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ABSTRACT 

 Cyanobacteria are prokaryotic oxygen photoautotrophs that have high areal productivity 

and can thrive in diverse ecosystems. These features have made them attractive biological 

catalysts for the sustainable production of specialty and commodity chemicals. This thesis 

examines the use of the exceptionally tolerant cyanobacterium, Synechococcus sp. strain PCC 

7002, for the ability to use a municipal wastewater stream as a nutrient source under several 

conditions. We explore the capacity of Synechococcus sp. strain PCC 7002 for the production for 

proof of concept molecules, L-lactate and L-lysine. We discuss metabolic engineering design 

principles that enable high productivities and carbon partitioning, with an emphasis on 

leveraging the coordination between carbon and nitrogen metabolism.   
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CHAPTER 1 MOTIVATION AND GOALS FOR RESEARCH 

1.1. Introduction 

Due to the uncertainty brought about by climate change, nations are developing the 

framework for the renewable production of energy and goods. These renewable technologies 

must have low specific greenhouse gas emissions and an inexhaustible supply to successfully 

mitigate the rise in global temperatures. While the current share of renewable energy in the total 

energy market is small, adoption has been steadily increasing throughout the last decade, due in 

part to changes in governmental policy and the decreasing production costs of many of these 

technologies (Moomow et al., 2011). These renewable sources of energy include wind, solar, 

hydropower, geothermal, and biomass, each with its own technoeconomic and environmental 

advantages and disadvantages (Ellabban et al., 2014). Geographic availability, production 

variability, and storage capacity are key factors that will govern the successful integration of 

renewable resources into the larger energy portfolio (Sims et al., 2011).  

Analogous to petroleum fuels, biomass can also act as a feedstock for the conversion to 

various products, such as commodity or specialty chemicals. The high-energy density, 

storability, and ability to generate power and heat on demand are thought to make biofuel energy 

a major part of the future renewable energy resources. These inherent properties are especially 

valuable in the transportation sector, where it is projected to serve between 5-14% of global 

transport by 2035, representing 2.7-5.6% of global electricity generation (Chum et al., 2011). 

Other drivers for biofuel development include the existing global infrastructure for similar 

products, allowing for cost effective integration into the supply chain (Chum et al., 2011). 
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In the United States, conventional biofuels are produced from commercial crops such as 

corn and soybean to produce ethanol and biodiesel, respectively. Researchers have found that 

over the entire life cycle of these first generation biofuels, the sustainability and environmental 

impacts are still relatively high (Williams and Inman, 2009). Other developing technologies in 

the biofuel market are the use of lignocellulosic biomass, which may be produced from waste 

residues (Creutzig et al., 2015). However, the variability in sources of lignocellulosic biomass 

and technologies for biomass processing increases the uncertainty of the effect of scale up and 

real world performance (Sathaye et al., 2011). These sources of biofuels have pressing concerns 

with increased fertilizer use and the potential for eutrophication, loss of biodiversity, fresh water 

depletion, and the use of arable land (Chum et al., 2011). Thus, strategies to produce biomass 

with a minimal environmental footprint is an active and attractive area of research (Ort et al., 

2015).  

Due to their small areal footprint, high areal productivity, and ability to use non-potable 

water, cyanobacteria and microalgae are attractive feedstocks for the production of next 

generation biofuels (Moreno-Garcia et al., 2017). Cyanobacteria are the most abundant 

photosynthetic organisms on Earth and are responsible for large fraction of the photosynthetic 

production of oxygen and the conversion of inorganic compounds e.g. (CO2, NH4, PO4) into the 

organic biomass that is the source of carbon and energy in many ecosystems (Scanlan et al., 

2009). Cyanobacteria, like higher plants, utilize multisubunit membrane-protein complexes 

during oxygenic photosynthesis to convert light into the chemical energy used generate biomass 

and biofuels. Cyanobacteria may also be genetically modified to convert CO2 into specific 

compounds of interest, thereby circumventing the inefficiencies of biomass processing into 

sugars which are fed to producer organisms. Microalgae and cyanobacteria are estimated to have 
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CO2 fixation efficiency of 10–50 times higher than terrestrial plants (Li et al., 2008), making 

them attractive options for CO2 mitigation. A variety of compounds, including alcohols, sugars, 

and organic acids, have been produced with genetically engineered cyanobacterial hosts 

(Angermayr et al., 2015). Furthermore, cyanobacteria have been demonstrated to use domestic 

and municipal wastewater as nutrient sources, simultaneously producing biomass, while also 

remediating these streams of excess nutrients (Aciién et al., 2016; Bohutskyi et al., 2015; 

Dalrymple et al., 2013; Martins et al., 2011; Rawat et al., 2011; Ruiz-Martinez et al., 2012; 

Wang et al., 2016). This has spurred academic interest for use of these organisms in a biorefinery 

process, outlined in Fig. 1-1.  

 

Figure 1-1. Schematic of a Cyanobacterial Biorefinery. 
Flue gas CO2 will be used to provide inorganic carbon to a photosynthetic cultivation area which is coupled with 

wastewater treatment for the exchange of nutrients and oxygen. Generated biomass and products will be processed, 

and nutrients and water are recycled back to the cultivation area. 

 

Much of the basic research on cyanobacteria has been performed with the strains 

Synechococcus elongatus PCC 7942, Synechococcus sp. PCC 7002, and Synechocystis sp. PCC 
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6803 (hereafter PCC 7942, PCC 7002, PC C6803, respectively), due to their fully sequenced 

genomes and established tools for genetic manipulation. Accordingly, these hosts have proven 

useful for fundamental studies on oxygenic photosynthesis (Jensen and Leister, 2014; Orf et al., 

2016). The cyanobacterium used in this research, PCC 7002, has a number of advantages over 

other cyanobacteria model strains due to its high light and temperature tolerance, fast growth 

rate, and ability to adapt to a wide range of salinities (Ruffing, 2014). 

My original contribution to the field is the successful utilization of a municipal wastewater 

stream as a nutrient source, and the production of several chemical classes under standard and 

non-standard media conditions using PCC 7002 as microbial host. First, the thesis elaborates on 

the importance of environmental conditions and the physiological adaptations necessary to 

utilize municipal wastewater as a source of nutrients. Second, this work describes the metabolic 

engineering strategies to engineer high productivities of L-lactate and L-lysine in a 

photoautotrophic host. 

1.2. Project Overview 

Chapter 2 provides a literature review for the concepts necessary for the actualization of a 

cyanobacteria biorefinery and is divided into two sections. The first half delves into the potential 

and challenges for wastewater based microalgal production. The latter half goes into detail on the 

unique aspects of cyanobacteria physiology and relevant metabolism, with an emphasis on the 

complexities of photosynthetic electron flow and coordination of nitrogen and carbon 

metabolism.  

Chapter 3 investigates the utility of a municipal wastewater stream as a nutrient source. We 

found diffuse forms of dissolved organic carbon with increasing concentrations of this gravity 
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belt filtrate stream. We observed dose-dependent toxicity at high cultivation temperatures and 

interference with photosynthetic electron transfer under all cultivation conditions. Potential 

mechanisms for the tolerance observed at low temperatures are discussed.  

Chapter 4 explores metabolic engineering design principles for a cyanobacterial host using the 

organic acid, L-lactate. We found that enzymatic cofactor preference played a large role in 

enhancing productivity. Overexpression of a glycolytic transcriptional regulator significantly 

increased carbon partitioning to L-lactate. Conditionally downregulating an enzyme involved in 

the synchronization of carbon and nitrogen metabolism resulted in the highest L-lactate 

volumetric productivity for a cyanobacterium strain to date.  

Chapter 5 examines the applicability of using a cyanobacterial host to produce the essential 

amino acid, L-lysine. Simultaneous expression of a feedback inhibition resistant aspartate kinase 

and lysine transporter were necessary for high productivities, but this was also met with a 

decreased chlorophyll content and reduced growth rates. Productivities were enhanced by 

utilizing reduced nitrogen sources in defined and undefined media formulations.  

Chapter 6 provides a summary of the work discussed in this thesis and makes recommendations 

for future research directions. 

1.3. Literature Cited 

Aciién, F.G., Gómez-Serrano, C., Morales-Amaral, M.M., Fernández-Sevilla, J.M., Molina-

Grima, E., 2016. Wastewater treatment using microalgae: how realistic a contribution might 

it be to significant urban wastewater treatment? Appl. Microbiol. Biotechnol. 100, 9013–

9022. doi:10.1007/s00253-016-7835-7 

Angermayr, S.A., Gorchs Rovira, A., Hellingwerf, K.J., 2015. Metabolic engineering of 

cyanobacteria for the synthesis of commodity products. Trends Biotechnol. 33, 352–361. 

doi:10.1016/j.tibtech.2015.03.009 

Bohutskyi, P., Liu, K., Nasr, L.K., Byers, N., Rosenberg, J.N., Oyler, G. a., Betenbaugh, M.J., 

Bouwer, E.J., 2015. Bioprospecting of microalgae for integrated biomass production and 
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phytoremediation of unsterilized wastewater and anaerobic digestion centrate. Appl. 

Microbiol. Biotechnol. doi:10.1007/s00253-015-6603-4 

Chum, H., Faaij, A., Moreira, J., Berndes, G., Dhamija, P., Dong, H., Gabrielle, B., Eng, A.G., 

Lucht, W., Mapako, M., Cerutti, O.M., McIntyre, T., Minowa, T., Pingoud, K., 2011. 

Bioenergy, in: Edenhofer, O., Pichs-Madruga, R., Sokona, Y., Seyboth, K., Matschoss, P., 

Kadner, S., Zwickel, T., Eickemeier, P., Hansen, G., Schlömer, S., von Stechow, C. (Eds.), 

IPCC Special Report on Renewable Energy Sources and Climate Change Mitigation. 

Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA. 

Creutzig, F., Ravindranath, N.H., Berndes, G., Bolwig, S., Bright, R., Cherubini, F., Chum, H., 

Corbera, E., Delucchi, M., Faaij, A., Fargione, J., Haberl, H., Heath, G., Lucon, O., Plevin, 
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CHAPTER 2 REVIEW OF THE LITERATURE 

2.1 Opportunities and Challenges for Wastewater Integration into a Cyanobacteria 

Biorefinery 

Microalgal production of biofuels is regarded as a potential strategy to mitigate 

greenhouse gas emissions due to microalgae’s ability to be cultivated in non-arable lands with 

high areal productivity (Bozell and Petersen, 2010; Fairley, 2011). Early studies have compared 

the life cycle analysis (LCA) and energy return on investment (EROI) of microalgal biofuels to 

first generation biofuels sources such as corn, switchgrass, and canola (Colin M. Beal et al., 

2012; Clarens et al., 2010). Using quantitative metrics such as land use, water use, greenhouse 

gas emissions, energy consumption, and eutrophication potential, researchers have found that 

microalgae biomass performs worse on all metrics except for land use and eutrophication 

potential when grown in raceway ponds with application of traditional nitrogen and phosphorus-

rich fertilizer. This is most likely due to the inherent energy usage embedded within fertilizer 

production (Razon, 2014). However, integration with forms of partially treated wastewater, in 

particular source separated urine, shift these LCA criteria to be significantly more favorable than 

other sources of biomass (Clarens et al., 2010). By using this dual-purpose system, the need for 

energy intensive secondary treatment processes for wastewater are lessened, resulting in a 

mutually beneficial EROI for wastewater treatment and microalgal biomass production (Colin M 

Beal et al., 2012). Several studies have successfully cultivated microalgae in raceway ponds 

(Olguín et al., 1997), photobioreactors (Ruiz-Martinez et al., 2012), and chemostats (Dickinson 

et al., 2015), having very high nutrient removal rates in wastewater-derived media.  
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Due the high nutrient demand for biomass, the anaerobic digestate stream of wastewater 

is typically used for microalgal cultivation (Dickinson et al., 2015). The dominant nitrogen 

source in this wastewater stream will be in the form of NH4
+, which is also inhibitory towards 

many photosynthetic organisms at high concentrations (Collos and Harrison, 2014). This stream 

also typically contains high levels of dissolved organic matter (DOM) and redox-active metals 

(Metcalf et al., 1972), and is typically diluted to prevent growth retardation (Wang et al., 2010). 

Various studies have demonstrated DOM toxicity to photosynthetic organisms (Laue et al., 2014; 

Neilen et al., 2017; Pflugmacher et al., 2006, 1999), although the molecular mechanism behind 

this toxicity remain unclear. Photochemically, DOM is also an ecologically important 

chromophore and can contribute to reactive oxygen species (ROS) formation (Mostafa and 

Rosario-Ortiz, 2013) and trace metal bioavailability (Rose, 2012) in natural systems. Previous 

studies have revealed that wastewater DOM exhibits high quantum yields of (O2- ) and (OH.) 

under simulated sunlight conditions, which may be due to a combination of soluble microbial 

products, natural organic matter, and trace pollutants (D. Zhang et al., 2014).  

Despite its potential for a nutrient feedstock, if all the wastewater processed in the United 

States were used to produce microalgal biofuels at current efficiencies, it would result in less 

than 1% of the United States’ annual energy consumption (Peccia et al., 2013). Nutrient (Y. 

Zhang et al., 2014) and water (Farooq et al., 2015) recycling are likely to be critical factors for 

reducing the economic and environmental impacts of algal biofuels, and LCA have demonstrated 

this (Orfield et al., 2014). Due to its maturity and high nitrogen recycling potential, anaerobic 

digestion is thought to be a better option for nutrient recycling than hydrothermal gasification in 

the near-term (Y. Zhang et al., 2014). Furthermore, studies examining the onsite use of residual 

water from the hydrothermal gasification of algal biomass found significant acute toxicity that 
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affected the biomass generation (Patzelt et al., 2015a) and photosystem activity (Patzelt et al., 

2015b) of tested species. This residue had a high phenolic index and required activated carbon 

treatment to obtain growth comparable to a control medium (Patzelt et al., 2015a), which would 

potentially increase operating costs. Additional research should be performed on how these toxic 

compounds are formed and how these compounds interfere with photosynthetic metabolism. 

2.2 Physiology of Cyanobacteria and Oxygenic Photoautotrophic Metabolism 

2.2.1 Photon Absorption and Electron Flow 

Cyanobacteria are prokaryotes that use absorbed light as a source of energy for growth 

(White et al., 2012). To perform this task, cyanobacteria possess specialized internal thylakoid 

membrane system where a variety of electron transport processes undergo in parallel 

(Mullineaux, 2014). Linear photosynthetic electron transport in cyanobacteria (summarized in 

Fig. 2-1) employ light harvesting antennae (phycobilisomes) to aid in the absorption of photons 

in the visible spectrum, then direct the energy via resonance energy transfer to a pigment-protein 

reaction complex in photosystem II (PSII) (Lea-Smith et al., 2016). H2O is used as an electron 

donor in PSII, donating 2 electrons to the mobile electron carrier plastiquinone (PQ) while 2 

protons and 1/2 O2 are released into the thylakoid lumen (Nagarajan and Pakrasi, 2001). The 

reduced PQ diffuses through the thylakoid membrane to react with the cytochrome b6f complex, 

where an electron is then transferred to either plastocyanin (PC) or cytochrome c6 (cyt c6), 

depending on the environmental conditions (Nomura and Bryant, 1999). Those soluble electron 

carriers then reduce photosystem I (PSI), which acts as a light-driven oxidoreductase, creating 

reduced ferredoxin (Fdred), which then reduces the terminal electron acceptor NADP+ (Rochaix, 
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2011). The other electron is then used to regenerate PQ in a series of redox reactions (Lea-Smith 

et al., 2016). The protons generated from the splitting of H2O form a chemiosmotic ΔpH to drive 

ATP synthase, producing a ratio of 1.5 ATP/NADPH in optimal conditions (Kramer and Evans, 

2011). This ATP and NADPH is then used to perform various metabolic functions throughout 

the cell. 

 

Figure 2-1. Linear Electron Transport is the Major Source of NADPH and ATP in 

Cyanobacteria. 
Linear electron transport is used to generate reducing equivalents and chemical energy in oxygenic photoautotrophs.  

 

The absorption of light is inherently damaging due to the photosensitive Mn4CaO5 cluster 

at the reaction center of PSII (Zavafer et al., 2015) in a process known as photoinhibition (Keren 

and Krieger-Liszkay, 2011). The D1 protein of PSII is the primary target of this photoinhibitory 

damage and is constantly degraded and resynthesized to maintain photosynthetic activity (Mulo 

et al., 2012).  Multiple environmental stresses, such as osmotic, temperature, pH, and light stress 

(Nishiyama and Murata, 2014) may act to synergistically to enhance the rate of photoinhibition 

(Athanasiou et al., 2010), causing ROS generation and rapid loss of photosynthetic activity 

(Keren and Krieger-Liszkay, 2011). ROS production aggravates the loss of repair mechanisms 

necessary for de-novo D1 protein synthesis by oxidation of specific cysteine residues in the 
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ribosomal elongation factor, EF-Tu (Yutthanasirikul et al., 2016), leading to decreased rates of 

both CO2 fixation and NADPH oxidation. (This phenomenon is summarized in Fig. 2-2). As 

NADP+ is a major acceptor of electrons in PSI, loss of free NADP+ accelerates the generation of 

ROS through transient reactions of O2 with reduced ferredoxin, and leads to cell death (Voss et 

al., 2013). 

 

Figure 2-2. Tolerance to Photoinhibition is the Balance Between the Rate of Damage and 

Repair. 
Absorption of light leads to the destruction of the D1 protein in the reaction center of PSII. This protein in constantly 

turned over to maintain PSII activity. Abiotic stress inhibits de-novo protein translation and D1 turn over through 

ROS production.  

 

Regulated primarily by the reversible redox state of thiol groups (Buchanan and Balmer, 

2005), photosynthetic organisms have developed several mechanisms to deal with light stress. 

These include modulating the stoichiometry of photosystem complexes (Chow et al., 1990), 

dissipating excess energy as heat (Nishiyama and Murata, 2014), quenching accumulated ROS 

(Latifi et al., 2009), as well as respiratory and alternative electron transport (AET) processes 
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(Nishiyama and Murata, 2014), which all occur in proximity to linear electron flow on the 

cytoplasmic and thylakoid membranes (summarized in Fig. 2-3). Electron transport processes in 

cyanobacteria utilize several mobile membrane-bound electron shuttling complexes (Nagarajan 

and Pakrasi, 2001), and proper thylakoid membrane synthesis and fluidity is necessary to ensure 

optimal electron flow in changing environments (Yamamoto, 2016). Of particular note is the 

need for PQ to effectively diffuse through the thylakoid and cytoplasmic membranes to ensure 

proper interactions with its photosynthetic or respiratory redox partners (Klementiev et al., 2017; 

Williams, 1998). This in turns governs the redox state of PQ, which regulates large segments of 

photosynthetic metabolism (Hihara et al., 2003). As part of the homeoviscous adaptation (Wada 

and Murata, 1998), cyanobacteria upregulate membrane-bound desaturases to increase the 

unsaturated content of both the cytoplasmic and thylakoid membranes under conditions of high 

light (Ludwig and Bryant, 2011) or low temperature (Ludwig and Bryant, 2012a). Replacement 

of all polyunsaturated fatty acids by a monounsaturated fatty acid rendered mutant strains of 

PCC 6803 more susceptible to photoinhibition at low temperatures (Tasaka et al., 1996). 
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Figure 2-3. Multiple Adjacent Electron Transport Processes Co-Occur in Cyanobacteria.  
Photosynthetic (green), respiratory (blue), and alternative (red) electron processes co-occur on the thylakoid and 

cytoplasmic membranes. Mobile electron shuttles (white) allow for proper electron (dashed lines) and proton flow 

(solid lines) in dynamic environments.  

