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Abstract 10 

Cyanobacteria have attracted significant interest as a platform for renewable 11 

production of fuel and feedstock chemicals from abundant atmospheric carbon 12 

dioxide by way of photosynthesis. While great strides have been made in 13 

developing this technology in freshwater cyanobacteria, logistical issues remain 14 

in scale-up. Use of the cyanobacterium Synechococcus sp. PCC 7002 (7002) as 15 

a chemical production chassis could address a number of these issues given the 16 

higher tolerance to salt, light, and heat as well as the fast growth rate of 7002 in 17 

comparison to traditional model cyanobacteria such as Synechococcus 18 

elongatus PCC 7942 and Synechocystis sp. PCC 6803. However, despite 19 

growing interest, the development of genetic engineering tools for 7002 20 

continues to lag behind those available for model cyanobacterial strains. In this 21 

work we demonstrate the systematic development of a 7002 production strain for 22 

the feedstock chemical 2,3-butanediol (23BD). We expand the range of tools 23 

available for use in 7002 by identifying and utilizing new integration sites for 24 

homologous recombination, demonstrating the inducibility of theophylline 25 

riboswitches, and screening a set of isopropyl β -D -1-thiogalactopyranoside 26 

(IPTG) inducible promoters. We then demonstrate improvements of 23BD 27 

production with the systematic screening of different conditions including: operon 28 

arrangement and copy number, light strength, inducer concentration, cell density 29 

at the time of induction, and nutrient concentration. Final production tests yielded 30 

titers of 1.6 g/L 23BD after 16 days at a rate of 100 mg/L/day. This work 31 

represents great strides in the development of 7002 as an industrially relevant 32 

production host. 33 

 34 

Key words 35 

Cyanobacteria, Metabolic engineering, 2,3-Butanediol, Marine cyanobacteria 36 
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Introduction 37 

Rising CO2 levels have brought carbon dioxide sequestration to the 38 

forefront of global concern. The desire for a platform capable of capturing waste 39 

CO2 for removal from the atmosphere and converting it to a usable chemical form 40 

has brought much research interest to cyanobacteria.1 A number of successful 41 

cyanobacterial production systems in model cyanobacteria such as 42 

Synechococcus elongatus PCC 7942 (hereafter 7942) and Synechocystis PCC 43 

6803 (hereafter 6803) have been established for small molecules1 ranging from 44 

ethylene2 to 2,3-butanediol3 to fatty acids.4 While the primary reason for the 45 

appeal of cyanobacteria is the simplicity of their nutrient requirements (CO2, 46 

sunlight, and water), the need to provide significant quantities of fresh water to 47 

these model organisms for large-scale production cultures is not ideal from an 48 

environmental or economic standpoint.5 Though the use of seawater presents its 49 

own unique challenges such as limited locations for production facilities, 50 

transportation of seawater, and growing and production challenges associated 51 

with increased salt concentrations; given the vast excess of saltwater available 52 

(salt water makes up about 97.5% of all of the water on Earth6), the use of a salt-53 

tolerant production strain in addition to the freshwater strains already in use could 54 

provide additional options for cyanobacterial use and prevent further strain on 55 

sources of freshwater. Unlike model cyanobacterial production hosts such as 56 

7942 and 6803, the strain Synechococcus sp. PCC 7002 (hereafter 7002) is not 57 

only tolerant to a range of salt conditions7, but also has improved thermal stability 58 

and photo stability8 which makes 7002 better able to tolerate strong light9 and 59 
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therefore increases options for scale up locations relying on natural lighting. 60 

