 rpm, bubbling with air. Grow until the optical density (OD750 nm) 

is between 0.8 – 1.0. 

 When desired OD is reached, begin prep for experiment. 

 

Measuring Optical Density 

 Optical density (OD) is primarily used to track growth of the culture by measuring the 

changes in absorbance in the liquid. OD may be converted to concentration of cells using two 

equations:  

 Cell density (mg/mL) = 0.684 * (OD750 – 0.045) = 0.652 * (OD730 – 0.044)  
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 Into each well of a 96-well clear bottom plate, pipette 200 μL of liquid. 

 Using the μQuant Spectrophotometer, measure absorbance (OD) at 750 nm and 730 nm.  

o For measurements using BG11 media, correct using blank values of 0.045 for OD750 

and 0.044 for OD730. 

 

Culture Preparation 

 The culture preparation is consistent for each experiment. Cyanobacteria exhibit a 

consistent circadian rhythm, or metabolic response to temporal oscillations in light availability. It 

has been found that this persistent rhythm may be unsynchronized between cells within the same 

culture. To synchronize the cells to the same rhythm, the cultures are given a 12-hour dark pulse, 

after which the remaining experiment is performed under constant light. 

  

 Measure OD of preculture flask (dilute 100 μL culture + 900 μL media). Calculate volume 

needed to inoculate 75 mL of fresh media (V2) using  

(CV)1 = (CV)2 

where C1 = concentration (OD) of the preculture flask, V1 = volume (mL) needed to inoculate 

new culture, C2 = target OD, and V2 = volume (mL) of experimental culture. 

 Add calculated volume V1 into each of three (or four, if enough) 50 mL centrifuge tubes and 

centrifuge at 3000 rpm for 10-12 minutes.  

 Remove supernatant.  

o (optional) Resuspend cell pellet in ~5 mL of fresh media and centrifuge again. Remove 

supernatant. 

 Record the weight of the empty flasks. 
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 Record the weights of the flasks (“before run”) filled with desired volume of fresh BG11 media 

[without antibiotic]. Use 5 ml of media from each flasks to resuspend the cell pellet and return 

volume to the appropriate flask. Remove 250 μL of culture to measure OD (1 part cells : 2 parts 

media; 3 x 200 μL per flask).  

 For dark pulse, wrap flask completely in foil and place in water bath for twelve hours. (Move 

clamp rings down, if possible, to prevent tearing the paper.) Turn off lights and record time the 

flasks were placed in the dark.  

 After 12 hours, remove the flasks from the water bath and foil. (Turn the lights back on and 

replace the rings.) 

 Add (V2 ÷ 1000) μL of 1 M IPTG (final concentration of 1 mM IPTG). Remove 250 μL of 

culture for measuring OD (1 part cells : 2 parts media; 3 x 200 μL per flask). Return flasks to 

water bath and begin experimental time line (hour 0). 

 

Determining Cell Growth Rate 

 Growth rate was tracked over a period of 48 hours to minimize the effect of measurement 

error or rate calculation. The calculation was accomplished using ETA (Extracellular Time Course 

Analysis) by inputting ODs averaged over a set of biological replicates, the standard error of the 

triplicates, and the number of replicates (typically n = 3) (Murphy and Young 2013). 

 

 For growth experiments, use 125 Erlenmeyer flasks sealed with a foam plug (size C) and fitted 

with a 5 mL plastic pipette (sterile) and 6” autoclaved needle with luer lock attachment.  

o Cover each needle (for example, using 2 mL microcentrifuge tubes or aluminum foil) 

to prevent contamination. 
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 Beginning at hour 6 (time 0), remove ~300 μL of culture using sterile 3 mL syringes. Use 

250 μL of sample to measure OD (1 part cells : 2 parts media; 3 x 200 μL per flask). 

