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Abstract 

Current sources of fermentation feedstocks, i.e. corn, sugar cane, or plant 

biomass, fall short of demand for liquid transportation fuels and commodity chemicals in 

the United States. Aquatic phototrophs including cyanobacteria have the potential to 

supplement the supply of current fermentable feedstocks. In this strategy, cells are 

engineered to accumulate storage molecules including glycogen, cellulose, and/or lipid 

oils that can be extracted from harvested biomass and fed to heterotrophic organisms 

engineered to produce desired chemical products. In this manuscript, we examine the 

production of glycogen in the model cyanobacteria, Synechococcus sp. strain PCC 7002, 

and subsequent conversion of cyanobacterial biomass by an engineered Escherichia coli 

to octanoic acid as a model product. In effort to maximize glycogen production, we 

explored the deletion of catabolic enzymes and overexpression of GlgC, an enzyme that 

catalyzes the first committed step towards glycogen synthesis. We found that deletion of 

glgP increased final glycogen titers when cells were grown in diurnal light. 

Overexpression of GlgC led to a temporal increase in glycogen content but not in an 

overall increase in final titer or content. The best strains were grown, harvested, and used 

to formulate media for growth of E. coli. The cyanobacterial media was able to support 

the growth of an engineered E. coli and produce octanoic acid at the same titer as 

common laboratory media.   



Introduction 

Current sources of fermentation feedstocks, such as corn, sugar cane, or plant 

biomass, fall short of demand for liquid transportation fuels and commodity chemicals in 

the United States. For example, an optimistic estimate suggests that ~1.5 billion tons of 

biomass, e.g. lignocelluosic wastes and energy crops, is available in the United States 

(Langholtz et al., 2016), equivalent to the energy in ~4.4 billion barrels of oil. If all this 

energy could be converted to fuels, it would represent approximately 75% of the 

petroleum imported and produced domestically in the country (~5.9 billion barrels of oil). 

While terrestrial biomass represents a large feedstock opportunity, additional sustainable 

sources of fermentation feedstocks will be needed to meet the demand of a growing 

biomanufacturing economy. Cyanobacteria and eukaryotic algae can address this 

limitation and provide an additional sustainable feedstock for the bioeconomy. 

Cyanobacteria produce many storage compounds, i.e. glycogen, cyanophycin, 

polyphosphate, polyhydroxyalkanoates, during photosynthetic growth in order to provide 

energy and nutrients for continued survival in the dark. These nutrient-rich cells can be 

recovered and used to formulate media (Figure 1a) to feed heterotrophic organisms 

(Aikawa et al., 2014; Hoover et al., 2011; Möllers et al., 2014), including those engineered 

to synthesize biofuels and other chemical building blocks. The rapid growth and CO2 

fixation potential of cyanobacteria provides a significant advantage when comparing the 

productivity from a given land area; algae and cyanobacteria yields are upward of 40 

g/m2/day (Clippinger et al., 2019) approaching current Brazilian sugarcane yields (FAO, 

2020). Many species of cyanobacteria can grow in brackish or salt waters and utilize 

wastewater as a source of nitrogen and phosphate (Korosh et al., 2018). In order to 



leverage cyanobacteria biomass as a potential fermentation feedstock, strains must be 

engineered to maximize flux to desired storage compounds.  

 

Figure 1. a.) Cultivation of aquatic phototrophs as a feedstock for bioprocessing. Photosynthesis enables the fixation 

of carbon dioxide into reduced metabolites including energy storage molecules. Cells rich in storage molecules can be 

harvested, hydrolyzed, and fed to heterotrophs for production of commodity chemicals. The process is analogous to 

production of terrestrial plant biomass and processing to biofuels and chemicals. b.) Glycogen is produced from the 

products of the Calvin cycle, producing glucose 1-phosphate though (G1P) gluconeogenesis and phosphoglucomutase 

(PGM). G1P is converted to glycogen through GlgC and GlgA. Glycogen structure is altered by branching and 

debranching enzymes, GlgB and GlgX. Finally, glycogen is degraded by linear depolymerases GlgP and AgpA as well 

as the branched chain pathway including MalQ.  Break α-1->4 nomenclature refers to breaking the α-1->4 glycosidic 

bond. 

In this manuscript, we describe efforts to maximize glycogen accumulation in 

Synechococcus sp. strain PCC 7002, previously known as Agmenellum quadruplicatum. 