Additionally, 7002 has demonstrated a significantly increased growth rate over 61 

most model cyanobacterial species with a doubling time of 2.6 hours under ideal 62 

growth conditions.10 These qualities combined with a fully sequenced genome 63 

and natural transformability11, 12 makes 7002 an attractive candidate for industrial 64 

chemical production. 65 

Despite the many advantages of 7002 as a host strain there are still a 66 

number of challenges to overcome before it can become a widely used host 67 

strain. One of the primary challenges is that the tools available for 7002 genetic 68 

manipulation are still limited. However, recent work by a handful of groups has 69 

made great strides in establishing a range of inducible promoter systems,13, 14 70 

new sites for gene integration via homologous recombination,8, 15, 16 and the 71 

successful use of CRISPRi17 in 7002. Still, the main drawback in using 7002 72 

remains that, unlike more model host organisms such as Escherichia coli, 7002 73 

lacks the breadth of genetic tools necessary for precise control of gene 74 

expression and metabolism. Expansion of this genetic toolbox is essential for 75 

broader utilization of 7002. Regardless of the challenges presented there have 76 

been a few successful demonstrations of chemical production in 7002 reported 77 

thus far, including the production of ethanol,18 lactate,17 poly-3-hydroxybutyrate 78 

and poly3-hydroxybutyrate-co-4-hydroxybutyrate,19 fatty acids,20 limonene and 79 

bisabolene,21 and mannitol.22 Of particular note are the production of ethanol, 80 

which achieved a final titer of 1.97 g/L after 30 days,18 and lactate, which 81 

achieved a production rate of 180 mg/L/day.17  82 
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5 

 

Previous work in our group has established engineered production of 2,3-83 

butanediol (hereafter 23BD) from the model cyanobacterium 7942.3 23BD is a 84 

valuable industrial feedstock chemical used in the manufacturing of plasticizers, 85 

inks, fumigants, explosives, polymers, liquid fuel additives, and industrial 86 

solvents.3 Given our expertise with 23BD production, this system was used as a 87 

starting point to approach engineered production from 7002. 88 

We found that directly transferring the pathway design from 23BD 89 

production in 79423 to 7002 was not a successful strategy. Engineered 90 

production of 23BD in 7002 required the screening and tailoring of designs 91 

specifically for use in this new host. In this work we demonstrate further 92 

expansion of the genetic engineering toolbox for 7002 with the development of 93 

new integration sites for homologous recombination, promoter strength 94 

comparisons, and demonstration of riboswitch function. In addition, we also 95 

demonstrate the systematic development of culturing conditions for a new host 96 

leading to improved production of a chemical of interest. Production strains were 97 

screened for improved induction timing, inducer concentration, lighting strength, 98 

and nutrient concentration. Minor alterations to these conditions improved 99 

growth, titer, and the stability of production strains over time, leading to a final 100 

titer of 1.6 g/L 23BD after 16 days under enriched CO2 conditions. This 101 

systematic condition improvement suggests that further optimization of growth 102 

conditions for 7002 could improve its industrial relevance significantly. 103 

 104 

 105 
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Results 106 

 Our engineered 23BD production pathway consists of three enzymatic 107 

steps from the central metabolite pyruvate (Figure 1A).3 First, two molecules of 108 

pyruvate are condensed by an acetolactate synthase (ALS) to form 2-109 

acetolactate. 2-acetolactate is subsequently decarboxylated by an acetolactate 110 

decarboxylase (ALDC) to form acetoin. Acetoin is then reduced by a secondary 111 

alcohol dehydrogenase (ADH) to form 23BD (Figure 1A). To establish a baseline 112 

for 23BD production in 7002 we first tested the toxicity of 23BD and its direct 113 

precursor acetoin to which 7942 displayed acute toxicity.3 Cultures were 114 

assessed by amount of growth from a starting OD730 of 0.1. 7002 was able to 115 

maintain growth at g/L concentrations of both acetoin and 23BD, although growth 116 

was diminished compared to samples grown in the absence of acetoin or 23BD 117 

(Figure 1B). At 2 g/L of added acetoin, 7002 growth was reduced by about a third 118 

as compared to the control. At 5 g/L of added acetoin, 7002 growth was reduced 119 

by half as compared to the control. No growth was observed at 12.5 g/L (Figure 120 