 

Respiratory and AET processes balance the generation and consumption of both ATP and 

NADPH to control the ATP/NADPH ratio on several timescales depending on light availability 

(Foyer et al., 2012; Voss et al., 2013).Electrons generated from reactions with respiratory 

substrates (NADPH, Succinate) and corresponding dehydrogenases are shuttled to a number of 

terminal oxidases to generate a ΔpH across the thylakoid membrane for ATP synthesis under 

conditions of low or no light (Liu et al., 2012). Under conditions of rapid fluctuations in light 

intensity or CO2, electrons from NADPH are transferred to flavodiiron proteins to reduce O2 to 

H2O via the Mehler pathway to dissipate excessive reductive pressure (Allahverdiyeva et al., 

2013; Bersanini et al., 2014; Zhang et al., 2009). Under high-light, cyclic electron flow is also 

used to generate a ΔpH across the thylakoid membrane via NADPH dehydrogenases through 

electron transfer from PQ back to PSI using FDred or NADPH as a reductant, generating ATP 
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with no net change in NADPH levels (Leister and Shikanai, 2013). This also aids in dissipating 

excess light energy as heat in a process known as non-photochemical quenching (Takahashi et 

al., 2009). AET processes have already proved invaluable in studies examining the effects of 

production of compounds, such as alkanes (Berla et al., 2015) and alcohols (Baroukh et al., 

2015) in photosynthetic organisms. 

2.2.2 Carbon Fixation and Flux During Autotrophic Conditions 

In cyanobacteria, the rate of CO2 fixation is governed by the slow catalytic rate and low 

affinity of the enzyme ribulose-bisphosphate carboxylase/oxygenase (RuBisCO) in the Calvin-

Benson-Bassham cycle (Parry et al., 2012). Three forms of RuBisCO have been found in nature 

and all catalyze the Mg2+ dependent carboxylation or oxygenation of ribulose 1,5-bisphosphate 

after activation or carbamylation of a specific lysine residue (Tabita et al., 2008). Form 1 

RuBisCO is found in plants, eurkaryotic algae, and cyanobacteria, and is comprised of eight 52 

kDa subunits and eight 15 kDa subunits (Mueller-Cajar et al., 2014). Carboxylation of ribulose 

1,5-bisphosphate yields an unstable an C6 intermediate that is spontaneously hydrolyzed into 

two molecules of 3-phosphoglycerate, which are subsequently reduced to glyceraldehyde-3-

phosphate. From this step, a number of sugar rearrangement reactions ensue to ultimately 

regenerate ribulose 1,5-bisphosphate for the Calvin-Benson-Bassham cycle to continue, 

consuming 9 ATP and 6 NADPH for every molecule of glyceraldehyde-3-phosphate produced 

(Berg, 2011).  

In ambient concentrations of CO2, cyanobacteria undergo an adaptive response known as 

the CO2 concentrating mechanism (CCM) to increase the intracellular concentration of HCO3
- 

and shift towards the carboxylation reaction of RuBisCO (Price et al., 2008). This response 
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includes upregulation of inorganic carbon transporters and the creation of the carboxysome, a 

semipermeable protein micro-compartment that creates a local environment rich in CO2 (Price, 

2011). A number of the genes involved in CCM are regulated by CcmR, a LysR-type 

transcriptional regulator (Woodger et al., 2007). α-ketoglutarate (AKG) and NADP+ have been 

identified as co-repressors of CcmR, enhancing binding to putative promoter regions for genes 

involved in high-affinity inorganic carbon uptake (Daley et al., 2012). These inorganic carbon 

transporters include a suite of active HCO3
-- transporters: (i) the BCT1 complex which is ATP 

dependent and has high-affinity, (ii) SbtA, an inducible, high-affinity Na+/HCO3
- symporter, and 

(iii) BicA, a high-flux, low-affinity Na+/HCO3
- symporter. Also, capable of inorganic carbon 

uptake are specialized respiratory NADPH dehydrogenase complexes that passively diffuse CO2 

into to the cell (Ogawa and Mi, 2007). This includes the low-affinity NDH-14 system which is 

constitutively expressed, and the high-affinity NDH-13 system which is induced under carbon 

limitation (Price, 2011). The BicA protein in PCC 7002 has a relatively high flux rate compared 

to other strains and is inducible under ambient concentrations of CO2 (Price et al., 2004).    

It is important to note that the Calvin-Benson-Bassham cycle shares a number of 

common enzymes with glycolysis and the oxidative pentose phosphate pathways (Chen et al., 

2016), and metabolite labelling experiments show high flux through these pathways under 

photoautotrophic conditions (Hendry et al., 2017; Young et al., 2011). These three pathways are 

also relatively flexible in adjusting their fluxes under a number of environmental conditions 

(Wan et al., 2017). It has been suggested that future metabolic engineering efforts in 

cyanobacteria should focus on products that utilize their metabolic intermediates, rather than the 

rather inflexible TCA-cycle (Angermayr et al., 2015; Wan et al., 2017). This discussion is further 

elaborated in the comparison between production rates and fitness of engineered strains of PCC 
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7002 during the synthesis of two chemicals, L-Lactate and L-Lysine, as discussed in Chapters 4 

and 5, respectively. 

2.2.3 Coordination of Nitrogen and Carbon Metabolism 

To maintain metabolic homeostasis in dynamic environments, cells coordinate anabolic 

and catabolic processes via signal transduction pathways (Chubukov et al., 2014). The 

coordination of nitrogen and carbon metabolism is of note in cyanobacteria due to their roles as 

prominent reductant sinks, and is heavily regulated on several transcriptional and post-

translational levels (de Marsac et al., 2001; Wright et al., 2014). Once actively transported into 

the cell, all forms of nitrogen are eventually converted into NH4
+ through a series of enzymatic 

reduction reactions utilizing Fdred (Flores and Herrero, 2004). The major route of incorporation 

of nitrogen in cyanobacteria is through the sequential action of glutamine synthetase (GS) and 

glutamate synthase (GOGAT) in the GS-GOGAT cycle (Muro-Pastor and Florencio, 2003) 

(Summarized in Fig. 2-4). First, GS catalyzes an ATP dependent amidation reaction with 

glutamate to yield glutamine. Using Fdred, GOGAT then produces two molecules of glutamate 

from the transfer of the amide group to AKG. AKG, a metabolic intermediate of the TCA cycle, 

is intertwined in both nitrogen and carbon assimilation as the carbon skeleton necessary for 

nitrogen assimilation (Huergo and Dixon, 2015). 
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Figure 2-4. Uptake and Assimilation of Inorganic Nitrogen in Cyanobacteria.  
Uptake in NO3

- or NH4
+ from the environment results in an increase or decrease in the extracellular pH, respectively. 

NO3
- and NO2

- require enzymatic reduction reactions to be converted into NH4
+, which enters the GS-GOGAT cycle 

for assimilation and interaction of the TCA Cycle through AKG. 

 

AKG levels vary as cells encounter different external nitrogen conditions (Muro-Pastor et 

al., 2001). AKG regulates the activity and/or binding of PII signaling proteins (Forchhammer, 

2004). (This regulatory partner swapping is summarized in Fig. 2-5). These proteins are thought 

to primarily regulate nitrogen uptake and metabolism in cyanobacteria (Schwarz et al., 2014), but 

have also been implicated in secondary interactions with carbon metabolism, such as fatty acid 

biosynthesis (Hauf et al., 2016). In conditions of NH4
+ sufficiency (low AKG) and a low 

adenylate energy charge (AEC, an indicator of available metabolic energy) (Atkinson, 1968), PII 

complexes with regulatory factor PipX, thereby sequestering PipX from interactions with the 
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global nitrogen transcriptional regulator NtcA. In this state of nitrogen abundance, PII may also 

activate target enzyme N-acetylglutamate kinase (NAGK), which catalyzes the committed step in 

the arginine biosynthesis pathway to produce the nitrogen storage polymer, cyanophycin 

(Maheswaran et al., 2006). As cyanobacteria experience prolonged NH4
+ limitation (moderate 

AKG), NtcA is activated and facilitates binding to target sites on the chromosome. NtcA 

overexpression in PCC 6803 significantly increased glycolytic flux (Koksharova et al., 1998), 

thereby increasing the pool size of several organic and amino acids (Osanai et al., 2014). This 

regulatory interaction was exploited in Chapter 4 for enhanced production of L-Lactate. Severe 

NH4
+ limitation (high AKG) and AEC lead to the phosphorylation and inactivation of PII, thereby 

enhancing activated NtcA complex formation with PipX (Espinosa et al., 2014). The NtcA-PipX 

complex has been implicated in the strong activation of genes involved in inorganic and organic 

nitrogen transport, while repressing genes involved translation (Espinosa et al., 2014). As 

cyanobacteria experience extreme nitrogen limitation, degraded cyanophycin and 

phycobilisomes are recycled into the TCA cycle, resulting in a characteristic yellow-green color 

known as chlorosis (Krasikov et al., 2012). 
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Figure 2-5. Regulation of Nitrogen Assimilation and Metabolism in Cyanobacteria.  
As cyanobacteria assimilate NH4

+, NO3
-, or no nitrogen, intracellular levels of AKG are low, medium, and high, 

respectively. AKG levels and adenylate energy charge (AEC) control partner swapping with the PII protein. With a 

high C:N ratio (low AKG), PII interacts with and activates NAGK for the synthesis of cyanophycin. As AKG levels 

increase moderately, global nitrogen transcriptional regulator, NtcA, becomes activated and moderately effects 

genes involved in nitrogen assimilation and carbon catabolism. High intracellular levels of AKG facilitate complex 

formation of activated NtcA with regulatory factor, PipX, strongly inducing nitrogen assimilation genes and 

suppressing photosynthetic activity. Adapted from (Espinosa et al., 2014).  

 

Direct assimilation of high concentrations of NH4
+, like those found in centrate (Peccia et 

al., 2013), have also been demonstrated to accelerate photoinhibition and promote ROS 

formation in both microalgae and higher plants (Collos and Harrison, 2014; Dai et al., 2014). 

Studies comparing growth on a number of nitrogen sources in Arabidopsis thaliana have shown 

that NH4
+ exposed plants have a higher NADPH/NADP+ ratio, increased production of ROS 

(Podgórska et al., 2013), and upregulation in genes involved with the consumption of reducing 

equivalents (Hachiya et al., 2012), such as CO2 fixation in PCC 7002 (Ludwig and Bryant, 

2012b), consistent with the theory of reductive stress (Farhana et al., 2010; Lipinski, 2002). 
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However, cyanobacteria will preferentially uptake NH4
+ over more oxidized nitrogen sources 

(Scherholz and Curtis, 2013), leading to a transporter imposed decrease in the external pH (Britto 

and Kronzucker, 2005). At high concentrations NH4
+ may also interact with PSII and hinders the 

oxygen evolution process, thereby accelerating photoinhibition (Hou et al., 2011; Tsuno et al., 

2011). ⁠The effect of NH4
+ on the PSII activity of PCC 7002 has been not reported in the literature 

to date. 
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3.1 Abstract 

Side-streams in wastewater treatment plants can serve as concentrated sources of nutrients 

(i.e. nitrogen and phosphorus) to support the growth of photosynthetic organisms that ultimately 

serve as feedstock for production of fuels and chemicals. However, other chemical characteristics 

of these streams may inhibit growth in unanticipated ways. Here, we evaluated the use of liquid 

recovered from municipal anaerobic digesters via gravity belt filtration as a nutrient source for 

growing the cyanobacterium Synechococcus sp. strain PCC 7002. The gravity belt filtrate (GBF) 

contained high levels of complex dissolved organic matter (DOM), which seemed to negatively 

influence cells. We investigated the impact of GBF on physiological parameters such as growth 

rate, membrane integrity, membrane composition, photosystem composition, and oxygen 

evolution from photosystem II. At 37°C, we observed an inverse correlation between GBF 

concentration and membrane integrity. Radical production was also detected upon exposure to 

GBF at 37°C. However, at 27°C the dose dependent relationship between GBF concentration and 

lack of membrane integrity was abolished. Immediate resuspension of strains in high doses of GBF 

showed markedly reduced oxygen evolution rates relative to the control. Together, this suggests 

that one mechanism responsible for GBF toxicity to Synechococcus is the interruption of 

photosynthetic electron flow and subsequent phenomena. We hypothesize this is likely due to the 

presence of phenolic compounds within the DOM. 

3.2 Introduction 

The need to develop non-petroleum based platforms for fuel and chemical production is 

driving researchers to explore alternatives that harness renewable energy sources while 

minimizing other environmental impacts as freshwater depletion, eutrophication, and the use of 
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arable land for non-food production. Cyanobacteria are particularly attractive such platforms due 

to their genetic tractability, rapid growth rates, halotolerance, and ability to be grown on non-

productive land with simple nutrient requirements (Oliver and Atsumi, 2014; Pate et al., 2011). 

According to published life cycle assessments, a large portion of the associated costs of culturing 

photoautotrophs are tied to upstream costs, such as CO2 delivery and fertilizer application 

(Clarens et al., 2010). High phosphorus/nitrogen removal rates and energy efficiencies have been 

reported for photobioreactor and open pond cultivation systems using wastewater streams rich in 

nitrogen and phosphorus (Posadas et al., 2014; Sturm and Lamer, 2011). Therefore, it may be 

possible to offset the requirement for fertilizer by reclaiming nutrients from wastewater. This 

approach could yield the sought-after non-petroleum based alternative while also providing a 

more effective means of nutrient and metal removal than conventional wastewater treatment (de 

la Noüe et al., 1992; Hoffmann, 1998; Olguín, 2012). Side-streams from common wastewater 

treatment facilities such as supernatants or filtrates from solids-separation processes are 

particularly promising nutrient sources, assuming that cyanobacterial strains can efficiently use 

them. 

Of the many streams available in common wastewater facilities, the liquid fraction of 

anaerobic digestate is thought to be the most attractive nutrient source (Olguín, 2012; Peccia et 

al., 2013; Rawat et al., 2011; Wang et al., 2010). Although digestate is rich in the inorganic 

constituents necessary for growth, it also contains dissolved organic matter (DOM) that has been 

shown to limit photosynthetic activity (Pflugmacher et al., 1999). DOM is a heterogenous 

mixture of aliphatic and aromatic compounds derived from the decomposition of living 

organisms (Zsolnay, 2003). The chemical nature of wastewater-derived DOM is largely 

governed by the type of treated waste and the treatment process, but it is largely comprised of 
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hydrophilic, fulvic, and humic substances (Akhiar et al., 2016; Imai et al., 2002). Humics can 

induce damaging permeability in model and bacterial membranes (Ojwang’ and Cook, 2013; 

Vigneault et al., 2000). Various studies have also demonstrated that fulvic and humic acids can 

enhance the solubility of many organic compounds (Chiou et al., 1986), which in turn would 

augment their bioavailability and potential membrane permeability. Many of these compounds 

are also photo-reactive, producing toxic hydrogen peroxide and hydroxyl radicals (Lee et al., 

2013; Zhang et al., 2014), which is of significant concern for phototroph cultivation. 

The mode of DOM toxicity is thought to involve interactions with the protein-pigment 

complex of photosystem II (PSII) in photosynthetic organisms, although the exact molecular 

mechanism remains unclear (Laue et al., 2014). When the rate of light induced damage to PSII 

exceeds its rate of repair, growth suppression and chlorosis result from the phenomena known as 

photoinhibition (Keren and Krieger-Liszkay, 2011). When damage by photoinhibition is 

sufficient to hamper the natural ability to consume electrons generated by photosynthesis, 

reactive oxygen species (ROS) are concomitantly produced as an undesired by-product. 

Prolonged oxidative stress halts protein translation through oxidation of specific cysteine 

residues in the ribosomal elongation factors (Nagano et al., 2012). Given these findings, it is 

increasingly evident that under conditions of sustained stress, regulation of electron flow is 

critical to maintain homeostasis in photosynthetic organisms (Foyer et al., 2012; Voss et al., 

2013). Thus, it is important to understand the mechanisms by which DOM may be interrupting 

electron flow in order to capitalize on the potential of cyanobacteria to remediate wastewater and 

generate high-value chemicals. 

In this study, we tested the practicality of using combined streams from a municipal 

wastewater plant as a nutrient source for cyanobacterial cultivation. We used the euryhaline 
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cyanobacterium Synechococcus sp. strain PCC 7002 (PCC 7002) due to its exceptional tolerance 

to high light intensity, salt, and other environmental stresses (Ruffing, 2011; Xu et al., 2011). 

Initial attempts to grow PCC 7002 in this nutrient source under standard environmental 

conditions for this strain (1% (v/v) CO2, a temperature of 37°C, and illumination of 200 µmol 

photons m-2s-1) resulted in photobleached (white-yellow) cultures. In an effort to explain this 

observation while developing more feasible cultivation conditions, we assessed the effects of 

many environmental parameters during PCC 7002 cultivation in wastewater-based media by 

monitoring changes in growth rate, photopigment abundance, oxygen evolution rates, membrane 

integrity, and membrane composition. High GBF concentrations were associated with elevated 

DOM levels. Decreased photosynthetic oxygen production rates were also noted upon exposure 

to high levels of GBF. We observed marked membrane permeability, photosystem degradation, 

low growth rates, in addition to ROS production for cultures exposed to GBF at 37°C. At 27°C, 

cultures grown on GBF had lessened membrane permeability, robust growth rates, as well as 

high levels of total fatty acids and an elevated unsaturated fatty acid content relative to control. 

This suggests tolerance to the photoinhibitory compound in GBF is governed by changes in 

membrane content and composition that occur during growth. 

3.3 Materials and Methods 

3.3.1 Medium and Growth Conditions 

Wild type (WT) Synechococcus sp. strain PCC 7002 was obtained from the Pasteur 

Culture Collection of Cyanobacteria. Experiments were performed with a mutant strain of PCC 

7002 harboring the aaC1 gene encoding a gentamicin resistance marker in the A2842 locus to 
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maintain axenic cultures. Strains were grown and maintained on Medium A+ (Stevens et al., 

1973) supplemented with 5 µM NiSO4 (Sakamoto and Bryant, 2001) with 1.5% Bacto-Agar. 