 To capture exponential increase in growth, space time points based on growth equation: 

ln X = ln Xo + μt, or  

t = μ-1 (ln X – ln Xo) 

Based on these equations, the time points used were as follows: 

Time Pts 0 1 2 3 4 5 6 7 8 9 10 11 12 

Hour 6 12 17 22 26 30 34 38 42 45 48 51 54 

 

 For use in ETA, compile data into a table in Excel in four separate columns: 

Time point Averaged Values Standard Deviation No. of Replicates 

 

Measuring Aldehyde Concentrations 

 The aldehydes, isobutyraldehyde and isovaleraldehyde, have high vapor pressures, which 

allow them to be easily stripped from culture. The experimental design modified from Rodriguez 

and Atsumi (2012) has been designed to take advantage of this property by bubbling the chemicals 

out and into a series of solvent traps for capture. The traps were placed in subsequently lowered 

temperatures to ensure condensation of the aldehydes. Samples were taken from the trap and 

measured using a Shimadzu GC-2010 with Flame Ionization Detector (GC/FID). Aldehyde 

concentrations were determined by comparison to a calibration curve.   

 

 Flasks should be fitted with rubber stoppers with two glass rods for inlet and outlet flow. 

Autoclave the entire ensemble together. 
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 Weigh 2 sets of 50 mL centrifuge tubes empty (with caps). Add 25 mL of 50% propylene 

glycol to each tube and weigh (“before run”). Place one set of tubes (“Traps X-1”) into the ice 

bucket. Place remaining set into the chiller.  

o If using an ice box that can be prepared beforehand, place the Trap 1 tubes in the 

ice box and fill with enough water to cover the bottom of the tubes. Place in -20°C 

freezer. Once frozen, add more water to cover at least half of the tube but leave at 

least 1” – 2” of space between water and bucket lid (to allow for ice expansion).   

 Prepare the centrifuge tubes for the experiment by placing the appropriate caps with inlet/outlet 

tubing. Connect as shown below (Figure B.1).  

 At hour 18 (after induction), measure OD of each culture and connect tubes to flasks. Run for 

12 hours.  

 Disconnect the apparatus. Measure final OD. Weigh final masses of each trap (with the original 

caps) and flasks. Place in refrigerator.  

 Vortex the traps and allow to settle. Measure out 450 μL from each trap and combine with 5 μL 

of 100 mM nBA (internal standard; final concentration of 1 mM nBA). Measure out 200 μL 

into a 2 mL GC amber vial fitted with 250 μL polypropylene insert to run on GC/FID. 

 Run on GC/FID alongside a calibration curve to determine the concentration of aldehyde 

produced. 
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Calibration Curve for Aldehyde Quantification 

Because GC/FID cannot directly quantify the concentration of a chemical, a calibration 

curve is run in parallel with the samples for comparison. Beginning with a known concentration 

of IBA and IVA, serial dilutions are performed. An internal standard n-butyraldehyde (nBA) is 

added to each standard and each sample to the same final concentration. The ratio between the 

final area counts of IBA or IVA and nBA of the standards were used to determine a linear 

regression. The equations of these lines were used to calculate the concentration of aldehyde in the 

samples.  

 

 Into five 2 mL microcentrifuge tubes, add the start volumes as listed in the table below. 

 Create a stock concentration of 200 mM each of IBA and IBA to a single 2 mL microcentrifuge 

tube using 18.26 μL of IBA, 21.45 μL of IVA, and 960 μL of solvent (50% propylene 

glycol/water).  

 Add 10 μL of 200 mM stock to Tube 1 and dilute the subsequent tubes (2 – 5) to final 

concentrations as listed.  

 1 2 3 4 5 

Start Volume 990 μL 900 μL 900 μL 900 μL 800 μL 

Dilution volume - 300 μL 300 μL 300 μL 400 μL 

Concentration 2 mM 0.50 mM 0.13 mM 0.03 mM 0.01 mM 

 

 Create a 100 mM nBA stock using 8.83 μL nBA in 991 μL of solvent. 

 Remove 495 μL from each tube into a separate 2 mL microcentrifuge tube. Add 5 μL of 100 

mM nBA to each tube and vortex.  