1B). No significant difference in growth was observed at 20 g/L of added 23BD 121 

as compared to the control. At 40 g/L of added 23BD, 7002 growth was reduced 122 

by about two thirds as compared to the control. At 60 g/L of added 23BD, an 123 

OD730 increase of only 0.04 was observed (Figure 1B). 124 

 Encouraged by these results, we then moved forward with our 125 

construction of an expression system for the 23BD production pathway in 7002. 126 

We first explored different locations for the integration of the heterologous 23BD 127 

production pathway genes. In addition to targeting the endogenous high copy 128 
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plasmid pAQ1, used previously for homologous recombination,8 two additional 129 

sites on the chromosome were identified as targets for transformation: gene 130 

SYNPCC7002_A1001 encoding a restriction endonuclease with similarity to the 131 

type IV restriction endonuclease Mrr and gene SYNPCC7002_A1189 encoding a 132 

type II site-specific deoxyribonuclease associated with the type II restriction 133 

enzyme AquI. We will refer to these sites as Mrr and AquI respectively for 134 

simplicity. Knocking out restriction endonuclease genes generally improves 135 

transformation efficiency by preventing DNA cleavage of heterologous constructs 136 

and they serve as a new site for the integration of non-native genes.23, 24 The 137 

sequences used as homology arms for integration into these sites are listed in 138 

Table S1. Expression from these integration sites was tested using superfolder 139 

green fluorescent protein (sfGFP)25 as a reporter for activity under the previously 140 

established constitutive promoter PcpcB.8 Only a very small growth difference was 141 

observed compared to wild type (Figure S1) in using Mrr and AquI sites, and 142 

sfGFP was determined to be active (Figure 2), suggesting that both sites are 143 

promising targets for homologous recombination in future work with this strain. 144 

The level of sfGFP fluorescence for pAQ1 was an order of magnitude higher than 145 

that for AquI and Mrr, which corresponds well to the reported copy number ratio 146 

of the endogenous pAQ1 plasmid to the 7002 chromosome, about 50 to 68 147 

(Figure 2). 148 

Any engineered production system hinges on tight control of inserted 149 

genes, so we next sought a reliable system for inducible gene expression to 150 

replace the constitutive promoter PcpcB. After unsuccessful attempts to utilize the 151 
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expression control designs from 23BD production in 7942,3 we next pursued a 152 

solution specific to 7002.3 A system that represses gene expression until an 153 

optimal growth phase is reached allows for better balancing of cell growth and 154 

chemical production.26 Previously, the use of theophylline dependent 155 

riboswitches has been demonstrated for the control of gene expression in 7942.27 156 

We sought to adapt these riboswitches for use in 7002 as an inducible system to 157 

control 23BD production. We built and screened a series of riboswitch constructs 158 

using sfGFP as a reporter gene in 7002 (Figure 3). We first explored the use of 159 

the theophylline inducible riboswitches A-E created by Topp et al. for use in non-160 

model strains in conjunction with PcpcB, as well as a modified version of E (E*) 161 

(Figure S2).28 E* contains the consensus prokaryotic RBS sequence and was 162 

created as an alternative riboswitch for use in Gram-positive bacteria.28 163 

Riboswitches E and E* did show successful induction in 7002, but only at low 164 

levels (Figure S2). To improve induction levels, we next explored further 165 

adaptations of the constant leader sequence upstream of the riboswitch aptamer. 166 

The importance of a constant leader sequence upstream of the riboswitch 167 

aptamer has been identified in various organisms.27, 28 We first tested two 168 

previously identified leader sequences27, 28 (Riboswitch 1 & 2, Figure 3A). The 169 

difference in leader sequence had little effect (Figure 3B). We then explored the 170 

replacement of PcpcB with Ptrc, and PcLac143 (described below) (Riboswitch 3 & 4, 171 