Strains were cultured in 250 ml baffled flasks with 50 mL media with 1% CO2-enriched air at 

150 rpm in a Kuhner ISF1-X orbital shaker. Temperature was maintained at 37°C or 27°C and 

light intensity was fixed at approximately 200 µmol photons m-2s-1 or 100 µmol photons m-2s-1 

via a custom LED panel. Strains were pre-acclimated to the culture conditions overnight before 

inoculating in fresh media. Optical density at 730 nm was measured in a Tecan M1000 plate 

reader.  

Wastewater-derived media was obtained from the Nine Springs Wastewater Treatment 

Plant (Dane County, Wisconsin, USA). The plant is configured for biological nutrient removal 

via a modified University of Cape Town process with no internal nitrate recycling and stable 

performance yielding high secondary effluent quality (total phosphorus < 1 mg P/L, ammonia < 

1 mg N/L, nitrate ~ 15 mg N/L) (Flowers et al., 2013). Anaerobic digesters are used for solids 

stabilization and the resulting digested material is passed over a gravity belt filter for dewatering. 

The system includes an Ostara WASSTRIP process to recover phosphorus. This filtrate (GBF) 

served as the primary source of phosphorus and reduced nitrogen for our cultures, and effluent 

from the post-mainstream secondary treatment clarifier (secondary effluent) served as a diluent. 

GBF was filtered through a paper filter to remove any exceptionally large flocs, then stored at     

-80°C until use. Secondary effluent was collected one to four days before each experiment and 

held under refrigeration at approximately 2°C. Experimental media was comprised primarily of 

secondary clarifier effluent and GBF, combined in different proportions. Unless otherwise noted, 

GBF was used at a concentration of 12.5% (v/v) in secondary effluent, supplemented with trace 

metals and vitamin B12 at the concentrations found in Medium A+, as well as KH2PO4 at a molar 
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ratio of 1:32 soluble reactive phosphorus (SRP) to bioavailable nitrogen (the sum of NH4
+ and 

NO3
-). All media was buffered with Tris-HCl and adjusted to pH 8.0 with potassium hydroxide 

or hydrochloric acid before sterilization by autoclaving, and gentamycin was added at working 

concentrations (30 μg/mL) after cooling. 

3.3.2 Staining, Flow Cytometry, and Fluorescence Measurements 

The membrane permeability of cyanobacteria cells was recorded by a flow cytometer 

(FACSCalibur, BD Biosciences, San Jose, CA, USA). After growth in the respective media, cells 

were centrifuged (2 minutes, 5000 RCF), decanted, and resuspended in 1 mL of Tris-Buffered 

Saline (TBS) solution (pH 8.0). To identify membrane-compromised cells, SYTOX Green (Life 

Technologies) was also added to each sample (1 μM). SYTO 59 (Life Technologies) was added to 

each sample (1 μM) as a nucleic acid counterstain. As a control for a permeabilized membrane, 

cells were resuspended in 190 proof ethanol. SYTOX green fluorescence was visualized using 488 

nm laser excitation and emission area was read using a 530/30 nm bandpass filter. The 633-nm 

laser coupled with a 661/16 bandpass filter was used for SYTO 59 visualization. Analysis of the 

cytometric data was carried out with CellQuest Pro (BDBiosciences, San Jose,CA, USA) software. 

To assess reactive oxygen species production, cells (OD730 = 1) were incubated overnight 

in Medium A+, 12.5 % (v/v) GBF, 12.5 % (v/v) GBF + 1 mM Dithiothreitol (DTT), 12.5 % (v/v) 

GBF + 1 mM N-acetylcysteine (NAC), or Medium A+ + 100 µM methyl viologen as a positive 

control at 37°C with 5% CO2 at a light intensity of 200 µmol photons m-2s-1. Cells were washed in 

TBS, and either Sytox Green (1 μM) or CellROX Orange reagent (Life Technologies) (5 μM) was 

added. After 30 min incubation in darkness at 37°C, fluorescence was measured (Ex/Em 545/565 
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nm for Cell ROX Orange) and (Ex/Em 504/523 nm for Sytox Green) in a Tecan M1000 plate 

reader. 

3.3.3 GBF Characterization 

SRP, ammonia, nitrate, and nitrite concentrations were determined for all secondary 

clarifier effluent and GBF samples used in these experiments. In addition, the GBF was tested 

for total suspended solids (TSS), volatile suspended solids (VSS) total solids (TS), and chemical 

oxygen demand (COD). Ammonia, SRP, and COD concentrations were determined by 

colorimetric tests using reagents from Hach. Nitrate and nitrite were determined using high 

performance liquid chromatography (Shimadzu) with a C18 column and photodiode array 

detector (He and McMahon, 2011). TSS, VSS, and TS were measured according to Standard 

Method 2540 D, 2540 E, and 2540 B, respectively, with 47 mm diameter glass fiber filters 

(Whatman) used for TSS and VSS (Eaton and Franson, 2005). Fluorescence EEM measurements 

and UV-Vis absorbance scans were conducted using a M1000 Tecan plate reader using a UV-

transparent plate (Costar 3635). Fluorescence intensity was normalized to quinine sulfate units 

(QSU), where 1 QSU is the maximum fluorescence intensity of 1 ppm of quinine sulfate in 0.1 N 

H2SO4 at Ex/Em = 350/450. Rayleigh scatter effects were removed from the data set. 

3.3.4 Biochemical Analyses 

Batch cultures were further assayed for fatty acid content, oxygen evolution rates, and 

chlorophyll a content. Cells were concentrated by centrifugation, washed in TBS, and 

lyophilized overnight to obtain dry cell weights (DCW). Fatty acids from approximately 10 mg 

of DCW with 10 mg/ml pentadecanoic acid as an internal standard were converted to methyl-
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esters, extracted with n-hexane and analyzed by GC-FID on a Restek Stabilwax column (60m, 

0.53 mm ID, 0.50 µm) (Lennen et al., 2010). Photosynthetic oxygen evolution from whole cells 

was measured with a Unisense MicroOptode oxygen electrode with 10 mM NaHCO3 illuminated 

with a slide projector at photosynthetic photon flux densities ranging from 76-2700 μmol 

photons m− 2 s− 1 for 10 min at room temperature (Sakamoto and Bryant, 2002). Cells were 

collected by centrifugation and resuspended in the appropriate media to give an OD730 = 1.0. 

Chlorophyll a measurements were done via a 100% chilled methanol extraction procedure 

(Miyashita et al., 1997). Chlorophyll a was calculated via the following equation: Chla = 16.29 * 

A665 - 8.54 * A652 (Porra et al., 1989). 

3.4 Results 

3.4.1 GBF and Secondary Effluent Characteristics 

We measured nutrient concentrations from the batches of GBF collected over the 6-month 

experimental period (Table 3-1 and Table 3-2), to ascertain if it was a stable and reliable nutrient 

source for cultivating the cyanobacteria. Sampling points from the Nine Springs Wastewater 

Treatment Plant (Dane County, Wisconsin, USA) are shown in Fig. 3-1. To calculate nutrient 

stoichiometries, we took the sum of NH3-N and NO3-N to be the bioavailable N. Nutrient levels 

in the GBF were markedly more variable than in the secondary effluent. The average molar ratio 

of bioavailable N to SRP was 35 ± 7 in GBF (12.5% v/v) diluted with secondary effluent, as 

compared to 32 in Medium A+. 
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Table 3-1. Nutrient Composition of a Batch of 100% GBF Used for Subsequent Experiments.  

Analyte Concentrationa (mg L-1) (±SD) 

NH3–N 1180 ± 135  
NO3–N 7.5 ± 0.04 

SRP 78 ± 10 
COD 735 ± 4 

TSS 467 ± 123 
VSS 18 ± 2 
TS 2350 ± 36 

TS (Glass Fiber Filtered) 2030 ± 42 
TS (0.45 um membrane filtered) 2000 ± 151 

a Values shown represent the mean ± standard deviation (SD) of at 

least three technical replicates. 

SRP-soluble reactive phosphorus 

COD-chemical oxygen demand 

TSS- total suspended solids 

TS-total solids 

 

 

Table 3-2. Characteristics of GBF and Secondary Effluent Over the 6-month Experimental 

Period. 

Source Analyte Concentrationa (mg L-1) (±COV) 

 NH3–N 920 ± 22% 

GBF NO3–N 3.9 ± 43% 

 SRP 54 ± 27% 

 NH3–N n.d. 

Secondary Effluent NO3–N 19.3 ± 6.6% 

 SRP n.d. 
a Values shown represent the mean ± coefficient of variation (COV) 

of at least three technical replicates. 
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Figure 3-1. Flow Diagram and Nutrient Streams Obtained from the Nine Springs Wastewater 

Treatment Plant (Dane County, Wisconsin, USA). 
Stars indicate sampling points. 

 

We also measured DOM quality in the secondary effluent and GBF using UV-Vis 

absorbance scans and excitation−emission matrix (EEM) fluorescence spectroscopy (Chen et al., 

2003) because we hypothesized that DOM was linked to toxicity during cultivation, as has been 

shown in prior studies (Neilen et al., 2017; Ojwang’ and Cook, 2013; Vigneault et al., 2000). 

Relative to Medium A+, absorbance scans of GBF (12.5% v/v) revealed high absorbance in the 

UV range (250-400 nm), indicative of aromatic hydrocarbons (Mayneord and Roe, 1935), which 

were diminished as the GBF was diluted to lower concentrations (Fig. 3-2). EEM fluorescence 

spectroscopy revealed that secondary effluent contained diffuse constituents, including humic 

[excitation wavelengths (>280 nm) and emission wavelengths (>380 nm)] and fulvic acid-like 

[excitation wavelengths (<250 nm) and emission wavelengths (>350 nm)] spectra relative to 

Medium A+ (Fig. 3-3). The distinction between the two substances is historically based on 

solubility (Lehmann and Kleber, 2015), but compositionally, fulvic acids contain more acidic 
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functional groups than humic acids (Peña-méndez et al., 2005). The fulvic acid content in media 

preparations rose with increasing concentrations of GBF. Additionally, at high concentrations of 

GBF, a distinct region [excitation wavelengths (270 -290 nm) and emission wavelengths (340-

400 nm)] was attributed to the presence of soluble microbial products, which include aromatic 

amino acids, carbohydrates, or phenols (Chen et al., 2003; Cowgill, 1963). The exact 

composition of these products varies with plant configuration, but they are refractory to 

microbial degradation (Dignac et al., 2000). 

 

Figure 3-2. UV-VIS Absorption Spectra of Varying Concentrations of Tested Media. 
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Figure 3-3. Excitation-Emission Matrix of tested medias.  

Fluorescence values were normalized to 1 ppm of quinine sulfate in 0.1 N H2SO4 at Ex/Em = 350/450 nm. 
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3.4.2 Dose-Dependent Tolerance to GBF is a Function of Temperature 

To evaluate the effects of GBF dosage on PCC 7002 physiology, we measured biomass 

accumulation (Fig. 3-4) and growth rates (Table 3) in GBF concentrations ranging from 6.25%-

12.5% (v/v) as a function of temperature (27°C vs 37°C) and light intensity (100 μmol 

photons m− 2 s− 1 vs 200 μmol photons m− 2 s− 1). Medium A+ served as a control. Higher 

temperatures depressed growth rates in GBF-based media. At 37°C, growth rates with 6.25% GBF 

at both 100 μmol photons m− 2 s− 1 and 200 μmol photons m− 2 s− 1 were most comparable to 

Medium A+. Higher GBF concentrations had a more extreme effect on growth rates. However, this 

dose dependent effect of GBF on growth rate was abolished when the cultivation temperature was 

lowered to 27°C. At 200 μmol photons m− 2 s− 1 and 27°C, GBF cultures grew twice as slowly as 

the control and there was no significant difference between the tested GBF concentrations. Under 

100 μmol photons m− 2 s− 1 and 27°C, growth rates were comparable across media conditions. 

Thus, successful cultivation using the more concentrated GBF media required adjusting both the 

light and temperature regimes. 
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Figure 3-4. Biomass Accumulation for Cultures Grown in Medium A+, 6.25 %, 9.9 %, or 12.5 % 

(v/v) GBF Media with 1 % CO2.  
(A) 37°C and 200 μmol photons m-2 s-1, (B) 37°C and 100 μmol photons m-2 s-1, (C) 27°C and 200 μmol photons m-2 

s-1, or (D) 27°C and 100 μmol photons m-2 s-1. The values represent the mean ± SD of biological triplicates. 
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Table 3-3. Growth Rates with Varying Temperature and Light Intensity 

Media Light Intensity 
(μmol photons 

m-2 s-1) 

Temperature 
(°C) 

Growth Rate (±SD)  

(OD day-1) 

A+ 200 37 0.66 ± 0.04 

6.25% GBF 200 37 0.58 ± 0.05 

12.5% GBF 200 37 0.05 ± 0.01 

A+ 100 37 0.28 ± 0.01 

6.25% GBF 100 37 0.24 ± 0.01 
9.9% GBF 100 37 0.11 ± 0.02 

12.5% GBF 100 37 0.02 ± 0.00 

A+ 200 27 0.73 ± 0.08 

6.25% GBF 200 27 0.32 ± 0.03 
9.9% GBF 200 27 0.42 ± 0.06 

12.5% GBF 200 27 0.28 ± 0.04 

A+ 100 27 0.25 ± 0.01 

6.25% GBF 100 27 0.26 ± 0.02 

9.9% GBF 100 27 0.24 ± 0.01 

12.5% GBF 100 27 0.26 ± 0.02 

 Linear growth rates of cultures grown in Medium A+ or GBF with the appropriate treatment under continuous 

illumination (200 μmol photons m-2 s-1 or 100 μmol photons m-2 s-1) with 1 % CO2 at 37°C or 27°C. The values 

represent the mean ± SD of biological triplicates. 

 

3.4.3 Dose-Dependent Membrane Permeability of GBF is a Function of Growth 

Temperature 

We wondered whether the decreased growth rates in GBF at 37°C was a result of 

membrane permeability, given the known effect of humic acids on membrane integrity (Ojwang’ 

and Cook, 2013; Vigneault et al., 2000). To track the dynamics of GBF induced membrane 

permeability, we employed forward scatter flow cytometry using SYTO 59 as a counterstain to 

identify cells, which were subsequently visualized for membrane permeability using Sytox Green. 

As Sytox Green is a membrane impermeable dye that fluoresces when binding to nucleic acids 

(Roth et al., 1997), fluorescence would indicate compromised outer membrane structures. Two 

distinct phases were identified upon exposure to GBF, which we interpreted as initial and chronic 
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membrane permeability (Fig. 3-5). Initial membrane permeability was defined as the Sytox Green 

positive events for samples analyzed within the first 10 hours of growth, while chronic membrane 

permeability accounted for the Sytox Green positive events during subsequent time points. As was 

the case for growth rate, a relationship between both initial and chronic membrane permeability 

and increasing GBF concentrations was found at 37°C (Fig. 3-5A, 3-5B). While we still detected 

considerable initial membrane permeability with GBF exposure at 27°C, chronic membrane 

permeability decreased over time, mostly likely to the increase in biomass (Fig. 3-5C, 3-5D). 

Altogether, this suggested that there was a temperature dependent adaptation that ameliorated the 

susceptibility of cultures to GBF induced membrane permeability. 
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Figure 3-5. Membrane Permeability of Cultures Grown in Medium A+, 6.25 %, 9.9 %, or 12.5 % 

(v/v) GBF Media with 1 % CO2 

(A) 37°C and 200 μmol photons m-2 s-1, (B) 37°C and 100 μmol photons m-2 s-1, (C) 27°C and 200 μmol photons m-2 

s-1, or (D) 27°C and 100 μmol photons m-2 s-1. The values represent the mean ± SD of biological triplicates. 
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reduction of disulfide bonds or as precursors for the anti-oxidant glutathione (Samuni et al., 2013). 

To measure their effect on the ROS production and culture viability after GBF exposure, we 

assessed ROS content and membrane integrity with either concurrent addition or preincubation of 

these quenching compounds in the diluted (12.5% v/v) GBF media. Addition of 100 µM methyl 

viologen to Medium A+ served as a positive control for ROS production. Exposure of cells to 

12.5%-GBF media resulted in marked ROS production and membrane permeability, which no 

thiol treatment alleviated.  

  

 

Figure 3-6. Reactive Oxygen Species and Membrane Permeability Assay.  

Cells were grown to early linear phase in Medium A+ or 12.5% GBF with the appropriate treatment under 

continuous illumination (200 μmol photons m-2 s-1) with 1 % CO2 at 37°C. Fluorescence values were normalized to 

OD730. The values represent the mean ± SD of biological triplicates. 

 

Photobleaching of the photosynthetic pigments is also a common symptom of oxidative 

stress in photosynthetic organisms and is caused by the accumulation of ROS (Latifi et al., 2009). 

ROS and Membrane Permeability

R
e
la

ti
v
e

F
lu

o
re

s
c
e
n

c
e

0

10000

20000

30000

80000

100000

120000

140000

160000

Membrane Permeability ROS

Medium A+ GBF GBF +

1 mM NAC

GBF (pre-

incubated

with

1 mM NAC)

GBF +

1 mM DTT

GBF (pre-

incubated

with

1 mM DTT)

Medium A+

+ 100 μM

methyl

viologen



50 

 

 

 

 
 

To investigate the effects of GBF media on the photosynthetic pigmentation, we performed whole 

cell absorbance scans of cultures cultivated at two different temperatures (27°C vs 37°C) at the 

same light intensity (200 μmol photons m− 2 s− 1). High GBF concentrations yielded enhanced 

chlorophyll, phycobilisome, and carotenoid degradation at 37°C (Fig. 3-7A). At 27°C, 

photosynthetic pigments maintained intact relative to the control, regardless of GBF concentration, 

implying less ROS production at this temperature (Fig. 3-7B). 

 
Figure 3-7. Absorption Spectra of Medium A+ or GBF Exposed Strains as a Function of 

Temperature.  
Cultures were grown in Medium A+, 6.25 %, or 12.5 % (v/v) GBF media under continuous illumination (200 μmol 

photons m-2 s-1) with 1 % CO2 at (A) 37°C or (B) 27°C for 72 hours. The spectra were recorded in dilute cell 

suspensions and normalized to an OD730. The peak at 438 nm is due to carotenoids, the peak at 637 nm is due to 

phycobilisomes, and the peak at 683 nm is due to chlorophyll a. 
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resuspended in the appropriate media. Resuspension media was saturated with HCO3
- (10 mM) in 

order to prevent inorganic carbon limitation. As expected, cells grown and assayed in Medium A+ 

at 37°C showed a clear increase in O2 evolution rate as the light intensity approached saturation at 

2700 μm photons m− 2 s− 1, reaching a maximal rate of 240 ± 8 µmol O2 (mg Chl a)–1 h–1 (Fig. 3-

8A). Cells grown in Medium A+ at 37°C but assayed in 12.5% GBF had diminished O2 evolution 

rates at all light intensities, plateauing with a rate of 79 ± 6 µmol O2 (mg Chl a)–1 h–1 at an intensity 

of 270 μmol photons m− 2 s− 1 (Fig. 3-8A). Thus, exposure to GBF under these conditions 

immediately caused a decrease in O2 production.  