PCC 7002 was originally isolated from coastal ocean waters (Stevens and Van Baalen, 

1973; Van Baalen, 1962) and has been shown capable of rapid autotrophic growth (~2-3 



hr doubling time) in many water sources (e.g. fresh, saline, wastewater); growing best in 

brackish water (Aikawa et al., 2014). PCC 7002 is naturally transformable and genetically 

tractable with a wide array of synthetic biology tools (Begemann et al., 2013; Gordon et 

al., 2016; Markley et al., 2015; Ruffing et al., 2016; Santos-Merino et al., 2019; Vavitsas 

et al., 2019; Xia et al., 2019; Zess et al., 2015). Further, models of metabolism, regulation, 

carbon fixation, and process systems have been developed for the strain (Cameron et 

al., 2015; Clark et al., 2014; Hendry et al., 2016; McClure et al., 2016; Pfleger and 

Markley, 2016; Vu et al., 2013; Yenkie et al., 2016). These advantageous features provide 

an opportunity to use PCC 7002 to generate a tailorable biomass feedstock that does not 

compete with current food production or potable water supplies.  

Glycogen is a polymer of glucose molecules linked with alpha-1,4 bonds for linear 

chains and by alpha-1,6 bonds at branch points (Cifuente et al., 2019). It is easier to break 

down than lignocellulosic biomass and produces fewer toxins during hydrolysis. This 

makes glycogen accumulating organisms attractive as a feedstock for value-added fuel 

and chemical production by heterotrophic organisms (Aikawa et al., 2014; Möllers et al., 

2014). In many cyanobacteria, glycogen is the main source of energy storage by which 

cells can regulate energy availability between periods of light and dark, as well as periods 

of high and low nutrients (Luan et al., 2019). As shown in Figure 1b, Glycogen molecules 

are synthesized by polymerizing activated glucose units made from the products of 

photosynthesis (Cifuente et al., 2019). Glucose-6-phosphate, made via gluconeogenesis, 

is isomerized to glucose-1-phosphate by phosphoglucomutase, and converted to ADP-

glucose by GlgC (Zilliges, 2014). Finally, ADP-glucose is polymerized by GlgA into 

glycogen (Cifuente et al., 2019). Glycogen branching is controlled by the branching and 



debranching enzymes GlgB and GlgX, respectively (Cifuente et al., 2019; Suzuki et al., 

2007; Zilliges, 2014). These enzymes can adjust how compact the glycogen granules are 

based on the amount of branching, which can impact the volume efficiency of energy 

storage.  

In order to access the energy stored in glycogen, cyanobacteria must extract sugar 

units from the polymer and send them through central metabolism, producing ATP and 

waste metabolites (e.g. CO2, ethanol, etc). Glycogen can be degraded linearly by GlgP 

and AgpA (Figure 1b). Once linear degradation to a branch point is complete, the last 

four glucose units must be cleaved by the debranching enzyme GlgX and are degraded 

by a number of enzymes including MalQ, which is responsible for rearranging glucose 

monomers and dimers (maltose) between glucose polymers, including breaking 

maltotetraose and maltotriose units into smaller components (Zilliges, 2014). These 

pathways allow cellular access to energy and carbon through glycolysis and central 

metabolism from stored glycogen.  

Historically, glycogen production has been probed at a few points within this 

pathway as well as through environmental changes (Ducat et al., 2012; Guerra et al., 

2013; Joseph et al., 2014; McNeely et al., 2014; Qian et al., 2018; Xu et al., 2012). For 

PCC 7002, glycogen production is induced by different forms of nutrient starvation 

including, most commonly, nitrogen starvation (Aikawa et al., 2014). Theglobal nitrogen 

control factor, ntcA, controls this response and can be triggered by other forms of nutrient 

or light limitation (Forchhammer and Selim, 2019; Liu and Yang, 2014). Historically, the 

glgC node has seen the most manipulation in PCC 7002. Groups have worked to knock 

out this node to reduce glycogen accumulation within the cell to increase the available 



energy for chemical production .  A similar analysis and result was achieved for a ΔglgA 

strain (Xu et al., 2012). In this study, we explored genetic changes that would lead to 

enhanced glycogen productivity. We explored the overexpression of GlgC to enhance 

synthesis rates and deletion of catabolic pathways to prevent consumption of the desired 

storage molecules. We found that deletion of glgP increased final glycogen titers when 

cells were grown in diurnal light. Overexpression of GlgC led to a temporal increase in 

glycogen content but not in an overall increase in glycogen titer or content at the end of 

production. The best strain (ΔglgPΔagpA) was grown, harvested, and used to formulate 

media for growth of an engineered E. coli NHL17 in order to produce octanoic acid 

(Hernández Lozada et al., 2018). The cyanobacterial media was able to support growth 

and the E. coli produced octanoic acid at the same titer as in common laboratory media.   