Figure 3A). The change in the promoter sequence significantly improved 172 

induction levels with Riboswitch 3 demonstrating the best performance (Figure 173 

3B). 174 
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Given our previous success in the use of the Escherichia coli-derived 175 

isopropyl β -D -1-thiogalactopyranoside (IPTG) inducible promoter PLlacO1 to 176 

tightly control expression of the 23BD pathway in 7942,26 we next explored the 177 

use of IPTG-inducible promoters for gene expression control in an effort to 178 

further increase induction levels. Markley et al. developed a series of IPTG-179 

inducible promoters in 700213; we therefore chose to compare one promoter from 180 

their work with the best fold induction, PcLac143, with the common IPTG-inducible 181 

E. coli promoters PLlacO1 and Ptrc to control expression of sfGFP in 7002 (Figure 182 

4). We also explored the use of a single amino acid substitution in the LacI 183 

repressor to improve repression as used by Markley et al.13 For each promoter, 184 

we explored its behavior in the presence and absence of the point mutation in 185 

lacI (W220F). Interestingly, in our hands the lacIW220F mutation did not result in 186 

greater repression before induction, but rather in greater induction after the 187 

addition of IPTG (Figure 4). For both of the best performing promoters Ptrc and 188 

PcLac143 the strain containing lacIW220F displayed significantly higher fluorescence 189 

than the strain lacking the mutation. With or without lacIW220F, these strains 190 

significantly outperformed our best performing riboswitch construct (Figures 191 

3&4). Interestingly, strains under control of PLlacO1, the promoter used for our 192 

previous production in 7942,3 performed quite poorly in 7002 in comparison to 193 

the riboswitch strain and the other two promoters. Although the strain under the 194 

control of Ptrc with lacIW220F demonstrated the highest fluorescence upon 195 

induction, this strain demonstrated greater leaky expression in the absence of 196 

inducer than the next closest strain by an order of magnitude. This leaky 197 
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expression resulted in only a 24-fold increase in fluorescence upon induction, 198 

whereas the strain under the control of PcLac143 with lacIW220F displayed tight 199 

repression in the absence of inducer resulting in a 145-fold increase in 200 

fluorescence upon induction (Figure 4). We therefore moved forward with 201 

subsequent strain construction using PcLac143 with the point mutation (lacIW220F). 202 

 After selecting an induction system to control gene expression in the strain 203 

we used it to screen different gene combinations for 23BD production adapted 204 

from the construct used in 7942 for 23BD production3, 26 (Figure 5A). For these 205 

various designs we utilized the endogenous high copy plasmid pAQ1 (~50 206 

copies) integration site29 as well as the chromosomal integration site, Mrr (6 207 

copies)8 (Figure 5A). Additionally, given that expression of a heterologous alsS 208 

gene is not essential for 23BD production, we explored several designs 209 

incorporating the alsS gene from Bacillus subtilis as in our previous work3, 210 

overexpression of the endogenous alsS, and relying entirely on endogenous 211 

expression levels of the native alsS. As in our previous work we utilized the alsD 212 

gene from Aeromonas hydrophila and the adh gene from Clostridium 213 

beijerinckii3. Four different gene combinations were tested for 23BD production 214 

as shown in Figure 5A. All reported 23BD concentrations refer to the amount 215 

measured extracellularly in the supernatant. We first compared alsD and adh 216 

alone (Strain 1) to the three gene design from our 7942 production (Strain 2).26 217 

Both designs were integrated into the high copy endogenous plasmid pAQ1 218 

(Figure 5A). The 23BD production in Strain 1 was very similar with that in Strain 2 219 

relying on native alsS expression levels, both producing between 500 and 600 220 
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mg/L of 23BD after 4 days (Figure 5B), although the ALS activity in Strain 2 was 221 

much higher than that in Strain 1 (Figure 5D). Next we tested a slightly lower 222 

level of ALS activity. We replaced the highly active alsS gene from B. subtilis with 223 

the endogenous alsS gene from 7002 on pAQ1 (Strain 3). This strain produced 224 

less than 100 mg/L of 23BD after two days, far behind the rate of production for 225 