Next, we examined the effect of temperature in a similar experiment. Assays carried out in 

Medium A+ after growth in Medium A+ at 27°C showed much higher maximal O2 evolution rates 

at all tested light intensities than with cells grown at 37°C (Fig. 3-8B), peaking at a rate 556 ± 102 

µmol O2 (mg Chl a)–1 h–1). This was expected because elevated O2 evolution rates in low 

temperature grown PCC 7002 have been previously reported and were attributed to a substantial 

change in photosystem stoichiometry (Sakamoto and Bryant, 1998). The O2 evolution rates of cells 

grown in Medium A+ at 27°C and then resuspended in 12.5% GBF stayed relatively constant at all 

of the tested intensities and were roughly 5-fold lower than in controls, with a maximal rate of 109 

± 22 µmol O2 (mg Chl a)–1 h–1 at an intensity of 75 μmol photons m− 2 s− 1. We compared the above 

rates to those from cultures grown in 12.5% GBF at 27°C to test if adaptation to GBF was met 

with changes in photosynthetic activity. At tested light intensities, O2 evolution rates with 27°C 

GBF-adapted cultures were not statistically different than with unadapted cultures. Finally, we 

conducted the inverse experiment, using cultures grown in GBF Medium At 27°C but assayed in 

Medium A+ under saturating light. Interestingly, they displayed the highest evolution rate of any 

tested condition, at 944 ± 96 µmol O2 (mg Chl a)–1 h–1 (Fig. 3-8B). This suggested that there is a 
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period of dynamic photosynthetic adaptation to overcome the stress of GBF, and that when the 

stress is alleviated the cells have an enhanced capacity for photosynthetic activity.  

 

Figure 3-8. Rates of Oxygen Evolution as a Function of Acclimation temperature and Light 

Intensity.  
Cells were grown to early linear phase in Medium A+ or 12.5% GBF under continuous illumination (200 μmol photons 

m-2 s-1) with 1 % CO2 at (A) 37°C or (B) 27°C. Cells were pelleted, resuspended in Medium A+ or 12.5% GBF, and 

the rate of maximal oxygen evolution was measured with 10 mM HCO3
- as an electron acceptor at increasing light 

intensities. The values represent the mean ± SE of biological duplicates. 

 

Additional assays were performed at light saturation (2700 μmol m− 2 s− 1) with cultures 

adapted to 37°C (Fig. 3-9A) to highlight the effects of media conditions on oxygen evolution 

rates. As with other light intensities with 37°C adapted cultures, rates of oxygen evolution in 

GBF (73 ± 8 µmol O2 (mg Chl a)–1 h–1) were much lower than Medium A+ (248 ± 21 µmol O2 

(mg Chl a)–1 h–1). Increasing the osmolarity of the GBF medium by addition of equimolar 

concentrations of NaCl as Medium A+ showed no statistical difference in oxygen evolution than 

without NaCl. Attempts to eliminate the inhibitory effect of GBF on oxygen evolution by gravity 

filtration through powdered activated carbon were unsuccessful. 10 µM DCMU in Medium A+, 

or cultures pre-treated with 800 µg ml-1 Lincomycin in Medium A+ and incubated at light 

saturation for 1 hour were used as controls for the inhibition of photosynthetic electron transfer 

Acclimated at 37°C

Light Intensity (μmol photons m
-2

s
-1

)

O
2

e
v

o
lu

ti
o

n
,

µ
m

o
l

O
2

(m
g

C
h

l
a

)–1
h

–1

0 1000 2000 3000
0

300

600

900

1200

Acclimated at 27°C

Light Intensity (μmol photons m-2s-1)

O
2

e
v

o
lu

ti
o

n
,

µ
m

o
l

O
2

(m
g

C
h

l
a

)–1
h

–1

0 1000 2000 3000
0

300

600

900

1200

Media A-Media A Media A-GBF GBF-GBF

A B

GBF-Media A



53 

 

 

 

 
 

(Huber and Edwards, 1975) and de-novo protein synthesis (Tyystjärvi and Aro, 1996), 

respectively. However, evolution rates with these controls were higher than those treated with 

GBF, and no definitive conclusion on the mechanism of GBF induced reduction in oxygen 

evolution could be made. An additional experiment was done to examine the effects of NH4 

toxicity on oxygen evolution rates (Fig. 3-9A). Cultures were grown in Medium A+ at 37°C, and 

resuspended in 12.5% GBF or default Medium A+ as described above, or resuspended into 

Medium A+ where NH4Cl has been substituted at equimolar concentrations as the NaNO3 

normally present. As shown, there was no statistically significant effect of the presence of NH4 

on oxygen evolution rate, which differs from studies performed with other cyanobacterial strains 

(Dai et al., 2014). 
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Figure 3-9. Photosynthetic Rates of Oxygen Evolution at Saturating Light Conditions.  
Cells were grown to early linear phase in Medium A+ under continuous illumination (200 μmol photons m-2 s-1) with 

1 % CO2 at 37°C). (A) Cells were pelleted, resuspended in Medium A+, 12.5% GBF, 12.5% GBF + 310 mM NaCl 

(control for osmolarity), 12.5% GBF prefiltered with activated carbon, Medium A+ + 10 µM DCMU (control for 

inhibition for electron transport), or pre-treated with 800 µg ml-1 Lincomycin for 1 hour (control for the inhibition of 

protein synthesis.) (B) Cells were pelleted, resuspended in Medium A+, Medium A+ with 12 mM NH4 as a nitrogen 

source, or 12.5% GBF. Maximal oxygen evolution rates were measured with 10 mM HCO3 as an electron acceptor 

at 2700 μmol photons m-2 s-1. The values represent the mean ± SE of biological duplicates. 
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3.4.6. Acclimation to GBF Changes Lipid Content and Composition 

Based on the results described above, we hypothesized that the temperature dependent 

adaptation may be related to changes in membrane content and composition. We extracted total 

fatty acids of cultures grown at 27°C for 72 hours in 12.5% GBF or Medium A+, and analyzed 

the content after derivatization. We could detect and resolve all major saturated and unsaturated 

fatty acid species (Table 3-4). Cultures grown in GBF had greater totals of assayed fatty acid 

species (27 ± 7 mg FAME gDCW-1) when compared to cells grown in Medium A+ (15 ± 1 mg 

FAME gDCW-1). The most abundant fatty acid in all samples was 16:0 (42-45% of the total fatty 

acids). C18:2 ∆9,12 fatty acids comprised a significant fraction of Medium A+ grown cultures 

with 22% of the total fatty acid species. However, in GBF-grown cells the amount of C18:2 

∆9,12 fatty acids were only 15%, while C18:3 ∆9,12,15 fatty acids were twice as high (p-

value<0.0005) in GBF grown cells (16%) than in Medium A+ grown cells (9%). Our fatty acid 

extraction suggests that cells were altering their membrane homeostasis when grown in GBF, as 

compared to standard growth in Medium A+. While we did not differentiate the fatty acid content 

and composition between the outer, cytoplasmic, or thylakoid membranes in our study, prior 

work done with the cyanobacterium Synechocystis PCC 6803 found similar fatty acid 

composition between thylakoid and cytoplasmic membranes (Los and Murata, 1996). 

  



 

 

 

 

 
5
6
 

Table 3-4. Fatty Acid Content and Composition of Cultures Grown in Medium A+ or 12.5% GBF Media.  

  Fatty Acids Species 

Growth 

Conditions1 
 C16:0 C16:1 ∆9 C18:0 C18:1 ∆9 

C18:2 

∆9,12 

C18:3 

∆9,12,15 

Medium A+ 

mg FA 

gDCW-1 6.7 ± 0.7 2.0 ± 0.1 0.2 ± 0.1 1.5 ± 0.2 3.3 ± 0.2 1.4 ± 0.1 

 % FA  44 ± 1 13 ± 1 2 ± 0 10 ± 0 22 ± 1 9 ± 1 

GBF 

mg FA 

gDCW-1 11.6 ± 3.1 3.5 ± 0.8 1.3 ± 0.3 2.2 ± 0.7 3.9 ± 0.8 4.4 ± 1.6 

 % FA  43 ± 0 13 ± 0 5 ± 0 8 ± 0 15 ± 1 16 ± 1*** 
1 Strains were grown in the Medium A+ or 12.5% GBF media under continuous illumination (200 μmol photons m-2 s-1) at 27°C for 72 hours. Fatty acids were 

extracted and derivatized as previously described. The values represent the mean ± SD of two independent experiments. *** represent statistically significant 

differences from control (p-value<0.0005 using an unpaired t-test).
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3.5 Discussion 

The amount and distribution of arable land and potable water are projected to change 

over the next several decades due to climate change, while the rise in global population and 

standard of living are expected to increase demands (Parry et al., 2004). Integration of microalgal 

cultivation with industrial and municipal wastewater treatment circumvents many of the resource 

concerns raised over biofuel production (Pate et al., 2011), while simultaneously removing 

additional nutrients and pollutants present in the wastewater (Wang et al., 2016). However, under 

standard environmental conditions we were unable to obtain robust growth of PCC 7002 using a 

diluted municipal side stream as a nutrient source. We hypothesized that this effect may be due 

to the presence of DOM, which has been demonstrated to cause a decrease in photosynthetic 

performance in various strains of cyanobacteria (Gjessing et al., 1998; Shao et al., 2009; Sun et 

al., 2006). We investigated the effects of light intensity and temperature on the physiology of 

digestate grown cultures, in an effort to find conditions conducive to high growth rates and 

biomass generation and better understand the mechanisms of GBF toxicity. 

We propose that the herbicidal effect of GBF is primarily due to PSII inhibition as shown 

in Fig. 3-8 and 3-9, brought about by quinone or phenolic compounds within the “soluble 

microbial products” found in our EEM scans (Fig. 3-3). Enrichment of humic material with 

quinone and phenolic compounds has been shown to be inhibitory to growth in cyanobacterial 

species (Bährs et al., 2013, 2012). Phenolic photosynthetic electron transfer inhibitors such as 

2,5-Dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB), alter the redox potential of the 

PQ pool of PSII by blocking forward electron transfer to the cytochrome b6/f complex (Schoepp 

et al., 1999). The immediate decrease in oxygen evolution (Fig. 3-8) and high rates of initial 
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membrane permeability (Fig. 3-5) upon GBF exposure suggests that the toxic compound(s) 

rapidly cross the outer membrane, where it interrupts photosynthetic electron flow. Chronic 

exposure to phenolic herbicides eventually leads to radical-catalyzed back reactions that trigger 

the formation of ROS (Pallett and Dodge, 1980) (Fig. 3-6) that facilitate complex destruction 

(Fig. 3-7) and cell death (Dominy and Williams, 1987; Idedan et al., 2011; Krieger-Liszkay et 

al., 2008; Latifi et al., 2009; Nishiyama et al., 2011). Some phenolic herbicides may also act as 

arylating agents, causing covalent binding to macromolecules via Michael addition and a 

depletion of thiol pools (Wang et al., 2006). The inability of the reducing agents we tested to 

maintain membrane integrity suggests that GBF-induced cytomembrane permeability is likely 

caused by redox cycling, and not arylation. 

We found that cultivation temperature was an important factor that allowed for the 

growth of PCC 7002 under high GBF concentrations. Numerous physiological processes are 

altered at low temperatures (Morgan-Kiss et al., 2006). Notably, the fatty acyl chains in 

membranes undergo a transition from a fluid to nonfluid state (De Mendoza, 2014). 

Cyanobacterial membrane organization is complicated by the simultaneous existence of the 

outer, plasma, and thylakoid membranes, each with a designated physiological function (Pisareva 

et al., 2011). As part of the homeoviscous response upon a shift to a lower temperature, 

cyanobacteria alter the expression of desaturases in their plasma and thylakoid membranes 

(Mustardy et al., 1996) to increase unsaturated fatty acid content and maintain optimal 

membrane function (Singh et al., 2002). Optimal fluidity of thylakoid membranes is a critical 

factor in photosynthetic electron transport, due to the mobility of co-utilized redox components 

to both photosynthetic and respiratory complexes to ensure ideal electron flow (Liu, 2015; 

Mullineaux, 2014). It has been shown that temperature influences the kinetics governing the 
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redox state of plastiquinone (PQ) through alterations in thylakoid membrane composition and 

fluidity (Klementiev et al., 2017). We hypothesize that alteration of the thylakoid membrane to 

circumvent GBF induced changes in the redox state is also an important component of the 

adaptive response to lower temperatures, given the increase in total unsaturated fatty acids 

observed during cultivation in GBF-based media (Table 3-4).  

The strong reduction of the PQ pool by phenolic herbicides also induces the 

phycobilisomes to physically move from PSII to PSI in a transition known as “state 2”, thereby 

decreasing the ratio of reducing power to proton-motive force generated by photosynthesis (Mao 

et al., 2002). Marine Synechococcus, including PCC 7002, have also been shown to transition to 

state 2 upon shifts to lower temperature (Mackey et al., 2013). Mutant cells of the 

cyanobacterium Synechocystis PCC 6803 that lacked polyunsaturated fatty acids were unable to 

perform these state transitions at low temperatures (El Bissati et al., 2000). This change in 

photosystem arrangement at 27°C may also contribute to acclimation to the photoinhibitory 

compound. Future efforts to increase tolerance to these toxicants might include disruption of the 

inhibitor binding sites (Ajlani et al., 1989; Lee et al., 2001) or optimizing thylakoid membrane 

fluidity (Gombos et al., 1994). 

3.6 Conclusions 

Under standard cultivation conditions of 37°C with the cyanobacteria Synechococcus sp. 

strain PCC 7002, there was a dose-dependent relationship between liquid anaerobic digestate 

concentration and membrane permeability. This was met with ROS production and photopigment 

degradation. Digestate contained constituents of dissolved organic matter that were likely affecting 

photosynthetic electron transport. Decreasing the cultivation temperature to 27°C enabled robust 
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cultivation at high digestate concentrations, resulting in high biomass productivities. This 

temperature dependent tolerance may be due to changes in membrane properties. Our study 

highlights the contributions of dissolved organic matter to photosynthetic growth and physiology 

in wastewater based media, as well as a potential mechanism for tolerance in low temperatures.  
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4.1 Abstract 

 L-lactate is a model organic acid to investigate metabolic engineering principles in a 

cyanobacterial host, due to its proximity to central metabolism and low toxicity. In this chapter. 

we report the development of a cyanobacterium, Synechococcus sp. strain PCC 7002, capable of 

producing L-lactate at high carbon flux. We found that matching enzymatic cofactor preference 

with cofactor availability increased carbon partitioning three-fold. Removal of glycogen 

synthesis in L-lactate producing strain backgrounds had a pleiotropic effect on fitness and caused 

metabolic spillover. Repressing a key enzyme involved in the coordination nitrogen and carbon 

metabolism via CRISPRi led to highest reported volumetric productivity to date. Overexpression 

of a glycolytic transcriptional regulator also increased carbon flux to L-lactate. 

4.2 Introduction 

Cyanobacterial strains have been metabolically engineered to produce a variety of 

compounds including sugars, alcohols, hydrocarbons, and organic acids (Angermayr et al., 2014; 

Ducat et al., 2011; Mendez-Perez et al., 2011; Oliver et al., 2013) While these works 

demonstrate the versatility of cyanobacteria as chemical production platforms, the utility of these 

strains for industrial chemical production is limited by their relatively low volumetric 

productivities. The cyanobacterial strains which have been traditionally used in metabolic 

engineering, Synechococcus sp. PCC 7942 (PCC 7942) and Synechocystis sp. PCC 6803 (PCC 

6803), can double every 6-24 hrs (Berla et al., 2013). In contrast, the cyanobacterium 

Synechococcus sp. PCC 7002 (PCC 7002) is a relatively fast-growing strain, capable of doubling 

every 3-5 hrs (Heidorn et al., 2011). The faster growth rate of PCC 7002 can be attributed to its 

high inorganic carbon transport flux (Clark et al., 2014) and the resulting high flux of carbon 



70 

 

 

 

 
 

fixation. Harnessing the carbon fixation potential of PCC 7002 could result in higher 

productivities, which may offset the current high costs of photosynthetic chemical production.  

L-Lactate is an excellent model compound for studying metabolic engineering strategies 

in photoautotrophic bacteria because its synthesis pathway is short (one step removed from 

central metabolism) and consumes cofactors within the range generated by photosynthesis during 

linear electron transport (Oliver and Atsumi, 2014). Therefore, any design principles that 

translate to greater productivity for L-lactate, should hold true for more valuable products. L-

lactate is traditionally produced though the fermentation of yeast and/or lactic acid bacteria for 

use in the food and polymer industries at volumetric productivities reaching 4 g L-1 h-1 (Okano et 

al., 2010). The cyanobacteria PCC 6803 and PCC 7942 have both been engineered to produce 

lactate using lactate dehydrogenase (LDH) enzymes obtained from a wide range of microbial 

sources to convert the central metabolite pyruvate to L-lactate using NAD(P)H as a source of 

reducing power (Angermayr et al., 2014; Niederholtmeyer et al., 2010).  PCC 7002 has an 

endogenous LDH, but wild-type (WT) cultures produce negligible levels of lactate under 

standard laboratory conditions.  

In this work, a synthetic biology toolbox (Markley et al., 2015) was used to control 

expression of heterologous enzymes that increased the ability of PCC7002 to produce the 

industrially-attractive organic acid, L-lactic acid. Here, we report the effects of enzymatic 

cofactor preference, and deletion of a competitive carbon sinks on overall lactate productivity 

rates for PCC 7002. We demonstrated novel strategies for increasing carbon flux by 

conditionally downregulating a key node in nitrogen assimilation, or by overexpression of a 

transcriptional regulator. The resulting strains produced 2-fold more lactate than a baseline 
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engineered cell line, representing the highest photosynthetically generated productivity to date, 

2.2 ± 0.029 mM day-1. 

4.3 Materials and Methods 

4.3.1 Chemicals, Reagents, and Media 

Strains were grown and maintained on Medium A+ (Stevens et al., 1973) with 1.5% (w/v) Bacto-

Agar (Fisher). Strains with antibiotic resistance markers were selected on media with antibiotics 

(kanamycin, 100 μg/mL; gentamicin, 30 μg/mL) and strains with cassettes introduced in the 

A1838 (acsA) locus were plated on 100 μM acrylic acid. Optical density at 730 nm was 

measured in a Genesys 20 spectrophotometer (Thermo Scientific) in 1-cm cuvette or in a Tecan 

M1000 plate reader. Dry cell weight conversions using OD730nm obtained from Tecan M1000 

were determined from cell pellets washed in distilled water and then lyophilized (1 OD730nm = 

1.056 gDCW/L).  (Note that in (Gordon et al., 2016), cell pellets were washed with Tris-buffered 

saline before determining dry weight rather than distilled water. To correct for this, those dry 

weight measurements were multiplied by 0.75, the ratio of the dry weight of a distilled water 

washed pellet to a Tris-buffered saline washed pellet). Dry cell weight conversions using 

OD730nm obtained from Genesys 20 spectrophotometer were determined from cell pellets washed 

in distilled water and then lyophilized (1 OD730nm = 0.26 gDCW/L). 