Methods 

Biomass concentration 

Biomass titers were estimated in one of two ways 1.) optical density at 730 nm 

(OD730) and 2.) dry cell weight. OD730 measurements include both glycogen and other 

biomass components. Dry cell weight measurements were performed by filling a pre-

weighed conical tube with a recorded volume of cell culture. The sample was centrifuged 

at 5000 x g for 20 minutes. The supernatant was aspirated, and the resulting pellet was 

washed with 1 volume of water before being flash frozen in liquid nitrogen or frozen 

overnight in a -80°C freezer. Once frozen, the samples were lyophilized, and final weights 

were measured. 

Glycogen content and sugar quantification 

Glycogen content was measured by quantifying glucose released by hydrolysis of 



lyophilized biomass samples. Desiccated biomass (5-20 mg) was added to a 5 mL glass 

reactor and resuspended in 1 mL of 4% (v/v) sulfuric acid. The reactor was sealed with a 

cap containing a second septa to prevent vapor loss during hydrolysis. The reactors were 

placed in a silicon oil bath at 121 °C for 1 hour and cooled in an ice water bath for 20 

minutes. Samples were transferred into 1.7 mL microfuge tubes, centrifuged for 10 

minutes at 20,000 x g, filtered through a 0.22 μm filter, and stored at -20°C until analysis. 

The protocol was based on the biomass hydrolysis process reported by the National 

Renewable Energy Lab (NREL) (Ruiz and Date, 1996). Glucose concentration in the 

hydrolyzed sample or E. coli media was measured by HPLC. A 5 mM sulfuric acid mobile 

phase was used to separate metabolites in the hydrolysate over a Rezek ROA-Organic 

Acid column. Samples quantified using a refractive index detector relative to a prepared 

standard curve. 

Cyanobacterial culturing 

Cyanobacterial cultures were grown in 60 mL of Media A in a 250mL baffled flask 

unless otherwise specified (Ludwig and Bryant, 2011). Typically, cultures were grown 

under continuous light provided by LED strips mounted at the top of a shaking incubator 

(illumination from above), held at 27 °C, and had a constant carbon dioxide concentration 

of 1%. Cultures were supplemented with water to adjust for volume loss due to 

evaporation.  Continuous light experiments were run at 100% of maximum incubator light 

intensity. Diurnal cultures were provided light in varying intensity with a cycle programmed 

into an 8-cycle controller. The controller was programmed by setting the length of time 

and light intensity for each of the 8 segments of the controller scheme (Figure 3a). Light 

intensity was measured as a percentage of maximum intensity, which was equal to 



~180umol photons m-2 s-1. 

Genetic modification of cyanobacteria 

Genetic alterations were made using the natural homologous recombination ability 

and competency of PCC 7002 (Stevens and Porter, 1980), antibiotic resistance, and/or a 

counterselection protocol dependent on the acsA gene – encoding acetyl-coenzyme A 

synthetase (Begemann et al., 2013).  Donor DNA was provided in the form of plasmid (E. 

coli shuttle vectors) containing ~500 base pair homology regions to the target integration 

site. The homology regions flanked an expression cassette for the native acsA gene, 

foreign aadA (specR/strepR), foreign APH(3')-Ia (kanR) and/or foreign aacC1 (gentR) gene.  

DNA was transformed by adding 1-1.5 µg of purified plasmid to 1 mL of an overnight 

culture of cells grown to an OD730 of 1. The cultures were then placed at 37°C under 

illumination for 16 hours. The cells were plated on 50 µM acrylic acid (acsA locus) 100 

μg/mL streptomycin, 100 μg/ml kanamycin, or 100 µg/ml gentamycin (glpK locus) to 

select for recombinants. The Glgc+ and ΔglgC strains were derived from wild-type PCC 

7002 and the depolymerase strains (ADC001, ADC002, ADC003, and ADC004) were 

made from BPSyn_014, a strain with a barcode deletion in the acsA locus (Begemann et 

al., 2013). Annotated plasmid maps used in strain construction are provided as 

supplementary material in GenBank format and a complete list of strains is provided in 

Table 1.   