 Pipette 200 μL from each tube into an amber vial with a 250 μL polypropylene insert to run on 

the GC/FID.  
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GC/FID Program 

 The settings for the Shimadzu GC-2010 with Flame Ionization Detector were as follows: 

 Injector temperature: 210°C 

 Detector temperature: 250°C 

 Column: Agilent Technologies DB-Wax column, 30 m, 0.20 μm film thickness, 0.20 mm ID 

 Column oven temperature: 30°C for 6 min, ramp 6°C/min to 60°C, hold 2 minutes, ramp 

40°C/min to 220°C, hold 7 minutes 

 Injection volume: 0.5 μL 

 Carrier gas: Helium 

 Column flow: 0.78 mL/min 

 Purge flow rate: 0.5 mL/min 

 Split ratio: 10:1 

 

Metabolite Pool Size Measurements 

 Metabolite pool sizes were measured using an Agilent Technologies 7890A GC System 

with Mass Spectrometer 5975C with Triple-Axis Detector. The experimental timeline was 

designed to match that of isotopically nonstationary metabolic flux analyses experiments. Area 

counts for each metabolite of interest were measured and normalized to an internal standard, 

norvaline. Samples were derivatized using methoxyamine (MOX) and trimethylsilane (TMS) to 

volatilize the samples of interest and increase the fragment sizes for measurement by GC/MS. 

Comparison between engineered strains and the wild-type strain highlighted potential bottlenecks 

and also shifts in fluxes that led to pools in carbon sinks.  
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Quenching 

 Overnight: pre-chill phosphate-buffered saline (PBS; 4°C) for the quenching solution and 

chloroform and methanol for extraction (-20°C).  

 Use 125 Erlenmeyer flasks sealed with a foam plug (size C) and fitted with a 5 mL plastic 

pipette (sterile) and 6” autoclaved needle with luer lock attachment.  

o Cover each needle (for example, using 2 mL microcentrifuge tubes or aluminum foil) 

to prevent contamination. 

 Aliquot 30 mL of PBS into 50 mL centrifuge tubes. 

 At hour 30 (after induction), remove 20 mL of sample from each culture using a 20 mL syringe 

and quickly add to centrifuge containing chilled PBS. Mix to quench metabolism and place on 

ice.  

 Vortex tubes and centrifuge at 5,000 rpm for 5 minutes at -10°C. 

 Aspirate supernatant and flash freeze cell pellet (liquid nitrogen). Store in -80°C freezer until 

use. 

 

Extracting 

 Resuspend cells in 4 mL chloroform (prechilled to -20°C). 

 Add 2 mL methanol (prechilled to -20°C) and vortex tubes for 30 minutes in refrigerator. 

 Add 1.5 mL iced-cold water, then vortex tubes for additional 5 minutes.  

 Transfer to 15 mL centrifuge tube. 

 Centrifuge at 5,000 rpm for 20 min at lowest temperature setting. 

 Collect aqueous (upper) phase in a new 15 mL tube or two Eppendorf tubes (label the tubes). 
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o (optional) Collect organic (lower) phase in a new 15 mL tube or two Eppendorf tubes. 

 Evaporate all extracts to dryness using N2 at room temperature. If using two tubes, evaporate 

until volume is less than 800 μL; resuspend any dried product on tube walls and combine the 

contents of one tubes into the other.  

o NOTE: Add internal standard of Norvaline prior to final drying step (if using two tubes, 

add when combining tubes.)  

 Store samples at -80°C until use.  

 

MOX/TMS Derivatization 

 Dissolve the dried sample in 50 μL of MOX reagent. 

 Place in sonication bath for 30 min. at room temperature. 

 Incubate for 90 min. at 40°C on a heating block. 

 Add 70 uL of BSTFA +10 % TMCS. 

 For TMS: Incubate for 30 min. at 40°C on a heating block.  

 Remove from heating block and incubate overnight at room temperature. 

 Centrifuge for 5 min at 14,000 rpm to remove solid debris. 

 Transfer liquid to 2 mL amber vial with a 250 μL insert. 

 

GC/FID Program 

 The settings for the Agilent 7890A GC System with Mass Spectrometer 5975C with Triple-

Axis Detector were as follows: 

 Injector temperature: 270°C 

 Column: Agilent Technologies DB-35MS column, 30 m, 0.25 μm film thickness, 0.25 mm ID 
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 Column oven temperature: 80°C for 5 min, ramp 10°C/min to 320°C, hold 5 minutes 

 Injection volume: 1 μL 

 Carrier gas: Helium 

 Gas flow rate: 1 mL/min 

 Purge flow rate: 50 mL/min 

 Splitless for 2 minutes 

 Mass spectra obtained in scan mode over the range 100 – 500 m/z. 
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