4.3.2 Mutant Construction 

Heterologous genes were integrated onto the chromosome of wild-type PCC 7002 using 

homologous recombination and screened for homozygous integration (Davies et al., 2014). The 
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udhA gene was amplified with the primers using E. coli K12 MG1655 DNA genomic DNA. The 

BsLDH gene was amplified with the primers using Bacillus subtilis genomic DNA. The design 

of point mutations in the nucleotide sequences of the LDH enzymes was based on the V39R 

mutation described for the L-LDH of B. subtilis strain 168 (Richter et al., 2011). The sll1330 

gene (Rre37) was amplified with the primers using Synechocystis (strain PCC 6803) genomic 

DNA. Expression cassettes were cloned into E. coli plasmids containing 500-1000 bp of 

homology targeting sequences to one of three PCC 7002 loci SYNPCC7002_A1838, 

SYNPCC7002_A2842 and/or NS1 (Ruffing et al., 2016) (Table 4-1). In these cassettes, genes 

were placed under control of the PcLac094 (Markley et al., 2015) or the PEZtet (Zess et al., 2016) 

inducible promoter system. Selection was performed by expression of an antibiotic resistance 

marker or using the acrylic acid counterselection system (Begemann et al., 2013). All plasmids 

were constructed using in vitro recombination assembly with overlapping primers using 

the Phusion DNA polymerase and sequence verified before transformation (Gibson et al., 2009).  

 

Table 4-1. Plasmids Used in This Study 

Name Expression Cassette Ref. 

pTK004 ΔSYNPCC7002_A0095::aphII This work 
pTK011 ΔSYNPCC7002_A1838::Pclac143-BsLDH-udhA This work 
pTK013 ΔSYNPCC7002_A1838::Pclac143-BsLDHV39R-udhA This work 
pTK015 ΔSYNPCC7002_A1838:: Pclac143-BsLDH This work 
pTK017 ΔSYNPCC7002_A1838:: Pclac143-BsLDHV39R This work 
pTK035 ΔSYNPCC7002_A2842:: Pclac143-BsLDHV39R-aacC1 (Gordon et al., 2016) 
pCas2F ΔSYNPCC7002_A1838:: PEZtet-dCas9 F RBS (Gordon et al., 2016) 
pCas034 ΔNS1:: PEZtet-sgRNA YFP- aphII (Gordon et al., 2016) 
pCas039 ΔNS1:: PEZtet-sgRNA glnA- aphII (Gordon et al., 2016) 
pTK036 ΔSYNPCC7002_A2842:: Pclac143-BsLDHV39R-rre37-aacC1 This work 
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4.3.3 Cultivation Conditions 

Throughout the course of the experiments described in this chapter, several cultivation 

apparatuses were utilized depending on the equipment available. All experiments were performed 

with Medium A+ (Stevens et al., 1973) supplemented with 1 µM NiSO4 to avoid Ni-limitation 

(Sakamoto and Bryant, 2001), with greater than ambient concentrations of CO2 at 37-38°C, and 

similar illuminated surface to volume ratios. For initial experiments assessing WT PCC 7002 and 

strains TK.001-TK.004, triplicate cultures were grown in flasks containing 200-mL of media. 

Cultures were grown at 37˚C with continuous illumination at 325 µmol photons m-2 s-1 and were 

sparged with 0.4% (v/v) CO2 in air. Experiments with strains TK.005-TK.009 were grown in 

triplicate using tubes containing 15-mL of media grown at 37˚C with continuous illumination 

at 325 µmol photons m-2 s-1 sparged with 0.4% (v/v) CO2 in air. Cultures utilizing the CRISPRi 

system (CC130-CC142) were sparged with either air (0.04% CO2) or high CO2 (1% CO2) in 

duplicate using tubes containing 15-mL of media and induced with 1000 ng ml-1 anhydrous 

tetracycline (aTc). Temperature was maintained at 38°C and light intensity was approximately 250 

umol photons m-2s-1. Strains TK.041, CC133, and TK.029 were grown in 250 ml baffled flasks 

with 50 mL of media with 1% CO2-enriched air at 150 rpm in a custom Kuhner ISF1-X orbital 

shaker with continuous illumination at 200 µmol photons m-2 s-1. Prior to each run, cultures were 

grown to early stationary phase with the appropriate antibiotics (OD730 of approximately 1), and 

then re-diluted to OD730 of 0.05, and induced with IPTG at time zero. 
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4.3.4 Analytical Procedures 

Samples were withdrawn periodically for biomass and lactate measurements, centrifuged, 

and the supernatant was stored at -20°C until quantification. Biomass productivity was calculated 

over the time course using a linear fit assuming 50% carbon by mass (Thomas, 2015). Glycogen 

content was assayed using an enzymatic kit (Cayman Chemical) according to the manufacturer’s 

instructions. Organic acids in the supernatant were quantified by comparison of refractive index 

peaks with peaks generated by known amounts of lactate, α-ketoglutaric acid, and pyruvate sodium 

salts (Sigma) in Medium A+ after analysis by HPLC (Shimadzu Co., Columbia, MD, USA) system 

equipped with a quaternary pump, autosampler, vacuum degasser, photodiode array and refractive 

index detector. Throughout the course of the experiments described in this chapter, several HPLC 

methods were utilized depending on the equipment available. Initial HPLC separations were 

performed using an Aminex HPX-87H column. The HPLC operating conditions were as 

follows: Mobile phase: 5 mM H2SO4, Flow rate 0.600 mL/min, Column Temperature 50C, 

refractive index Detector Temperature 50C, photodiode array Detector at 210 nm Run time: 25 

minutes, Injection volume 20 µL. Later HPLC separations were performed using an Ultra Aqueous 

C18 column (Restek). The HPLC operating conditions were as follows: mobile phase: 50 mM 

KH2PO4 (pH 2.5 with 1% Acetonitrile), flow rate 0.100 mL/min, column temperature 30°C, 

photodiode array detector at 210 nm, run time: 10 minutes, injection volume 10 µL.   
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4.4 Results 

4.4.1 LDH Cofactor Affinity Enhances Productivity 

It has become apparent that cofactor usage can have large effects on the overall titer of 

fermentation products such as ethanol, 1-butanol, 1,2-propanediol, and lactate (Angermayr et al., 

2014; Lan and Liao, 2012; Li and Liao, 2013; Oliver et al., 2013). Cyanobacteria have a ten-fold 

higher intracellular concentration of NADPH than NADH under photoautotrophic growth 

(Bennette et al., 2011) and most lactate dehydrogenases (LDH) prefer NADH. Therefore, 

metabolic engineering strategies for producing L-lactate in cyanobacteria have employed the 

soluble and bidirectional transhydrogenase (uhdA) from E. coli (Sauer et al., 2004) to convert 

NAPDH to NADH, or have expressed a NADPH-utilizing LDH. The B. subtilis lactate 

dehydrogenase (BsLDH) natively uses NADH as source of reductant. An engineered version of 

the B. subtilis LDH with a single amino acid substitution (BsLDHV39R) has been demonstrated 

to utilize NADPH at very high specific activities compared to other LDH enzymes (Richter et 

al., 2011). This engineered enzyme has been used previously for L-lactate production in PCC 

6803 (Angermayr et al., 2014). To resolve the effects of the enzymatic cofactor usage on 

productivity, both BsLDH and BsLDHV39R with or without an additional soluble 

transhydrogenase (udhA) were placed in an artificial operon under control of the PcLac143 IPTG-

inducible system (Markley et al., 2015) in the chromosomal SYNPCC7002_A1838 locus 

(Begemann et al., 2013) of PCC 7002, generating strains TK.001-TK.004. WT PCC 7002 was 

used as a negative control. 

As shown in Fig. 4-1, WT PCC 7002, TK.001 (BsLDH), TK.002 (BsLDH udhA), 

TK.003 (BsLDHV39R), and TK.004 (BsLDHV39R udhA), all grew at relatively similar linear 
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growth rates under conditions of 200-ml cultures at 325 µmol photons m-2 s-1 and 0.4% (v/v) CO2 

in air at 37˚C with 0.5 mM IPTG. However, there were prominent differences in lactate 

productivity between strains. WT PCC 7002 produced no detectable quantities of lactate during 

the sampling period, indicating that the native copy of ldh is not sufficient for producing lactate 

under these conditions. As has reported in other studies (Angermayr et al., 2012), introduction of 

the BsLDH to a WT strain increased L-lactate production as shown in TK.001(productivity: 

0.005 ± 0.002 mM h-1, 3% carbon flux). Addition of the transhydrogenase in strain TK.002 

increased the saturation of the wild-type BsLDH with NADH, and moderately increased L-

lactate production (productivity: 0.008 ± 0.001 mM h-1, 3% carbon flux). Lactate productivities 

from the TCK003 strain (0.023 ± 0.002 mM h-1, 10% carbon flux) and the TCK004 strain (0.024 

± 0.002 mM h-1, 11% carbon flux) were significantly higher, suggesting that the NADPH 

preferring LDH was a superior strategy for producing L-lactate, as has been previously reported 

(Angermayr et al., 2014) (see Table 4-2). No detectable amounts of pyruvate or α-ketoglutarate 

could be found in the media for any of the tested strains under these conditions. 

 
Figure 4-1. Changing the Cofactor Preference of the LDH to NADPH Increases L-lactate 

Productivity. 
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(A) Growth and (B) L-Lactate production of strains cultivated in 200-ml cultures at 325 µmol photons m-2 s-1 and 

0.4% (v/v) CO2 in air at 37˚C with 0.5 mM IPTG. 

4.4.2 Removal of a Competing Carbon Sink Has Pleiotropic Effects 

Glycogen is a storage polymer of α-1,4 linked, α-1,6 branched glucose that can be found 

in a wide variety of species (Ball and Morell, 2003). During photoautotrophic growth glycogen 

has been reported to account for 10-20% of the total fixed carbon in PCC 7002 (Hendry et al., 

2017) and its biosynthesis is tightly regulated in response to environmental conditions (Xu et al., 

2013). Deletion of the glgC gene, which encodes the enzyme ADP-pyrophosphorylase, removes 

the ability for PCC 7002 to synthesize glycogen, but reroutes carbon flux to synthesize greater 

amounts of soluble sugars (Guerra et al., 2013) and metabolites involved in fermentation, including 

pyruvate (Davies et al., 2014), the precursor to lactate. This phenomenon has been attributed to be 

a broad feature of metabolism under conditions of a high carbon supply and unrestricted carbon 

uptake (Paczia et al., 2012). A similar strategy has been used to improve L-lactate productivity in 

PCC 6803 under nitrogen limitation (van der Woude et al., 2014). To examine the effect of the 

removal of this competing carbon sink on growth rates and lactate productivity, the glgC gene was 

disrupted with the kanamycin resistance gene, aphII in WT PCC 7002 and strains TK.001-TK.004, 

yielding strains TK.005-TK.009.  

Initially, we directly compared the glycogen content of WT PCC 7002 and its ∆glgC 

counterpart, strain TK.005 after 24 hours of growth in ambient CO2. As shown in Fig. 4-2A, the 

intracellular concentration of glycogen in strain TK.005 was negligible. WT PCC 7002, TK.003, 

and TK.004 were also further assessed to TK.005, TK.008, and TK.009 (their ∆glgC counterparts) 

in terms of growth rates and final biomass titers in the same cultivation conditions (Fig. 4-2B). All 

tested ΔglgC strains of PCC 7002 had remarkably lower growth rates and appeared to reach 
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stationary phase sooner when compared to their parent strains. Additional experiments were 

performed comparing biomass accumulation as well as lactate, pyruvate, and α-ketoglutarate 

excretion in strains TK.005-TK.009 with 15-ml cultures at 325 µmol photons m-2 s-1 and 0.4% 

(v/v) CO2 in air at 37˚C (Fig. 4-3). As glycogen synthesis was disrupted, lag times were 

exacerbated in strains presumably consuming NADPH at high rates, either though expression the 

soluble transhydrogenase or the V39R LDH. Model fitting of a PCC 7002 mutant deficient in 

glycogen synthesis has suggested a mismatch between the supply and demand of ATP and 

NADPH (Hendry et al., 2017), which may explain the intensified lag times. At the onset of 

stationary phase, we also saw excretion of α-ketoglutarate and pyruvate in strains TK.005-TK.009 

as reported by prior studies (Guerra et al., 2013). L-lactate was only found in strains containing an 

LDH, representing up to 6% of the total fixed carbon in strain TK.006. L-lactate volumetric 

productivities in strains TK.007-TK.009 were significantly lower due to lower growth rates (Table 

4-2). Pyruvate accumulation in the media of strains TK.006-TK.009 also suggested that expression 

of LDH was not optimized in this experiment.  

 
Figure 4-2. Deletion of glgC Drastically Decreases Intracellular Glycogen, Lowers Growth 

Rates, and Causes Cells to Reach Stationary Phase Sooner. 
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(A) Intracellular glycogen as measured by an enzymatic kit (B) Growth of strains cultivated in 15-ml cultures at 

325 µmol photons m-2 s-1 and 0.4% (v/v) CO2 in air at 37˚C with 0.5 mM IPTG. 

 
Figure 4-3. Removal of Glycogen Synthesis Does Not Enhance L-lactate Productivity Under 

Standard Conditions. 
(A) Growth (B) L-Lactate production (C) Pyruvate production (D) α-ketoglutarate production in ΔglgC strains 

cultivated in 15-ml cultures at 325 µmol photons m-2 s-1 and 0.4% (v/v) CO2 in air at 37˚C with 0.5 mM IPTG. 

4.4.3 Conditionally Downregulating glnA via CRISPRi Improves L-lactate Production 

Trans-acting regulators also have the potential to implement elegant regulatory strategies in 

cell factories. We used the CRISPRi tools described in (Gordon et al., 2016) to increase the 

production of lactate. An expression cassette with V39R LDH under the control of the PcLac143 

IPTG-inducible system (Markley et al., 2015) was integrated into the chromosome at the A2842 

(glpK) locus along with a gentamicin resistance marker to generate the base strain, CC133. In 

conjunction with elevated expression of the optimized LDH, we predicted that limited flux from 
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carbon fixation to pyruvate would limit lactate production. Enhanced pyruvate excretion and 

attenuation of phycobilisome and chlorophyll a degradation has been demonstrated under nitrogen 

starvation in several strains of cyanobacteria when glycogen synthesis is disrupted (Davies et al., 

2014, Gründel et al., 2012; Hickman et al., 2013). We hypothesized that moderate reduction of 

glutamine synthetase I (glnA) expression would slow the rate of nitrogen assimilation though the 

GS-GOGAT pathway (Muro-Pastor and Florencio, 2003). Slowing the rate of nitrogen 

assimilation would thereby lead to increased intracellular accumulation of α-ketoglutarate, 

activating the global nitrogen transcriptional activator, NtcA, a transcription factor from the cyclic 

AMP receptor protein class (Herrero et al., 2001). This in turn, modulates a suite of metabolic 

processes related to glycogen degradation and glycolysis, thereby enhancing the flux of fixed 

carbon to pyruvate (Osanai et al., 2006). However, severe nitrogen limitation will further increase 

intracellular α-ketoglutarate levels, facilitating complex formation between active NtcA and 

regulatory factor, PipX (Espinosa et al., 2006), negatively affecting de-novo protein synthesis and 

overall photosynthesis rates (Espinosa et al., 2014; Krasikov et al., 2012). Therefore, we chose to 

titrate the degree of repression of glnA using the CRISPRi approached described above (Fig. 4-4). 

As additional controls, a sgRNA targeting YFP or glnA were integrated in the NS1 locus under the 

control of the aTc-inducible system, to create strains CC142 and CC130, respectively. dCas9 with 

the F RBS was integrated in CC130 to create strain CC131.  
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Figure 4-4. Schematic of Proposed Mechanism for Increased L-lactate Production. 
Moderate accumulation of α-ketoglutarate by glnA repression leads to NtcA activation and subsequent activation of 

catabolic genes. 

 

Interestingly, we found enhanced lactate production, as well as delayed phycobilisome 

and chlorophyll a degradation (Fig. 4-5E, Fig. 4-5F), in both strains harboring the glnA sgRNA 

when compared to the control strains in 1% CO2 or air. This inhibition of phycobilisome 

degradation had been previously reported for PCC 7942 treated with a chemical inhibitor of 

glutamine synthetase (Sauer et al., 1999). Integration of glnA sgRNA improved production rates 

(productivity: 0.079 ± 0.001 mM h-1, carbon flux: 14%) in CC130 and (productivity: 0.092 ± 

0.001 mM h-1, carbon flux: 16%) in CC131, both significantly improved to control strains CC133 

(productivity: 0.045 ± 0.002 mM h-1, carbon flux: 8%) and CC142 (productivity: 0.029 ± 0.002 

mM h-1, carbon flux: 5%), indicating that this effect was glnA sgRNA specific (Fig. 4-5B). This 

glnA sgRNA mediated effect may be due to a basal level of repression though cross-talk with the 

native CRISPR-Cas systems, unlike the other native genes targeted previously, given the 
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difference in transcript abundance between glnA, ccmK, and cpcB (Ludwig and Bryant, 2012, 

2011). There was no apparent difference in growth rate between the any of the producing strains 

in 1% CO2 (Fig. 4-5A) or air (Fig. 4-5C). glnA has previously been shown to be non-essential for 

ammonium assimilation in PCC 7002 (Wagner et al., 1993). This suggests that glnA repression 

or LDH expression did not severely impact amino acid synthesis or biomass generation. Given 

the significant increase in carbon products, the data also suggests that carbon storage polymers 

were rerouted to product, or carbon fixation rates were enhanced in CC131, analogous to cells 

engineered to secrete sucrose (Ducat et al., 2012). 
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Figure 4-5. Repression of Glutamine Synthetase Improves L-lactate Production and Halts 

Phycobilisome (635 nm) and Chlorophyll a (680 nm) Degradation. 
(A) Growth and (B) L-Lactate production of strains grown in 1% CO2. Growth (C) and (D) L-Lactate production of 

strains grown in air. Averages of strains grown in duplicate are shown (error bars show standard deviation). 