Glycogen Production, Processing, and E. coli Media Preparation.  

The PCC 7002 ΔglpPΔagpA strain was inoculated from overnight cultures to an 

OD730 of 0.05 in 250 mL shake flasks to a final volume of 60 mL of Media A.  Cultures 

were grown at 27°C and 150 RPM with 1% CO2 and 200 𝜇mol photons m-2 s-1 provided 



by light emitting diode strips. Prior to measuring OD730, we adjusted for evaporative losses 

by replacing lost mass with sterile water.  

After eight days, we harvested cultures by centrifugation at 10,000 x g for 10 min. 

Samples were resuspended in water and vacuum aspirated twice to remove salts, flash 

frozen, and lyophilized. Once dehydrated, approximately 100 mg of desiccated biomass 

was suspended in 2 mL of 4% (v/v) H2SO4 inside a glass reactor with a second septa to 

prevent evaporation. Acid hydrolysis was performed for 2 hours at 121°C in a silicone oil 

bath. Samples were then titrated to a pH of 6.75 to match Luria-Bertani (LB) broth with 

NaOH and passed through a 0.22 μm nylon filter to remove particulate matter and 

sterilize. After measuring glucose content of the hydrolysate, we diluted the media to 10 

g/L glucose with sterile water. An appropriate amount of glucose was added to M9 

minimal media to match. Additionally, we prepared a 50%/50% mixture of M9 minimal 

media (without glucose) and hydrolysate. M9 Hydrolysate media was formulated by a 1:1 

mixture of M9 minimal media and hydrolysate, leading to total salt concentrations of 

0.1mM MgSO4, 0.05mM CaCl2, 23.9mM Na2HPO4, 11mM KH2PO4, 4.28mM NaCl, and 

9.35mM NH4Cl. 

MCFA Production. E. coli NHL17 (Hernández Lozada et al., 2018) was inoculated 

from an overnight culture to an OD600 of 0.05 into 3 mL of respective liquid medium in test 

tubes and grown at 37°C. Cultures were grown until an OD600 of 0.3 then induced with 50 

μM IPTG and moved to 30°C with vigorous shaking at 250 RPM.  

Fatty Acid Quantification. After 24 hours post-induction, 500 μL of culture was 

combined with 2.5 μL of 100 mg/mL heptanoic acid, 100 mg/L nonanoic acid, and 100 



mg/L pentadecanoic acid in a methanol solution. Samples were prepared with 50 μL of 

12 M HCl and 500 μL of a 116:34 solution of methanol and pyridine then vortexed for five 

minutes. Fatty acids were derivatized into fatty acid methyl esters using two volumes of 

50 μL methylchloroformate with 30 s of vortexing after each addition. Reactions were 

quenched with 800 μL of chloroform and 800 μL of 100 g/L NaHCO3. The chloroform layer 

was collected and analyzed using a GC-FID (Shimadzu GC-2010) with an AOC-20i auto-

injector and a 30 m, 0.25 mm DB FATWAX-UI column. The GC temperature protocol 

began at 120°C for 2 min, ramped to 140°C (at 5°C/min) and held for 3 min, then ramped 

to 250°C (at 20°C/min) and held for 8 min.  

Results and Discussion 

Overexpression of glgC for glycogen accumulation 

When engineering production of small molecules in cyanobacteria, glycogen 

synthesis is often blocked by disruption of glgC to redirect carbon flux to desired products, 

for example lactic acid (van der Woude et al., 2014). The ΔglgC deletion prevents the 

activation glucose-1-P to ADP-glucose, a committed step towards glycogen synthesis 

(Zilliges, 2014). We hypothesized that, conversely, GlgC overexpression would increase 

flux to glycogen by pulling flux from the sugar-phosphate pool. We overexpressed glgC 

by adding a second copy to the genome in the glpK locus under the control of the strong 

IPTG-inducible promoter, PcLac143. To test the impact of GlgC overexpression (GlgC+), 

cultures of the modified strain, wild-type, and a ΔglgC mutant were grown under 

continuous (Figure 2) and diurnal light (Figure 3) in the presence or absence of 0.1mM 

IPTG. Total biomass, OD730, and glycogen titer were quantified as described in the 

methods section. 