Strain 1 and Strain 2, and so we did not continue with further measurements 226 

(Figure 5B). Interestingly this strain displayed a significantly enhanced growth 227 

rate as compared to any of the other strains included in this screen (Figure 5C). 228 

We also moved the B. subtilis alsS gene to the chromosomal neutral site Mrr in 229 

order to decrease its copy number (Strain 4). This strain accumulated about 300 230 

mg/L 23BD by day 2 when production ceased (Figure 5B). The ALS activities in 231 

Strain 3 and Strain 4 were about 50% and 25% of that in Strain 2, respectively 232 

(Figure 5D). We chose to move forward with Strain 1 given its higher 23BD titers 233 

as compared to Strains 3 and 4, and given the lack of benefit of the 234 

overexpressed B. subtilis alsS in Strain 2. 235 

After identifying a good design for the 23BD pathway, we sought to 236 

improve production conditions to probe the possible capabilities of our system. 237 

We first investigated the time of induction by comparing 23BD production over a 238 

4-day period between cultures induced at different optical densities at 730 nm 239 

(OD730) (Figure 6A). Cultures were induced at an OD730 of 0.4, 1.6, and 4. While 240 

initial 23BD titers were similar between OD730 1.6 and OD730 4 cultures at 24 241 

hours, cultures induced at OD730 1.6 continued to produce over subsequent days 242 

while those induced at OD730 4 did not. 23BD levels from cultures induced at 243 
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OD730 0.4 remained low throughout testing. Using induction timing at an OD730 of 244 

1.6, we then screened different concentrations of the IPTG inducer (Figure 6B). 245 

In a comparison test of 23BD production levels over 5 days induced with 5, 1, 246 

and 0.1 mM IPTG we found the best performing IPTG concentration for 247 

production to be 0.1 mM, which produced about 500 mg/L 23BD after 5 days. 248 

Higher IPTG concentrations produced less than 300 mg/L 23BD. After having 249 

observed some slight discoloration and cell stress after several days of 250 

production, we tested 23BD production under lower light (300 µmol 251 

photons/m2/sec) conditions (we were originally running tests at 600 µmol 252 

photons/m2/sec). These lower light conditions not only reduced discoloration but 253 

also increased total 23BD production (Figure 6C). The control strains lacking any 254 

pathway genes also grew better under lower light, however, interestingly Strain 1 255 

did not, despite its reduced discoloration (Figure 6D). It should be noted that the 256 

light conditions explored in this study are stronger than those used in previous 257 

work in 7002, which have ranged from 60 to 250 µmol photons/m2/sec.8, 13, 16, 21 258 

Given that published media conditions for many strains are not optimized for 259 

chemical production, some previous work has explored media optimization for 260 

production strains.30 After testing several different media modifications (data not 261 

shown), we also found that reducing the concentration of magnesium in the A+ 262 

medium to 1.25 g/L MgSO4
.7H2O, about 25% of the published concentration,31 263 

was beneficial for 7002 growth. Strains displayed more than double the growth 264 

rate with the modified magnesium concentration compared to those grown using 265 

the published magnesium concentration (Figure 6E). 266 

Page 12 of 39

ACS Paragon Plus Environment

ACS Synthetic Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



13 

 

After identifying improved production conditions, we sought to further 267 

improve production through the supplementation of an additional carbon source. 268 

Glycerol is a relatively inexpensive source of carbon that can be obtained as a 269 

byproduct of biodiesel formation.32 While some cyanobacterial strains like 7942 270 

need genetic modifications in order to utilize glycerol,33 7002 can naturally utilize 271 

glycerol after an adaptation period in order to supplement growth from CO2.
8 272 