Representative (E) spectra and (F) image are of cultures grown in air at 96 hs of induction, normalized to OD730nm. 
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4.4.4 Overexpression of a Glycolytic Transcriptional Regulator Enhances L-lactate 

production 

High glycolytic flux has been shown to enhance the synthesis of pyruvate in metabolically 

engineered strains of E. coli (Zhu et al., 2008). Glycolytic flux is primarily controlled by the 

demands for cofactors, such as NADH and ATP, and has been enhanced in E. coli by creating 

futile cycles (Holm et al., 2010). An alternative strategy to increase glycolytic flux would be 

enhance expression of a regulator. For example, overexpression of the NtcA transcriptional 

regulator has been used to enhance production of ethylene in engineered strains of PCC 6803 (Mo 

et al., 2017). In cyanobacteria, sll1330 (Rre37) has been shown to positively regulate glycolytic 

flux (Tabei et al., 2007) and glycogen catabolism (Osanai et al., 2014) as part of the OmpR-type 

two component regulatory system. Rre37 expression is also enhanced under nitrogen depletion 

though activation of the NtcA regulon (Azuma et al., 2011). It is presumed that stimulation of this 

regulator is the main driver of the high productivity of strain CC131. Direct overexpression of 

Rre37 would be advantageous to the CRISPRi strategy employed with strain CC131 in 

environments where the intracellular concentration of α-ketoglutarate is low, such as in NH4+ 

containing media. To test the effect of Rre37 on lactate productivity, an operon with the engineered 

V39R LDH and Rre37 under the control of the PcLac143 IPTG-inducible system (Markley et al., 

2015) was integrated into the chromosome at the A2842 (glpK) locus along with a gentamicin 

resistance marker to generate the strain TK.029. Attempts to solely integrate Rre37 failed to 

generate viable colonies. Strain CC133 and TK.041 (gentamicin resistance marker in the A2842 

locus) served as positive and negative controls, respectively. As shown in Fig. 4-6, simultaneous 

expression of V39R LDH and Rre37 in strain TK.029 enhanced L-lactate production (productivity: 

0.066 ± 0.019 mM h-1, 19% carbon flux) relative to CC133 (productivity: 0.039 ± 0.015 mM h-1, 
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13% carbon flux). Both LDH expressing strains had a minor growth defect relative to the antibiotic 

cassette control, TK.041. 

 
Figure 4-6. Simultaneous Overexpression of Optimized LHD and Glycolytic Regulator Rre37 

Increases L-lactate Productivity. 
(A) Growth and (B) L-Lactate production of strains cultivated in 50-ml cultures at 200 µmol photons m-2 s-1 and 1% 

(v/v) CO2 in air at 37˚C with 1 mM IPTG. 

  

Growth in 1% CO2

Hours Induced

g
D

C
W

/L

0 20 40 60
0.0

0.5

1.0

1.5

Lactate Production in 1% CO2

Hours Induced

m
M

L
a
c
ta

te

0 20 40 60
0

1

2

3

4

TK.041 CC133 TK.029

A B



 

 

 

 

 
8
6
 

Table 4-2. Genotypes and Performance Metrics of Lactate Producing Strains of Synechococcus sp. strain PCC 7002 

Strain  Genotype IPTG (mM) 
Linear Growth 

Rate (±SD)  
gDCW h-1 

Production Rate 
(±SD)  

mM L-lactate h-1 

% Carbon 
Partitioning 

WT WT PCC 7002 0 0.018 ± 0.002 0 0 

TK.001 ΔA1838::PcLac143-BsLDH 0.5 0.018 ± 0.001 0.005 ± 0.002 2 ± 0.7 

TK.002 ΔA1838::PcLac143-BsLDH udhA 0.5 0.018 ± 0.001 0.008 ± 0.001 3 ± 0.4 

TK.003 ΔA1838::PcLac143-BsLDHV39R 0.5 0.018 ± 0.001 0.022 ± 0.002 9 ± 0.7 

TK.004 ΔA1838::PcLac143-BsLDHV39R udhA 0.5 0.016 ± 0.002 0.023 ± 0.001 11 ± 1.1 

TK.005a ΔA0095::aphII 0 0.036 ± 0.005 0 0 

TK.006a 
ΔA0095::aphII 

ΔA1838::PcLac143-BsLDH 
1 0.036 ± 0.007 0.031 ± 0.003 6 ± 0.9 

TK.007a 
ΔA0095::aphII 

ΔA1838::PcLac143-BsLDH udhA 
1 0.032 ± 0.006 0.023 ± 0.003 5 ± 0.9 

TK.008a 
ΔA0095::aphII 

ΔA1838::PcLac143-BsLDHV39R 
1 0.038 ± 0.009 0.021 ± 0.004 4 ± 0.9 

TK.009 a 
ΔA0095::aphII 

ΔA1838::PcLac143-BsLDHV39R udhA 
1 0.029 ± 0.011 0.009 ± 0.001 2 ± 0.6 

CC130 
ΔA2842::PcLac143-BsLDHV39R-aacC1 

ΔNS1:: PEZtet  sgRNA glnA- aphII 
1 0.040 ± 0.002 0.079 ± 0.001 14 ± 0.7 

CC131 

ΔA2842::PcLac143-BsLDHV39R-aacC1 

ΔA1838::PEZtet F RBS dCas9 

ΔNS1:: PEZtet  sgRNA glnA- aphII 
1 0.042 ± 0.002 0.092 ± 0.001 16 ± 1.3 

CC133 ΔA2842::PcLac143-BsLDHV39R-aacC1 1 0.040 ± 0.002 0.045 ± 0.002 8 ± 1.2 

CC142 
ΔA2842::PcLac143-BsLDHV39R-aacC1 

ΔNS1:: PEZtet  sgRNA YFP- aphII 
1 0.040 ± 0.002 0.025 ± 0.005 5 ± 0.4 

TK.041b ΔA2842::aacC1 0 0.027 ± 0.002 0 0 

CC133b ΔA2842::PcLac143-BsLDHV39R-aacC1 1 0.021 ± 0.001 0.039 ± 0.015 13 ± 5.2 

TK.029 b ΔA2842::P cLac143-BsLDHV39R rre37-aacC1 1 0.024 ± 0.002 0.066 ± 0.019 19 ± 5.8 

 

Blocked rows report data from experiments run at the same time. aData calculated using 72 hours of growth and production, due to 

non-linear fit in stationary phase. bData calculated using 48 hours of growth and production 
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4.5 Discussion 

PCC 7002 was metabolically engineered to excrete L-lactate by heterologous expression 

of an engineered B. subtilis LDH. Production rates were further enhanced by stimulating 

glycolytic flux, resulting in a maximum volumetric productivity of 0.092 ± 0.001 mM h-1 and 

carbon flux of 16% in strain CC131. This is the highest L-lactate productivity for a cyanobacteria 

to date, and was achieved with no significant growth defect. Prior attempts to increase pyruvate 

supply in PCC 6803 have overexpressed a pyruvate kinase or partially limited PEP carboxylase 

activity (Angermayr et al., 2014), but these attempts left mutant strains with a lowered growth 

rate. The approaches to increase pyruvate availability using CRISPRi or Rre37 as described in 

this chapter most likely resulted from indirect upregulation of the enzyme glyceraldehyde-3-

phosphate dehydrogenase (GAPDH-1), which is the rate limiting enzyme for lower glycolysis in 

PCC 7002 (Kumaraswamy et al., 2013). GAPDH-1 has shown to be upregulated during nitrogen 

starvation (Osanai et al., 2006) and Rre37 overexpression (Osanai et al., 2014) in PCC 6803. 

GAPDH-1 overexpression in PCC 7002 resulted in an increased redox poise and lower-

glycolytic catabolic rate during fermentative conditions, with no noted growth defect under 

photoautotrophic conditions (Kumaraswamy et al., 2013). GAPDH-1 is also allosterically 

feedback-regulated by the NADH/NAD+ ratio (Koksharova et al., 1998), so it may be possible 

that the engineered LDH overexpression significantly alters the redox state of the cell, such that 

the native regulation is relieved. It is worth noting that optimization of LDH expression was not 

performed in these experiments, so future work should investigate if significant carbon 

partitioning to L-lactate results in enhanced carbon fixation, as was reported for sucrose 

production (Ducat et al., 2012) or a fitness reduction. The effects of long-term carbon 
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partitioning to another pyruvate derived product, ethanol, were recently described for PCC 7002 

cultivated under diurnal cycles (Kopka et al., 2017). There, it was reported that significant a 

pyruvate pool depletion gradually decreased productivity in mutant strains, and should be 

overcome by increasing photosynthetic efficiency.  

Disruption of glycogen synthesis resulted in strains of PCC 7002 that excreted large 

amounts of overflow metabolites and reached stationary phase sooner than counterparts with an 

intact biosynthetic pathway, as has been reported for other cyanobacterial strains (Benson et al., 

2016; Gründel et al., 2012). It was interesting to note that lag times increased and L-lactate 

productivities fell in any NADPH consuming strain in the ∆glgC background. Activity of the 

ADP-pyrophosphorylase (glgC) has been demonstrated to be redox regulated in PCC 6803 

(Díaz-Troya et al., 2014), and glycogen synthesis has been shown to be an integral response to 

various stresses in cyanobacteria (Gründel et al., 2012). This work adds to the growing body of 

research that suggests disruption of polyglucan biosynthesis should be avoided in cyanobacteria 

due to its broad metabolic role in photosynthetic organisms (Baran et al., 2017). 

4.6 Conclusions 

Synechococcus sp. PCC 7002 was initially metabolically engineered to excrete L-lactate 

by heterologous expression of an engineered B. subtilis lactate dehydrogenase. Removal of 

glycogen synthesis did not increase productivity under tested conditions. L-lactate production 

rates were improved roughly two-fold by stimulating glycolytic flux, either by downregulation of 

a key enzyme involved in nitrogen assimilation or overexpression of a transcriptional regulator. 

We could partition 16% of fixed carbon into product without any notable effects on fitness. We 
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anticipate that this approach could be similarly effective in increasing photosynthetic flux to 

other chemical products, especially those derived from pyruvate. 
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5.1 Abstract 

L-lysine and other amino acids are commonly produced through fermentation using 

strains of heterotrophic bacteria such as Corynebacterium glutamicum. Given the large amount 

of sugar this process consumes, direct photosynthetic production is intriguing alternative. In this 

study, we report the development of a cyanobacterium, Synechococcus sp. strain PCC 7002, 

capable of producing L-lysine with CO2 as the sole carbon-source. We found that heterologous 

expression of a lysine transporter was required to excrete lysine and avoid intracellular 

accumulation that correlated with poor fitness. Simultaneous expression of a feedback inhibition 

resistant aspartate kinase and lysine transporter were sufficient for high productivities, but this 

was also met with a decreased chlorophyll content and reduced growth rates. Increasing the 

reductant supply by using NH4
+, a more reduced nitrogen source relative to NO3

-, resulted in a 

two-fold increase in productivity directing 18% of fixed carbon to lysine. Given this advantage, 

we demonstrated lysine production from media formulated with a municipal wastewater 

treatment sidestream as a nutrient source for increased economic and environmental 

sustainability. Based on our results, we project that Synechococcus sp. strain PCC 7002 could 

produce lysine at areal productivities approaching that of sugar cane to lysine via fermentation 

using non-agricultural lands and low-cost feedstocks. 

5.2 Introduction 

L-lysine is one of the essential amino acids required for human and animal growth. As 

demand for meat (e.g. poultry, swine, cattle) has grown, so has demand for essential amino acids, 

especially lysine (Eggeling and Bott, 2015).  Lysine and other amino acids are commonly 

produced by fermentation using strains of heterotrophic bacteria, such as Escherichia coli and 
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Corynebacterium glutamicum (Brautaset and Ellingsen, 2011). C. glutamicum glutamicum has 

been engineered to produce lysine with a yield of 0.31 g lysine/g sugar. At this yield, current 

lysine demand (~1.85 million tons per year) would consume approximately 3% of world sugar 

production (~200 million tons per year – USDA-ERS). For this reason, it is important to consider 

alternative feedstocks and production strategies for essential amino acids. Direct photosynthetic 

production of L-lysine is an attractive process because it circumvents the need for harvesting, 

processing and fermentation of plant-derived sugars, by directly coupling lysine biosynthesis to 

photosynthesis. Cyanobacteria are attractive photosynthetic organisms for L-lysine production 

due to the availability of genetic tools, rapid growth rates, halotolerance, and ability to be grown 

on non-productive land with simple nutrient requirements (Oliver and Atsumi, 2014; Pate et al., 

2011) or wastestreams (Korosh et al., 2017). Here, we report successful metabolic engineering 

strategies for production of L-lysine from a strain of the fast-growing Synechococcus sp. strain 

PCC 7002. 

The structure and regulation of amino acid biosynthesis has been well studied and used to 

design metabolic engineering strategies in various bacteria. For example, a lysine producing C. 

glutamicum strain was rationally designed by overexpressing feedback-resistant enzyme variants 

that increased flux in relevant anaplerotic and biosynthetic reactions (Becker et al., 2011). L-

lysine is a part of the aspartate-family of amino acids that also includes L-isoleucine, L-

methionine, and L-threonine (Kirma et al., 2012). The precursors and metabolites in this amino 

acid family are interconnected to several parts of central metabolism and are homeostatically 

controlled by several transcriptional and/or post-translational mechanisms (Wittmann and 

Becker, 2007). In cyanobacteria, the anaplerotic reaction of phosphoenolpyruvate carboxylase 

(PEPC) combines PEP with HCO3
- to generate oxaloacetate (Fig. 5-1). Oxaloacetate, a 
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component of the modified cyanobacteria TCA cycle (Zhang and Bryant, 2011), is then 

converted to L-aspartate by aspartate aminotransferase where it enters the lysine biosynthetic 

pathway. High levels of L-aspartate negatively affect PEPC activity (O’Regan et al., 1989). L-

aspartate is further converted to L-aspartyl-phosphate by aspartate kinase (AK), an enzyme that 

is subject to feedback inhibition by L-lysine and L-threonine at regulatory subunits. L-aspartyl-

phosphate is then converted by aspartate semialdehyde dehydrogenase into L-aspartate 

semialdehyde. From this branch point, L-aspartate semialdehyde may either be converted into L-

homoserine, which is used for biosynthesis of the other members of the aspartate family of 

amino acids; or into L-2,3 dihydropicolinate by dihydrodipicolinate synthase (DHDPS) in the 

lysine biosynthetic pathway. Like AK, DHDPS is also subject to feedback regulation by L-lysine 

and L-threonine. The variant of the lysine biosynthetic pathway in plants and cyanobacteria is 

distinct in that it uses a L, L-diaminopimelate aminotransferase to convert L-2,3,4,5 

tetrahydrodipicolinate to L,L-diaminopimelate as opposed to the dehydrogenase, acetylase, and 

succinylase pathways found in most other organisms (Hudson et al., 2006). From L, L-

diaminopimelate, subsequent epimerization and decarboxylation reactions are used to ultimately 

generate L-lysine, which then is then excreted by the transporter, lysE, in C. glutamicum (Kelle 

et al., 1996). A corresponding transporter in Synechococcus sp. strain PCC 7002 has not been 

identified. 
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Figure 5-1. Overview of the L-lysine biosynthetic pathway in Synechococcus sp. strain PCC 

7002 and verification of chromosomal segregation of heterologous genes. 
(A)Insert shows a schematic representation of the integration and induction systems of the heterologous genes 

introduced into the listed genomic loci. Dashed arrows indicate the presence of allosteric regulation of the native 

enzymes. (B) Gels show bands corresponding to PCR products created from colonies of each strain using primers 

flanking each loci. The length of each expected band is listed in the inset of panel A. 

 

Here, we report increased L-lysine excretion in the cyanobacterium Synechococcus sp. 

strain PCC 7002 (hereafter PCC 7002) with heterologous expression of the amino acid exporter 

ybjE from Escherichia coli. We also examined the effects of feedback-resistant AK, DHDPS, 

and PEPC variants on L-lysine productivity. The best producing strain was cultivated in 

laboratory photobioreactors to study L-lysine production dynamics during growth to a light-

limited stationary phase. We examined the effects of media composition on L-lysine production 

and cellular growth rates by using nitrate, ammonia, and a N-/P-rich sidestream from a municipal 
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wastewater treatment facility as a nutrient source. Our work demonstrates the potential of 

engineered photoautotrophic amino acid production in cyanobacteria. 

5.3 Materials and Methods 

5.3.1 Reagents and Media 

Enzymes were purchased from New England Biolabs (Ipswich, MA). Nucleic acid 

purification materials were purchased from Qiagen (Venlo, Netherlands). Chemicals were 

purchased from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Hampton, NH) unless 

otherwise specified.  

5.3.2 Strain Construction 

Heterologous genes were integrated onto the chromosome of wild-type PCC 7002 using 

homologous recombination (Davies et al., 2014). Expression cassettes were cloned into E. coli 

plasmids containing 500-1000 bp of homology targeting sequences to one of three PCC 7002 

loci SYNPCC7002_A1838, SYNPCC7002_A2542, and/or SYNPCC7002_A2842 (Table 1). In 

these cassettes, genes were placed under control of the PcLac094 (Markley et al., 2015) or the PEZtet 

(Zess et al., 2016) inducible promoter system. Selection was performed by expression of an 

antibiotic resistance marker or using the acrylic acid counterselection system (Begemann et al., 

2013). Plasmids were made using Gibson assembly (Gibson et al., 2009) with regions of 

homology added in the 5’ end of the primers. The feedback resistant C. glutamicum dapA gene 

(DHDPS) was codon optimized for PCC 7002 expression and chemically synthesized 

(Invitrogen) (Cremer et al., 1991). The ppc gene (PEPC) was amplified with the primers using 
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Synechococcus elongatus (strain PCC 7942) genomic DNA. The site-specific mutation in PEPC 

(N1015G) to remove feedback inhibition were based on (Chen et al., 2014). The lysC gene (AK) 

from Xenorhabdus bovienii (strain SS-2004) was codon optimized for PCC 7002 expression and 

chemically synthesized. The site-specific mutation in AK (T369I) to remove feedback inhibition 

made to the original protein sequence was based on (Qi et al., 2011). Descriptions of plasmids 

used in this study are shown in Table 5-1. 

Table 5-1. Plasmids Used in this study 

Name Expression Cassette Ref. 

pADC181 ΔSYNPCC7002_A2542::Pclac94-ybjE-aphII  This work 
pTK043 ΔSYNPCC7002_A2842::PtetO2-DHDPS-aacC1 This work 
pALM285 ΔSYNPCC7002_A1838::PtetO2-AK This work 

pALM287 ΔSYNPCC7002_A2842::PtetO2-PEPC- aacC1 This work 

 

5.3.3 Cultivation Conditions 

Strains were grown and maintained on Medium A+ (Jr et al., 1973) with 1.5% Bacto-

Agar. Strains with antibiotic resistance markers were selected on media with antibiotics 

(kanamycin, 100 μg/mL; gentamicin, 30 μg/mL) and strains with cassettes introduced in the 

SYNPCC7002_A1838 (acsA) locus were plated on 100 μM acrylic acid. Strains were grown in 

250 ml baffled flasks with 50 mL Medium A+ with 1% CO2-enriched air at 150 rpm in a Kuhner 

ISF1-X orbital shaker. Growth on wastewater-derived nutrients was accomplished as described 

elsewhere (Korosh et al., 2017). Briefly, filtrate from the anaerobic digester gravity belt filter 

(GBF), and effluent from the post-mainstream secondary treatment clarifier (secondary effluent) 

served as a diluent which was obtained from Nine Springs Wastewater Treatment Plant (Dane 

County, Wisconsin). To ensure complete nutrient requirements, the GBF media was 

supplemented with trace metals and vitamin B12 at the concentrations found in Medium A+, as 
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well as KH2PO4 at a molar ration of 1:32 soluble reactive phosphorus to bioavailable nitrogen 

due to the WASSTRIP process employed. GBF was used at a concentration of 12.5% (v/v) in 

secondary effluent. Temperature was maintained at 37°C or 27°C and light intensity was 

approximately 200 µmol photons m-2s-1 via a custom LED panel. Optical density was measured 

in a Genesys 20 spectrophotometer (Thermo Scientific) in 1-cm cuvette. Unless otherwise noted, 

1 mM IPTG was used and/or 10-1000 ng ml-1 anhydrous tetracycline was used for induction 

studies. 