In continuous light, the GlgC+ strain, regardless of induction state, experienced a 

slight growth defect relative to the wild type (Figure 2a). Induction of the GlgC+ slightly 

enhanced the growth defect. After four days, the GlgC+ strain, both uninduced or when 

induced, achieved about 80% of the total dry cell weight and OD730 achieved by the wild 

type (OD730 ~15; 4.5 g/L DCW; Figures 2b, 2c, 2e, and 2f). The ΔglgC mutant achieved 

lower final OD730 (~5 under both conditions) and DCW (1.5 g/L) than any of the other 

strains (Figure 2d). This is primarily due to the lack of glycogen in this strain. In each of 

the strains, productive biomass, i.e. the non-glycogen DCW, reached a maximum of 1.5 

g/L by day 2 or 3 (the induced GlgC+ strain took an extra day) and remained unchanged 

thereafter. After this point the increase in cell mass can be attributed solely to glycogen 

accumulation.  



Figure 2: Biomass and glycogen production by PCC 7002 strains under continuous light conditions in media A. Panel 

A shows the biomass production measured by optical density at 730 nm. Panel B reports the fraction of the total dry cell 

weight that was glycogen over time. Panels C-F show the titer of glycogen (brown) and total DCW (black) over time for 

each of the four listed cultures. The difference between the DCW and glycogen content represents the productive 

biomass.  Each culture was performed in triplicate.  Error bars represent standard deviation. 

These dynamics are likely due to a shift from replete media to nitrogen-limited 

conditions. The final biomass titer and the duration of productive biomass generation was 

proportional to the amount of nitrate fed to cultures (Figure S1). Correspondingly the 

amount of nitrogen in the media correlated to the point at which cells reached a maximum 

glycogen content (~60-80% of DCW); cultures with minimal nitrate stopped growing early 

and filled with glycogen earlier. Cultures replete with nitrate took longer to reach 

starvation, ultimately generating higher biomass and glycogen titers. The profile of the 

GlgC+ strain, which showed rapid glycogen accumulation and higher glycogen content at 



early times, is similar to strains that were starved for nitrogen with the exception that 

biomass and glycogen titers ultimately were no better than those of the wild type. 

Any large-scale cultivation of cyanobacteria for sugar production will depend on 

natural light, which varies in intensity throughout each day.  As such, we studied the 

impact of each genetic variation under diurnal light conditions. Variable glycogen content 

during a diurnal cycle is caused by the production and consumption cycles of glycogen 

that occur to regulate cell growth across light/dark cycles (Pattanayak et al., 2014). 

Therefore, we simulated a natural day-night cycle in our incubator shaker using a series 

of stepped light intensities to yield a 10-hour dark cycle with a 14-hour variable light cycle 

that more closely represents outdoor light delivery than simplistic on/off systems (Figure 

3a). The effect of diurnal growth can be seen in the ”saw-tooth” pattern (OD730 dropped 

slightly during the dark phase - Figure 3b) as well as the final three glycogen content 

measurements (Figure 3c). In these diurnal conditions, the growth rates of each strain 

were indistinguishable; both glycogen producing strains yielded approximately 3 g/L DCW 

by day 8, while the ΔglgC strain topped out at 1.5 g/L DCW after ~5 days (Figures 3d, 

3e, 3f, and g). The productive biomass ceased to increase after day ~3 at a value of ~1.5 

g/L. The induced GlgC+ again demonstrated a higher glycogen content early in the culture 

but was matched by the wild type after additional days in culture. As before, the delayed 

glycogen accumulation tracked with the amount of nitrogen in the media, here titers and 

content were delayed relative to continuous light conditions. From these experiments, we 

concluded that GlgC overexpression alone was not sufficient to improve the volumetric 

titer of glycogen relative to wild type but could alter the dynamics of specific glycogen 

content and volumetric productivity. These enhancements could be exploited in cultures 



harvested at low cell densities.  

Figure 3: Biomass and glycogen production by PCC 7002 strains under diurnal light conditions in media A. a.) Diurnal 

light intensity was programmed as an 8-step variation with each step varying the fraction of maximum light output. Panel 

b shows the biomass production measured optical density at 730 nm. Panel c reports the fraction of the total dry cell 

weight that was glycogen over time. Panels d-g show the titer of glycogen (brown) and total DCW (black) over time for 

each of the four listed cultures. Each culture was performed in triplicate. Error bars represent standard deviation. 