Therefore, we decided to test if the supplementation of glycerol as an additional 273 

source of carbon could improve 23BD production (Figure 7). We first carried out 274 

a toxicity screen in 7002 in order to determine glycerol tolerance. A small growth 275 

defect is seen even with the addition of only 1 g/L glycerol. This growth detriment 276 

becomes severe at concentrations higher than 5 g/L (Figure 7A). Glycerol 277 

concentration was therefore monitored throughout the subsequent tests to 278 

ensure continued availability of glycerol while at the same time keeping levels 279 

below 5 g/L (Figure 7D). Upon the supplementation of glycerol in our production 280 

strains, we observed that strains given the added glycerol consistently 281 

outperformed strains not given glycerol in terms of growth (Figure 7B). However, 282 

while we initially observed an improved 23BD titer with the addition of glycerol 283 

(410 mg/L after 48h vs. 334 mg/L), after 7 days the strains without glycerol 284 

supplementation caught up to and surpassed those with glycerol 285 

supplementation (Figure 7C). This suggests that while carbon availability for 286 

production may be limiting, glycerol supplementation in the long term may have a 287 

toxic effect on cultures. We observed that the cultures supplemented with 288 

glycerol turn yellow over the course of the production experiment. Further study 289 
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into glycerol utilization pathways in 7002 may help to elucidate the mechanism of 290 

toxicity. 291 

Finally, to establish the production potential as well as the stability of our 292 

best strain under enriched CO2 conditions we carried out a long-term production 293 

experiment using our optimized conditions (OD730 1.6 for induction with 0.1mM 294 

IPTG, 300µmol photons/m2/sec light, 1.25 g/L MgSO4
.7H2O). After 16 days of 295 

production we achieved a maximum titer of 1.6 g/L 23BD at an average rate of 296 

100 mg/L/day (Figure 8A).  We subsequently carried out in vitro enzyme assays 297 

to confirm the overexpression of alsD and adh in Strain 1 as compared to wild 298 

type (WT) (Figures 8B and 8C respectively). A comparison of our engineered 299 

strain’s photosynthetic rate to that of WT was also carried out by measuring 300 

oxygen evolution normalized by chlorophyll A content, however we did not 301 

observe a significant difference between the strains (Figure 8D). 302 

 303 

Discussion 304 

This work represents a systematic approach to construct an efficient 23BD 305 

production strain using 7002. 7002 has attractive properties for photosynthetic 306 

chemical production such as its increased salt tolerance, photo and thermal 307 

stability, increased growth rate, and, as demonstrated in this study, significantly 308 

increased tolerance to certain chemicals of interest. Compared to our previous 309 

tests in 7942,3 7002 demonstrates an increased tolerance to the 23BD pathway 310 

intermediate acetoin by an order or magnitude and about twice the tolerance to 311 

23BD (Figure 1) which had previously been chosen for production from 7942 312 
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partially for its low toxicity.3 This increased tolerance greatly raises the ceiling of 313 

possibility for 23BD titers from 7002 that could be achieved after further strain 314 

development. 315 

Despite these advantages, the use of 7002 as a production host has 316 

remained limited, due in part to the limited genetic tools available for the strain. In 317 

this work, we expand the scope of genetic tools available for use in 7002 by 318 

successfully demonstrating the use of a series of theophylline inducible 319 

riboswitches as an alternative means of gene expression control (Figure 3). 320 

While our riboswitch constructs did not turn out to be the best performing choice 321 

for 23BD production, they still have great potential to be useful in cases where a 322 

lower level of induction is needed. Theophylline inducible riboswitches are 323 

particularly attractive systems as they do not require the expression of any 324 

accessory proteins, such as the LacI repressor, and theophylline is relatively 325 

cheap compared to more traditional inducers such as IPTG.28 We also identified 326 

two new sites for gene integration on the genome, which we have named Mrr 327 

and AquI, and demonstrated successful integration and expression of 328 

heterologous genes at both sites (Figure 2). These sites were chosen with a 329 

desire to knock out restriction enzyme genes in an effort to ease transformation. 330 