5.3.4 Photobioreactor Cultivation of Strain TK.032 

A homemade photobioreactor system (Clark et al., 2017) was used for these experiments 

for growth with excess nutrients and CO2. The reactor vessels were 1 L Corning wide mouth 

bottles (10 cm diameter, surface area to volume ratio of 40 m-1). Radially averaged irradiance 

was 350 μmol PAR m-2 s-1 from cool white fluorescent tubes (4000K color temperature). Three 

photobioreactors were inoculated with TK.032 to an OD730 of 0.05 with a working volume of 

930 mL of Medium A supplemented with 110 mM NaNO3, 1.1 mM FeCl3, 5.2 mM KH2PO4, 

100 μg mL-1 kanamycin, 1 mM IPTG, and 100 ng mL-1 anhydrous tetracycline. The temperature 

controller was set to maintain the reactors at 37°C. A gas phase containing 5% CO2 was 

introduced at a flow rate of 0.3 L min-1 and the system was given 1 hour to equilibrate, at which 

point the pH was adjusted to 7 by adding 1.7mL of 5 M NaOH. Time zero for the data reported 

(beginning of linear growth phase) was taken to be 48 hours after inoculation (OD730~1). 

Samples were taken approximately every 24 hours after adjusting the reactor volume with sterile 

MilliQ filtered water to make up for evaporation and the pH and OD730 were measured. An 

OD730 to g DCW L-1 conversion was determined to be 0.26 g DCW L-1 OD730
-1 by weighing cell 
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pellets washed three times with MilliQ filtered water and then lyophilized. Samples were 

centrifuged and the supernatant was saved for lysine quantification (stored at -20°C until 

measurement). Additional KH2PO4 was added in 5.2mM aliquots on days 2 and 6 (pH fluctuated 

between 6.7 and 7.2 as KH2PO4 was added and subsequently consumed). 

5.3.5 Analytical Measurements 

Samples were withdrawn periodically for biomass and lysine measurements, centrifuged, 

and the supernatant was stored at -20°C until quantification by HPLC (Shimadzu Co., Columbia, 

MD, USA) equipped with a quaternary pump, autosampler, vacuum degasser, photodiode array 

and fluorescence detector.  HPLC separations were performed using a Xbridge C18 column (2.1 

X 150 mM, 3.5 µm, Waters). The method employed a 20-minute linear gradient starting with 

100% Buffer A: [925 ml of 100 mM Acetate (pH 6.95); 50 ml of HPLC Grade Methanol: 25 ml 

of HPLC Grade Tetrahydrofuran] to 100% Buffer B: [975 ml of HPLC Grade Methanol: 25 ml 

of HPLC Grade Tetrahydrofuran] before returning to the initial conditions for 10 mins. The flow 

rate was 0.400 mL/min, column temperature 40°C, and injection volume 10 µL.  Amino acid 

samples and standards were quantified by comparison with peaks generated by monitoring the 

fluorescence (Ex 320 nm/ Em 450 nm) of known amounts of standards in Medium A+, after 

precolumn derivatization with 3 mg/ml o-phthalaldehyde with 3-mercaptopropionic acid in 0.4 

M borate buffer.  

Linear regression (excluding t0) was used to calculate rates of lysine production and 

growth. Carbon partitioning was calculated assuming 50% carbon by mass (Thomas, 2015). 

Chlorophyll a measurements were performed via a 100% chilled methanol extraction procedure 
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(Miyashita et al., 1997). Chlorophyll a was calculated via the following equation: Chla = 16.29 * 

A665 - 8.54 * A652 (Porra et al., 1989). 

5.4 Results 

5.4.1 Lysine Export is the First Barrier to Increased Flux 

Amino acid biosynthesis is a highly regulated cellular process (Umbarger, 1978) and 

metabolic engineering strategies to increase production depend on by-passing native regulation. 

For example, expression of the feedback-insensitive DHDPS from C. glutamicum has been used 

to increase the free lysine content of canola seed (Falco et al., 1995). Therefore, for our first 

attempt at increasing lysine production, we integrated a modified DHDPS gene in the 

ΔSYNPCC7002_A1838 locus under control of the PcLac094 induction system (Markley et al., 

2015), yielding strain AM.183. When this strain was cultured photoautotrophically, we observed 

a significant growth defect with increasing inducer concentration, as well as intracellular lysine 

accumulation (Fig. 5-2). Attempts to integrate other deregulated genes (e.g. PEPC, AK) from the 

lysine biosynthetic pathway and DHDPS under the control of strong PcLac promoters into wild 

type PCC 7002 failed to generate viable colonies. Therefore, we speculated that the increased 

intracellular lysine concentration could result from the lack of a lysine exporter and cause 

cellular toxicity by feedback inhibition of other amino acid pathways. A prior study indicated 

that L-lysine could be excreted from PCC 7002 into the media by an endogenous transport 

system (Baran et al., 2011), but homologs to known lysine transporters were not identifiable in 

the PCC 7002 genome. Our data suggested that if a native lysine efflux system existed it was a 

potential bottleneck. Therefore, we integrated the ybjE (lysO) transporter from E. coli in the 
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SYNPCC7002_A2842 locus under the PcLac094 induction system, yielding strain AM.273. 

Cultures of AM.273 grew rapidly (no defect relative to WT) and generated a large pool of lysine 

in the extracellular media. From these experiments, we concluded that PCC7002 requires 

increased export flux to produce elevated levels of lysine. All subsequent experiments were 

based off a strain (AM.319) expressing ybjE in the SYNPCC7002_A2542 locus under Pclac94.  

 

Figure 5-2. (A) Growth and (B) Lysine Production of ALM.183 (DHDPS) and ALM.273 (DHDPS + 

YbjE) 
Samples were induced with 0, 0.3, or 5 mM IPTG for 48 hrs under continuous illumination (200 µmol photons m-2 s-

1) with 1 % CO2 at 37°C. The data shown for intracellular and extracellular lysine are for samples induced with 0.3 

mM IPTG. The values represent the mean ± SD of biological triplicates. 

 

5.4.2 Modifying the Flux to the Aspartate Family of Amino Acids 

Having addressed the export barrier, we next explored the impact of known regulatory 

points in lysine biosynthesis by expressing feedback-resistant variants of key enzymes, AK, 

DHDPS, and PEPC (Cremer et al., 1991). Aspartate kinase (AK) plays a central role regulating 

the biosynthesis of the aspartate family of amino acids (Malumbres and Martín, 1996). Many 

natural AK are subject to feedback inhibition by lysine. To circumvent this regulation, AK 

variants have been engineered to remove this mechanism of control (Qi et al., 2011). Here, we 
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integrated a gene encoding a feedback-insensitive variant of AK into the SYNPCC7002_A1838 

locus of the base strain (AM.319) under control of the PEZtet induction system (strain TK.032). 

Attempts to integrate the AK under control of the stronger Pclac94 induction system were 

unsuccessful. To commit flux towards lysine and away from the other members of the aspartate 

family of amino acids, we integrated a feedback insensitive DHDPS into the 

SYNPCC7002_A2842 locus of AM.319 under the control of the PEZtet induction system to 

catalyze the conversion of aspartate semialdehyde to L-2,3 dihydropicolinate, generating strain 

TK.031. Phosphoenolpyruvate carboxylase (PEPC) fixes CO2 to generate oxaloacetate used in 

the modified TCA cycle and as a precursor to amino acids. We integrated PEPC into the 

SYNPCC7002_A2842 locus under the control of the PEZtet induction system to generate strain 

TK.036. The PEPC variant was cloned from Synechococcus elongatus (strain PCC 7942) and 

engineered to be feedback insensitive based off a point mutation that improved lysine production 

by 37% in C. glutamicum (Chen et al., 2014). Lastly, we assembled a DHDPS and AK 

overexpression strain by integrating the DHDPS cassette into TK.032 at the 

SYNPCC7002_A2842 locus to generate strain TK.033. Attempts to make other double and triple 

mutants failed to fully segregate or generate viable colonies. We cultivated each of these strains 

photoautotrophically in 250 ml baffled shake flasks under standard laboratory conditions of 

continuous illumination of 200 µmol photons m-2 s-1 with 1 % CO2 at 37°C to compare growth 

rates and lysine productivity. Each strain was induced with 1 mM IPTG (to express ybjE) and 

varying levels of anhydrotetracycline (aTc is used to express enzymes linked to PEZtet). Relevant 

genotypes and performance metrics for strains used in these experiments are shown in Table 5-2. 
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Table 5-2. Overview of L-lysine Producing Strains of Synechococcus sp. strain PCC 7002 

Strain 
Genotype 

T 

(°C) 
Media 

[aTc] 

(ng 

ml-1) 

Linear Growth 

Rate (±SD) 

(gDCW L-1 h-1) 

Productivity 

(±SE) 

(mmol lysine h-1) 

%Carbon 

to Lysine 

(±SE) 

Titer (±SD) 

(mM lysine) 

A2542 A1838 A2842        

AM.319 ybjE   37 A+ - 0.027 ± 0.001 0.004 ± 0.002 2 ± 0.8 0.78 ± 0.13 

TK.032 ybjE AK  37 A+ 10 0.021 ± 0.001 0.010 ± 0.001 7 ± 0.8 1.19 ± 0.14 

TK.032 ybjE AK  37 A+ 100 0.025 ± 0.001 0.010 ± 0.002 6 ± 1.2 1.25 ± 0.12 

TK.032 ybjE AK  37 A+ 1000 0.023 ± 0.002 0.019 ± 0.002 12 ± 1.1 1.74 ± 0.12 

TK.032 ybjE AK  37 A+ 1000 0.020 ± 0.002 0.021 ± 0.002 15 ± 0.0 1.67 ± 0.15 

TK.031 ybjE  DHDPS 37 A+ 10 0.021 ± 0.001 0.007 ± 0.000 5 ± 0.3 0.67 ± 0.05 

TK.031 ybjE  DHDPS 37 A+ 100 0.022 ± 0.001 0.012 ± 0.001 8 ± 0.1 1.07 ± 0.16 

TK.031 ybjE  DHDPS 37 A+ 1000 0.019 ± 0.001 0.011 ± 0.001 8 ± 0.7 1.15 ± 0.31 

TK.033 ybjE AK DHDPS 37 A+ 10 0.019 ± 0.001 0.008 ± 0.001 6 ± 0.9 0.80 ± 0.20 

TK.033 ybjE AK DHDPS 37 A+ 100 0.023 ± 0.001 0.010 ± 0.001 6 ± 0.3 0.80 ± 0.20 

TK.033 ybjE AK DHDPS 37 A+ 1000 0.016 ± 0.002 0.014 ± 0.002 12 ± 0.1 1.02 ± 0.11 

TK.032 ybjE AK  37 A+ 1000 0.018 ± 0.002 0.019 ± 0.003 15 ± 0.1 1.33 ± 0.18 

TK.036 ybjE  PEPC 37 A+ 10 0.022 ± 0.002 0.009 ± 0.002 6 ± 0.9 0.61 ± 0.12 

TK.036 ybjE  PEPC 37 A+ 100 0.020 ± 0.002 0.009 ± 0.001 6 ± 0.4 0.58 ± 0.03 

TK.036 ybjE  PEPC 37 A+ 1000 0.018 ± 0.001 0.008 ± 0.001 5 ± 0.9 0.55 ± 0.03 

TK.032 ybjE AK  37 
A+ w/ 24 

mM NO3 
100 0.013 ± 0.001 0.006 ± 0.001 7 ± 0.4 1.14 ± 0.46 

TK.032a ybjE AK  37 
A+ w/ 24 

mM NH4
 100 0.017 ± 0.001 0.020 ± 0.002 18 ± 0.0 3.11 ± 0.22 

TK.032b ybjE AK  27 GBF 1000 0.014 ± 0.002 0.003 ± 0.000 3 ± 0.3 0.28 ± 0.06 

TK.032 ybjE AK  27 A+ 1000 0 nd nd nd 

 

Note: All experiments done with 1% (v/v) CO2 and 200 µmol photons m-2s-1 and induction with 1 mM IPTG.  
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Blocked rows report data from experiments run at the same time. apH was manually adjusted to ≈ 8 using NaOH daily. b Gravity Belt 

Filtrate (GBF) was diluted to 12.5% (v/v) using secondary effluent both obtained from the Nine Springs Wastewater Treatment Plant 

(Dane County, Wisconsin, USA) 
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Induction of the AK in strain TK.032 diminished the linear growth rate relative to the 

base strain, AM.319 (Fig. 5-3A, Table 5-2), but lysine production rates, titers, and the 

percentage of fixed carbon directed to lysine increased as the aTc dosage increased from 10 ng 

ml-1 to 1000 ng ml-1 (Fig. 5-3B). Volumetric productivities were much higher in the AK 

containing strain (TK.032 - 0.010-0.19 mM hr-1) than the parent strain (AM.319 - 0.004 mM hr-1) 

and increased with increasing aTc induction of AK. The increased productivity resulted in a 2-

fold increase in lysine titer after 93 hrs (1.74 vs 0.78 mM) and a six-fold increase in the fraction 

of carbon directed to lysine (up to 12%). Given the decrease in growth rate relative to its parent, 

ALM.319, we were curious if production of lysine altered photosynthetic properties in TK.032. 

We extracted and measured the chlorophyll a content of ALM.319 and TK.032 46 hours post 

induction.  Relative to ALM.319, chlorophyll a content was significantly reduced in TK.032 at 

all induction levels (Fig. 5-3C). We also tested the effect of Medium A+ adjusted to a pH of 8.2 

or 6.8 on TK.032’s lysine production, given pH’s effects on lysine transport (Kelle et al., 1996), 

however, no difference was found using carbon partitioning as a metric (Data Not Shown). 

These results indicate that AK activity is key node in lysine biosynthesis, full induction with aTc 

was the optimal level, and lysine productivity impacts cell growth. 
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Figure 5-3. (A) Growth, (B) Lysine Production, and (C) Chlorophyll a Content of ALM.319 and 

TK.032. 
The values represent the mean ± SD of biological triplicates. Experiments were performed with ALM.319 induced 

with 1 mM IPTG, and TK.032 induced with 10-1000 ng ml-1 aTc and 1 mM IPTG under continuous illumination 

(200 µmol photons m-2 s-1) with 1 % CO2 at 37°C. Chlorophyll a was extracted 46 hrs post induction. Chl a levels in 

TK.032 with 10, 100, and 1000 ng ml-1 aTc were greatly reduced relative to ALM.319 (** represent p-value<0.05).  
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Next, we compared overexpression of AK and ybjE (strain TK.032) to DHDPS and ybjE 

(strain TK.031) across three inducer concentrations. The linear growth rate of TK.031 was 

comparable to TK.032 in each culture (Fig. 5-4A), but lysine production in TK.031 plateaued at 

100 ng ml-1 aTc at lower levels (productivity: 0.01 mM h-1, titer: 1.2 mM, 8% carbon flux) (Fig. 

5-4B, Table 5-2). These data indicated that AK has a stronger influence on lysine flux than 

DHDPS, but DHDPS also has influence on lysine flux. Therefore, we compared the AK 

expressing strain (TK.032) to a strain simultaneously expressing AK, and DHDPS (TK.033). In 

this experiment, there was a notable lag phase with increasing aTc dosage with TK.033 (Fig. 5-

5A), decreasing the linear growth rate from 0.019 g DCW L-1 hr-1 with 10 ng ml-1 aTc to 0.016 g 

DCW L-1 hr-1 with 1000 ng ml-1. This may be due to the extreme limitation of biosynthetic flux 

towards the other amino acids in the aspartate superfamily, resulting in a synthetic auxotrophy. 

In comparison, the linear growth rate for TK.032 with 1000 ng ml-1 aTc was 0.020 g DCW L-1 

hr-1 consistent with past trials. Lysine production from strain TK.033 peaked at the maximum 

aTc concentration (productivity: 0.013 mM hr-1; titer: 1 mM; 12% carbon to lysine) but remained 

inferior to strain TK.032 (Fig. 5-5B). From these data, we conclude that AK is more important to 

deregulating lysine flux than DHDPS in Synechococcus sp. strain PCC7002. 
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Figure 5-4. (A) Growth and (B) Lysine Production of TK.032 and TK.031. 
The values represent the mean ± SD of biological triplicates. Experiments were performed with TK.031 induced 

with 10-1000 ng ml-1 aTc and 1 mM IPTG, and TK.032 induced with 1000 ng ml-1 aTc and 1 mM IPTG under 

continuous illumination (200 µmol photons m-2 s-1) with 1 % CO2 at 37°C 

L
g

D
C

W
/

YbjE + AK vs YbjE + DHDPS

Hours Induced

0 20 40 60 80 100

0.0

0.5

1.0

1.5

2.0

2.5

YbjE + AK vs YbjE + DHDPS

Hours Induced

m
M

L
y
s
in

e

0 20 40 60 80 100

0.0

0.5

1.0

1.5

2.0

Strain TK.032 TK.031

aTc Conc. (ng ml-1) 1000 10 100 1000

Symbol

A

B



114 

 

 

 

 
 

 
Figure 5-5. (A) Growth and (B) Lysine Production of TK.032 and TK.033. 

The values represent the mean ± SD of biological triplicates. Experiments were performed with TK.033 

induced with 10-1000 ng ml-1 aTc and 1 mM IPTG, and TK.032 induced with 1000 ng ml-1 aTc and 1 

mM IPTG under continuous illumination (200 µmol photons m-2 s-1) with 1 % CO2 at 37°C. 
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Last, we compared the effects of the feedback-insensitive PEPC (TK.036) to the 

deregulated AK (TK.032) on lysine productivity. Attempts to introduce this engineered PEPC in 

our AK overexpressing strain background were unsuccessful. In contrast, we were able to 

introduce a PEPC expression cassette in the ybjE background (TK.036), but its performance was 

greatly inferior to TK.032 at all aTc concentrations (Fig. 5-6). Maximum lysine volumetric 

productivity for TK.036 was 0.009 mM hr-1 which equates to 6% of carbon going to lysine.  

Despite the greater percentage of carbon fluxed to lysine, the final titer of this strain was less 

than the AM.319 base. This is mostly due to the significant reduction in growth rate. Given the 

superior performance of TK.032 over all other genetic backgrounds, we concluded that AK was 

the most important point of lysine regulation and TK.032 was used for all subsequent 

experiments. 
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Figure 5-6. (A) Growth and (B) Lysine Production of TK.032 and TK.036.  
The values represent the mean ± SD of biological triplicates. Experiments were performed with TK.036 induced 

with 10-1000 ng ml-1 aTc and 1 mM IPTG, and TK.032 induced with 1000 ng ml-1 aTc and 1 mM IPTG under 

continuous illumination (200 µmol photons m-2 s-1) with 1 % CO2 at 37°C 
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5.4.3 Changing Nitrogen Sources 

A key difference between producing amino acids and other organic acids is the presence 

of nitrogen (Wendisch et al., 2006). Balancing carbon and N-assimilation flux is complicated by 

their interconnected metabolic and regulatory pathways (Huergo and Dixon, 2015). 