Improving glycogen accumulation through deleting glycogen degradation 

Glycogen is used as a form of energy storage for use at night and cyanobacteria 

access the energy by depolymerizing glycogen and processing the sugar units through 

central metabolism. To maximize glycogen accumulation, we hypothesized that cells 

lacking key enzymes in the glycogen breakdown pathways would result in faster 



production and/or higher titers of glycogen. We considered three gene knockouts at two 

key nodes in glycogen metabolism: malQ, glgP, and agpA (Figure 1b). We created 

knockouts at these key nodes and measured the resulting changes in glycogen content 

and titer. The ΔmalQ strain (ADC001) showed a consistent growth defect compared to 

an isogenic wild type strain carrying a resistance marker (ALM220) as shown by the 

decreased biomass titer (Figure S2). Both strains, when grown in Media A, had higher 

glycogen content than the same cells grown in the presence of extra nitrate (+N). The 

glycogen titer and content were not improved by the ΔmalQ mutation under either media 

condition. Given the growth defect, further work with the ΔmalQ strain was not pursued. 

The ΔagpA mutation did not impact glycogen production, but deletion of glgP had a 

significant impact on final glycogen titer (Figure 4f). Where the wild type produced 3.0 ± 

0.3 g/L of glycogen, the ΔglgP and ΔglgPΔagpA strains produced 3.7 ± 0.1 g/L and 3.6 ± 

0.1 g/L respectively (P-value less than 0.05). In each case, the amount of productive 

biomass stopped increasing by day five with the remaining increase in DCW attributed to 

glycogen accumulation (Figures 4a, 4b, 4c, 4d, and 4e). Knocking out glycogen 

depolymerases under diurnal light conditions had a stronger effect than in continuous light 

conditions (data not shown). From our data, we concluded that the ΔglgP mutation 

increased glycogen accumulation compared to diurnally grown wild type cells. 



Figure 4. Biomass and glycogen production by PCC 7002 strains grown under diurnal light conditions (see Figure 3A) in 

media A. This experiment investigates the value of knocking out linear glycogen phosphorylases in the glycogen 

catabolism pathway under more restrictive diurnal conditions. Panels A-D show the accumulation of glycogen and 

productive biomass over time. Grey areas represent incubation without light. Panel E shows the fractional glycogen 

content. In each strain the content approached 75% by the end of the culture. Panel F shows the breakdown of total 

DCW as glycogen (brown) and productive biomass (black). The ΔglgP and ΔglgPΔagpA strains produced more 

glycogen than the corresponding wild type (t-test with P-value < 0.05). Error bars represent standard deviation. 

Bioconversion of cyanobacteria biomass to octanoic acid 

To demonstrate the utility of cyanobacteria biomass as a fermentation feedstock, 

we cultured PCC 7002 ΔglgPΔagpA and harvested the resulting biomass. The cell pellet 

was washed, lyophilized, and hydrolyzed in acid to release fermentable molecules. The 

hydrolysate was neutralized and supplemented with M9 salts to formulate media for E. 



coli. This approach is appropriate in a lab setting for high accuracy measurement, but 

would be infeasible within an industrial setting; an alternate methodology would be need 

to be developed. We decided to compare the growth and product titer in hydrolysate and 

standard M9 glucose lab media containing the same level of glucose (~10 g/L).  Although 

this normalizes for glucose content, there is additional protein content and other 

molecules present in cyanobacterial hydrolysate that could promote bacterial growth.  The 

test was performed by cultivating NHL17, an E. coli engineered to express a highly active 

C8-specific thioesterase in a β-oxidation null background.  The final OD600 was recorded 

as a measure of cell growth and the titer of glucose and octanoic acid was quantified to 

determine the product titer and yield (Figure 5). Cells grown in pure hydrolysate produced 

small quantities of octanoic acid whereas minimal media and the hydrolysate formulated 

with M9 salts produced equal amounts (~300 mg/L) at similar yields (0.045-0.06 g FFA/ 

g glucose consumed). The lower performance in pure hydrolysate, where cells grew to 

about half of the final biomass (1.1 vs 2.1 OD600 at 24 hours), is likely due to the 

combination of octanoic acid stress and lack of pH buffering. The equivalent final titers 

indicate that cyanobacteria biomass could be used to formulate fermentation media for 

industrial applications. Further fine tuning is likely needed as all cultures failed to consume 

the full 10 g/L of glucose in 24 hours. 

  



 

                                 

Figure 5. Titers of octanoic acid and other free fatty acids produced by E. coli NHL17.  Cells were grown in media 

containing ~10 g/L glucose. M9 Hydrolysate media was formulated by a 1:1 mixture of M9 minimal media and 

hydrolysate, leading to total salt concentrations of 0.1mM MgSO4, 0.05mM CaCl2, 23.9mM Na2HPO4, 11mM KH2PO4, 

4.28mM NaCl, and 9.35mM NH4Cl. The optical density at 24 hours was 1.1, 2.4, and 1.5 respectively. Error bars 

represent standard deviation. 

Conclusions 

Based on the data above, we conclude that nitrogen starvation has a stronger 

impact on the timing and production rate of glycogen than genetic manipulations in the 

pathway. While GlgC overexpression led to a short temporal increase in glycogen 

content, wild type cells could achieve the same glycogen titer later in the cell culture. 

Glycogen degradation was not a substantial sink because deletion of depolymerase 

increased final titers by ~20% under diurnal conditions. It was interesting to note that the 

increase in biomass titer (DCW) could be split into two phases. In the first, productive cell 

mass accumulated and glycogen content was low (<25%). In the second, presumably 



after nitrogen was depleted from the media, any increase in total DCW could be attributed 

to increased glycogen titer. This experiment shows that strong nitrogen starvation can be 

used as a control for glycogen accumulation or if cells could be harvested efficiently at low 

densities, GlgC overexpression could reduce the culture times required to maximize 

glycogen content. The cyanobacterial media was able to support the growth of an 

engineered E. coli and the production of octanoic acid at the same titer as common 

laboratory media. 
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Tables 

Table 1: Strains used in this work 

Strain Name Genotype Deletion 
Plasmids 

Parent Host Reference 

Escherichia coli MG1655 Wild-type   E. coli Genetic 
Stock Center 

Escherichia coli NHL17 K-12 MG1655 ΔaraBAD 
ΔfadD::trcCpFatB1.2-M4-287 

  (Hernández Lozada 
et al., 2018) 

Syn. sp. PCC 7002  Wild type   Pasteur Culture 
Collection 

BPSyn_014 ΔacsA::BC   (Begemann et al., 
2013) 

AM241 
 

glpK::cLac94 GlgC K12 GmR pALM210 PCC 7002 This Work 

AM242 glgC::KanR pTK004 PCC 7002 This Work 

AM272 ΔacsA::BC glpK::GentR  pALM220 BPSyn_014 This Work 

ADC001 ΔacsA::BC glpK::GentR ΔmalQ pADC183, 
pADC180 

AM272 This Work 

ADC002 ΔacsA::BC ΔglgP pADC228, 
pADC229 

BPSyn_014 This Work 

ADC003 ΔacsA::BC ΔagpA pADC230, 
pADC231 

BPSyn_014 This Work 

ADC004 ΔacsA::BC ΔglgP ΔagpA pADC230, 
pADC231 

ADC002 This Work 
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Supplementary Material  

 

Figure S1: Biomass and glycogen production by PCC 7002 grown under continuous light in a nitrogen limited media 

A. Conditions vary from 25% to 400% of the nitrogen in basal media A. Panel A shows biomass production as optical 

density at 730nm. Panel B shows the biomass production measured directly as dry cell weight (DCW). Panel C shows 

a) 

c) 

b) 

d) 

e) f) 



fractional glycogen content measured through biomass hydrolysis. Panel D shows glycogen titer measured as glucose. 

Panel E shows the fraction of total biomass that is not made up of glycogen. Panel F shows a relationship between 

nitrate dose and productive biomass production (for 0.25x, 0.5x, 1x, and 2x nitrate doses only).  

  



Figure S2: Biomass and glycogen production by PCC 7002 strains under continuous light conditions in media A. This 

experiment investigates the value of knocking out malQ in the glycogen catabolism pathway under both nitrogen deplete 

and replete conditions. Panel A shows the biomass production measured directly as dry cell weight (DCW). Panel B shows 

fractional glycogen content measured through biomass hydrolysis. Panel C shows glycogen titer measured as glucose. 

Panel D describes the genotypes and media conditions of the strains measured in Panels A-C.  Error bars represent 

standard deviation. 

a) 

c) 

b) 

d) 