Cyanobacteria growth media is commonly formulated with nitrate that must be reduced to 

ammonia (serving as a sink for excess electrons) prior to assimilation (McNeely et al., 2014). In 

contrast, when wild-type PCC 7002 is fed ammonia as a N-source, cells grow slower and display 

significant chlorosis (Korosh et al., 2017). This can be overcome by providing an alternative 

electron sink such as biomass (providing elevated PCO2) or production of reduced compounds. 

For this reason, we hypothesized that a surplus of reducing power created by by-passing nitrate 

reduction could be used to enhance lysine biosynthesis. Therefore, we compared lysine 

production from TK.032 grown in media formulated with 24 mM NO3 (2x prior studies) to 24 

mM NH4 (Fig. 5-7). Due in part to the NH4 transporter-induced medium acidification (Britto and 

Kronzucker, 2005), culture pH was maintained around 8.0 by addition of NaOH. In these 

conditions, cells grew slower in both elevated N-media formulations, nitrate media (0.013 g 

DCW L-1 hr-1) with growth on ammonium (0.013 g DCW L-1 hr-1) slightly reduced from growth 

on Medium A+. The lower growth rate and a reduced fraction of carbon going to lysine (7%) on 

nitrate media resulted in lower volumetric productivity 0.007 mM hr-1. In contrast, cultures 

grown on ammonium media produced lysine at higher rates (0.020 mM hr-1) and sent the largest 

percentage of carbon to lysine (18%). In addition, these cultures excreted other amino acids 

(Data Not Shown), which suggests that more lysine could be produced if the branch points 

could be more finely controlled. The difference in growth and productivity with ammonium 
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emphasizes the importance of reducing power in lysine biosynthesis, which had been 

demonstrated with C. glutamicum (Becker et al., 2011). 

 

Figure 5-7. (A) Growth and (B) Lysine Production of TK.032 with NO3 or NH4. 
The values represent the mean ± SD of biological triplicates. Experiments were performed with TK.032 cultivated 

induced with 100 ng ml-1 aTc and 1 mM IPTG under continuous illumination (200 µmol photons m-2 s-1) with 1 % 

CO2 at 37°C. pH control with 24 mM NH4
+ was maintained at ≈ 8 by manually adjusting with NaOH.  

 

5.4.4 Lysine Production in Dilute Anaerobic Digestate 

Given the cost of fertilizers, it is attractive to consider alternative sources of low-cost 

nitrogen and phosphate such as anaerobic digester and/or municipal waste water streams. 

Anaerobic digestion effluent from municipal wastewater has previously been used as a nutrient 

source for cyanobacterial cultivation and lactate production (Hollinshead et al., 2014), but there 

are many potential toxicants that could limit its widespread adoption. We have previously 

demonstrated that a physiological adaptation at 27°C is necessary to allow growth of PCC 7002 

in filtrate recycled from the gravity belt (GBF) of a local municipal water treatment plant 

(Korosh et al., 2017). The GBF provides a nitrogen- (predominantly NH4
+) and phosphate-

source. Therefore, we compared growth and lysine production in cultures of TK.032 using 
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diluted GBF or Medium A+ at 27°C (Fig. 5-8). In GBF based media, TK.032 grew more slowly 

(0.014 g DCW L-1 hr-1) and directed only 3% of carbon to lysine resulting in low titer (0.28 mM) 

and volumetric productivity 0.003 mM hr-1. Interestingly, after induction in Medium A+ at this 

temperature, cultures were notably chlorotic, growth ceased, and lysine was not detectable. This 

growth defect was only apparent upon induction (Fig. 5-8C) and is likely due to the transporter 

imposed nitrate limitation at low temperatures (Sakamoto and Bryant, 1998). We postulate that 

this perceived nitrate limitation at low temperatures is circumvented in wastewater based media, 

due to the high levels of ammonium naturally present. 
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Figure 5-8. (A) Growth and (B) Lysine Production of TK.032 with Dilute Anaerobic Digestate (GBF) or 

Medium A+ (C) Effect of Temperature on Growth of ∆A2542 and TK.032 +/- Induction in Medium A+.  
The values represent the mean ± SD of biological triplicates. Experiments were performed with TK.032 induced 

with 1000 ng ml-1 aTc and 1 mM IPTG under continuous illumination (200 µmol photons m-2 s-1) with 1 % CO2 at 

27°C. 
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5.4.5 Batch Growth and Lysine Production of TK.032 in Photobioreactors 

Industrial implementation of cyanobacterial lysine production would likely occur in light-limited 

batch culture with lower surface to volume ratios than the flasks used in the work described 

above. To investigate the dynamics of lysine production in such a process, we cultivated TK.032 

in homemade laboratory photobioreactors (Clark et al., 2017) in Medium A+ supplemented with 

excess NaNO3, KH2PO4, FeCl3, and CO2 (Fig. 5-9). The initial linear growth rate and linear rate 

of L-lysine production for each reactor was calculated from growth data from the first 76 hours 

of the linear growth phase. For three biological replicates, the mean linear growth rate of TK.032 

was 10(±0.4) mg DCW L-1 hr-1 (S.E.) and the mean linear rate of L-lysine production was 

13(±0.5) μM L-lysine hr-1. This corresponds to directing 18% of carbon flux to lysine which was 

comparable to that of TK.032 grown in shake flasks at the same induction level. When the 

cultures entered stationary phase after 20 days, the biomass concentration was 2.4 (±0.1) g DCW 

L-1 and the L-lysine titer was 2.7 (±0.3) mM L-lysine. 

 
Figure 5-9. (A) Batch growth and (B) lysine production of TK.032 in a light-limited photobioreactor.  
Time zero was 48 hours after inoculation and induction (100 ng mL-1 aTc and 1 mM IPTG) where the cultures were 

at sufficient cell density to be in linear growth phase. Error bars represent the standard error of the mean of three 

biological replicates. 

 



122 

 

 

 

 
 

5.5 Discussion 

In this project, we successfully engineered the cyanobacterium, Synechococcus sp. PCC 

7002 to express feedback resistant versions of enzymes in the lysine biosynthetic pathway as a 

model for photosynthetic production of L-lysine. Simultaneous expression of an engineered 

aspartate kinase and lysine transporter was sufficient for high productivities, but also led to 

decreased chlorophyll content. Increasing the reductant supply by using NH4
+, a more reduced 

nitrogen source relative to NO3
-, gave a twofold increase in productivity. Our highest volumetric 

productivity for lysine was 0.003 g L-1 h-1, which is comparable carbon partitioning for PCC 

7002 engineered to produce ethanol (0.010 g L-1 h-1) (Dühring et al., 2014). However, this pales 

in comparison to the heterotrophic lysine productivity of 4.0 g L-1 h-1 achieved with C. 

glutamicum (Becker et al., 2011). 

Some of the limitations for producing amino acids in photoautotrophic hosts may be due 

to the relatively small flux of the TCA cycle, which has been demonstrated under numerous 

growth conditions in 13C-MFA studies (Wan et al., 2017). The aspartate family of amino acids is 

intertwined in both catabolic and anabolic processes in the TCA cycle (Galili, 2011). During 

photoautotrophic growth, the TCA cycle has been shown to primarily operate as a bifurcated 

pathway to generate necessary precursor metabolites, oxaloacetate and α-ketoglutarate 

(Steinhauser et al., 2012), although several species of cyanobacteria have since been shown to 

have the enzymatic capacity to operate a closed TCA cycle through bypass reactions (Xiong et 

al., 2014; Zhang and Bryant, 2011). The exact reason for this discrepancy has been highly 

debated, but it has been proposed to be a result of niche specialization (Zhang et al., 2016). 

Researchers have recently modified photoautotrophic flux in the TCA cycle by the introduction 
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of a heterologous GABA shunt, which may be used to extend the plasticity of this metabolic 

node in future studies (Zhang et al., 2016).  

Tools such as flux balance analysis may also reveal novel metabolic engineering 

approaches suitable for the constraints of photoautotrophic metabolism (Rügen et al., 2015). For 

example, introduction of a pyruvate carboxylase may also increase the metabolic flexibility of 

the PEP-pyruvate-oxaloacetate node, thereby leading to lead to an increase in precursor supply. 

While most organisms contain a subset of enzymes to ensure optimal carbon and energy flux at 

this anaplerotic node, C. glutamicum is a noted exception (Sauer and Eikmanns, 2005). In lysine 

producing strains of C. glutamicum, flux through the energy consuming C3 rather than the C4 

carboxlylation reaction is the predominant anaplerotic route, suggesting a need for increased 

futile cycling in these conditions (Marx et al., 1999, 1996). The high pyruvate/PEP ratio in PCC 

7002 (Dempo et al., 2014) may make this an attractive option for future work.  

Lysine production in TK.032 was met with decreased chlorophyll content per cell (Fig. 

3c). Decreased chlorophyll content has previously been seen in tobacco plants engineered to 

have elevated levels of free lysine (Azevedo et al., 1997). This implies a change in physiology 

during lysine production. This is contrary to cyanobacteria engineered to export sucrose (Ducat, 

2016). This finding may represent the current ceiling in carbon-flux redistribution during 

photoautotrophic lysine production, due to the limited metabolic flux of the autotrophic TCA 

cycle, which has been put forth by experimental and computational approaches (Broddrick et al., 

2016; Nogales et al., 2012; Song et al., 2015; Young et al., 2011).  

Given our laboratory strain performance in wastewater medium, we can extrapolate to a 

conservative aerial lysine productivity of ~100 (Winter) - 250 (Summer) g of Lysine/m2/year 

using estimates of aerial biomass productivities from 9.4 (Winter) - 23.5 (Summer) 
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gDCW/m2/day in an open pond system with a marine cyanobacterium (Moreno et al., 2003), and 

the 3% of carbon flux to lysine in our wastewater production conditions. In comparison, current 

United States areal productivities are ~775 g of Lysine/m2/Year. This figure is based on the mean 

annual yield of sugar crops in the United States (Michael McConnell, n.d.), assuming a glucose 

production rate of 6.5 mol/m2/Year and the maximum theoretical yield (0.82 mol L-lysine 

mol−1 glucose) for C. glutamicum (Wittmann and Becker, 2007). These figures highlight the 

areal productivity of cyanobacteria utilizing non-traditional nutrient sources, with the added 

benefit of wastewater polishing for discharge. That said, to take advantage of this trait, titers 

must be increased to keep the cost of purification low (Hermann, 2003) and productivities must 

be increased to reduce the capital costs needed to produce a target amount of amino acid. It is 

also important to note that these extrapolated productivities do not take into account operating 

costs associated with purification and extraction (Quiroz-Arita et al., 2017) or any spatial 

variation in the availability of wastewater (Roostaei and Zhang, 2017). The integration of the 

multitude of ‘-omics’ data into genome scale metabolic models, in particular with isotopically 

nonstationary metabolic flux analysis in over producer strains (Adebiyi et al., 2015), will enable 

more accurate representations of the flux control of the branch points in non-model organisms, 

and further development of a photosynthetic chemical platform. 
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CHAPTER 6 CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 Conclusions  

The work described in this document addressed important aspects for the realization of 

cyanobacterial biorefinery. First, we investigated the effect of utilizing a municipal wastewater 

stream as a source of nutrients under varying environmental conditions in Chapter 3, finding a 

means to circumvent toxicity by changing the cultivation temperature. Next, we then examined 

metabolic engineering design principles that enabled high productivities of L-lactate in Chapter 

4, with an emphasis on leveraging the coordination between cofactor supply and demand, as well 

as carbon and nitrogen metabolism. Finally, we examined the importance of transporter 

expression and circumventing metabolic regulation to enable production of L-lysine in Chapter 

5, utilizing a reduced nitrogen supply to boost productivities in defined medium and undefined, 

municipal wastewater-based medium. 

We achieved similar carbon partitioning for both L-lactate and L-lysine, roughly 16% of 

fixed carbon going to product. These chemicals are derived from different metabolic nodes with 

varying degrees of flux as assessed via INST 13C MFA under autotrophic conditions (Hendry et 

al., 2017; Young et al., 2011). Flux-balance analysis (Wan et al., 2017) and meta-analysis 

(Angermayr et al., 2015) have suggested that target molecules in a cyanobacterial biocatalyst 

should be derived from metabolites of the Calvin-Benson-Bassham cycle, pentose phosphate 

pathway, and lower glycolysis (L-lactate) due to their large pool size, rather than those made 

from substrates in the TCA cycle (L-lysine). Immediate work should examine the effect of a 

reduced nitrogen source (NH4
+) towards L-lactate productivity in strain TK.029 (BsLDHV39R, 

Rre37) in an isogenic background to strain TK.032 (YbjE, AK). LDH expression should then be 



132 

 

 

 

 
 

titrated until maximum volumetric productivities are achieved. It will be of interest to discern the 

effects of the optimal production of these two products on photosynthetic parameters, such as 

chlorophyll content and rates of oxygen evolution. 

6.2 Future Directions 

There still exist several hurdles that must be addressed to increase the market share of 

microalgal biofuels into the larger renewables market. Studies have done several scenario-based 

analyses, taking into consideration the geographic constraints (solar availability and temperature) 

on microalgal biomass productivity (Pate et al., 2011; Quinn et al., 2012). These studies have 

concluded that the cost of CO2 capture and delivery to the areas with sufficient 

photosynthetically active radiation is prohibitive with current technologies. Efforts should then 

be directed broadly towards increasing photosynthetic efficiency and improving carbon 

conversion. This may be achieved via two approaches: engineering of the environment or 

engineering of the host microbe. Design criteria for photobioreactors have been covered in depth 

elsewhere (Kunjapur and Eldridge, 2010; Posten, 2009; Suh and Lee, 2003), but biological 

approaches will be discussed below. 

Several attempts improve to carbon partitioning and photosynthetic efficiency in 

cyanobacteria are already underway. Overexpression of several flux controlling enzymes in the 

Calvin-Benson-Bassham cycle resulted in higher rates of oxygen evolution and biomass 

accumulation in engineered strains of PCC 6803 (Liang and Lindblad, 2016). Carbon fixation 

pathways besides the Calvin-Benson-Bassham cycle exist in nature (Hügler and Sievert, 2010), 

and novel pathways have been constructed in vitro and demonstrate to have high carbon fixation 

efficiencies (Schwander et al., 2016). Metabolic engineering approaches could be used to 
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increase the amount of productive photosynthetically active radiation by reducing 

photoinhibition or shifting the absorption properties of the photopigments to non-natively used 

wavelengths (Ort et al., 2015). The effects of reducing photoinhibition in mass culture has been 

demonstrated in PCC 6803 through the truncation of light harvesting antennae by deletion of 

phycocyanin (Δcpc), thereby alleviating the excessive absorption of light by cells at the 

outermost layer (Kirst et al., 2014).  This resulted in 57% greater biomass productivity at 

simulated peak sunlight illumination of 2000 µmol photons m-2 s-1. 

Despite the high productivities achieved for L-lactate and L-lysine with a cyanobacterium 

as described in this work, this is orders of magnitude lower than volumetric productivities 

reached with heterotrophic organisms fed low cost substrates (Wang et al., 2015; Wittmann and 

Becker, 2007). It has been proposed that resource allocation of the proteome (Burnap, 2015) and 

metabolome (Reimers et al., 2017) are some of the main factors accounting for the differences in 

maximal growth rates between autotrophic and heterotrophic organisms, due the intricacies of 

the photosynthetic lifestyle. This is reflected in the difference between adenylate energy charges 

for E. coli (0.90) and for PCC 7002 (0.35), which is already high relative to other cyanobacteria 

strains (Dempo et al., 2014). One way to improve this growth discrepancy is to design a minimal 

photoautotrophic cell (Delaye et al., 2011), with all non-essential genes removed (Rubin et al., 

2015). However, the regulatory logic coordinating the dynamic aspects of photoautotrophic 

metabolism is not well understood even between “model” cyanobacterial strains (Jablonsky et 

al., 2016) and would be a significant undertaking. 

 The metabolic plasticity of studied strains of cyanobacteria likely arises from genetic drift 

and natural selection in various environmental and temporal niches. Studies have shown 

significant differences between metabolite distribution (Dempo et al., 2014), acclimation to 
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stress (Billis et al., 2014), and diversity of electron flow (Shimakawa et al., 2016) between 

various strains of cyanobacteria. Despite the close phylogenetic relationship between freshwater 

PCC 6803 and euryhaline PCC 7002 (Scanlan et al., 2009), PCC 7002 has been shown to be 

exceptionally tolerant to several stresses (Ruffing, 2014). This may be due to its high rates of 

electron transfer across a variety conditions (Bernstein et al., 2016; Shimakawa et al., 2016) and 

the ability to use CO2 fixation (Ludwig and Bryant, 2012, 2011) and synthesis of sugar 

phosphates and organic acids as prominent electron sinks (Dempo et al., 2014). Upregulation of 

several AET processes which have been shown to enhance photoinhibitory tolerance in PCC 

6803 and PCC7942 (Allahverdiyeva et al., 2013) in PCC 7002, had no effect on tolerance to 

12.5% GBF at 37°C (Data not shown). This suggests that PCC 7002 naturally has a high 

capacity for electron transport processes in conducive environments and highlights the 

importance of strain selection in bioprocessing. 

Given these conclusions, perhaps it will ultimately be more beneficial to approach 

microalgal production primarily as a method for wastewater treatment, rather than as a source of 

commodity or specialty chemicals in the near-term. Maintaining a monoculture in a biorefinery 

will likely be cost prohibitive if wastewater is used as a source of nutrients. However, exploiting 

the biodiversity of nature and utilizing ecological design principles will likely be an 

economically effective method of remediation (Fouilland, 2012; Kazamia et al., 2012). Close 

interactions between heterotrophs and autotrophs have been demonstrated in nature (Aylward et 

al., 2015; Leyn et al., 2017) and laboratory settings (Beliaev et al., 2014; Christie-Oleza et al., 

2017; Oyserman et al., 2017). These communities exhibit high biomass productivities and 

functional stability over long periods, due to metabolite recycling and detoxification of oxidative 

stress (Beliaev et al., 2014; Li et al., 2017). However, this approach can also be used to generate 
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proteins and products of interest (Lindemann et al., 2016; Zengler and Palsson, 2012). Recent 

work examined the interactions between a cyanobacterial strain metabolically engineered to 

secrete sucrose with a variety of specialized heterotrophic partners and were able to produce 

alpha-amylase and polyhydroxybutyrate with CO2 as the sole carbon source (Hays et al., 2017). 

We expect this approach to become more widespread as we increase our understanding of 

engineering synthetic microbial mutualisms. 
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