In addition to the new tools we developed for future use in 7002, we built upon 331 

previous tool development work by Markley et al.13 with the demonstration of 332 

chemical production under the control of their IPTG inducible promoter PcLac143 333 

created for use in 7002 (Figure 8A). 334 
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Our production experiments with different gene combinations as well as 335 

those with glycerol supplementation both illustrate potential areas for optimization 336 

of carbon flux towards chemical production (Figures 5 and 7). The performance 337 

of Strain 1 versus Strain 2 (Figure 5B) suggests that increasing levels of ALS in 338 

an effort to divert more pyruvate away from central metabolism does not result in 339 

a boost to 23BD production in all cases. Analysis of production strains via 340 

metabolomics could reveal potential areas for strain engineering to relieve 341 

bottlenecks, and allow for greater carbon flux to 23BD production while 342 

maintaining balance in central metabolism. Such experiments could also shed 343 

light on the behavior of Strain 3 and Strain 4. The dramatic decrease in 23BD 344 

production coupled with the dramatic growth increase observed for Strain 3 345 

(Figures 5B and 5C) suggests that the endogenous ALS may prefer substrates 346 

other than pyruvate in 7002 metabolism and that its overexpression leads to 347 

unintended changes in metabolism. For Strain 4 we expected to see 23BD 348 

production and growth on par with that seen for Strain 1 and Strain 2, however in 349 

both cases Strain 4 performed significantly worse (Figures 5B and 5C). Based on 350 

these results it is possible that while only a small growth defect was observed in 351 

our initial integration site screening with sfGFP (Figure S1), that in a strain 352 

modified with the increased burden of production genes impaired performance 353 

could be revealed. Further characterization of the Mrr integration site would be 354 

required to explore this theory further. 355 

Recent work in 7942 has shown that the incorporation of glucose into 356 

metabolism can increase titers significantly and allow for production under both 357 
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light and dark conditions.34 Additionally, this work demonstrated that diversion of 358 

high carbon flux to the CO2 fixation step through the oxidative pentose phosphate 359 

pathway and deletion of the regulatory protein Cp12, was beneficial to increasing 360 

the amount of carbon sequestered by RuBisCO.30 It would be of interest to 361 

explore whether these same modifications would be beneficial in 7002. Rather 362 

than incorporating glucose to boost production, which requires a glucose 363 

transporter gene, we chose to supplement glycerol which 7002 has been 364 

demonstrated to utilize naturally.8 While our carbon supplementation strategy did 365 

not ultimately improve our 23BD production levels (Figure 7C), it did consistently 366 

lead to improved strain growth (Figure 7B). Further exploration of the mechanism 367 

of glycerol utilization in 7002 could shed light on potential engineering strategies 368 

for the redirection of supplemented carbon to chemical production rather than 369 

biomass. Employing strategies to reduce glycerol toxicity could also assist in 370 

improving the titer and stability of photomixotrophic production in 7002. 371 

Overexpressing downstream genes in the glycerol utilization pathway to drive 372 

flux away from potentially toxic metabolites has been a successful strategy in 373 

7942,33 and a similar approach could improve glycerol utilization in 7002. Since 374 

we observed an immediate benefit upon glycerol addition to 7002, we did not 375 

carry our strains through an adaptation period as others have reported.8 376 

However, doing so in future studies may assist in alleviating potential toxicity 377 

issues. 378 

Our production strain achieved a maximum titer of 1.6 g/L after 16 days 379 

and an overall rate of 100 mg/L/d under enriched CO2 conditions (Figure 8A). 380 
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Our results demonstrate that 7002 can support chemical production while still 381 

maintaining a high growth rate (Figure 8A), and are comparable to the high titers 382 

and fast rates observed in 7002 by other groups17, 18 as well as to the 2.4 g/L of 383 

23BD that we achieved previously after 21 days of production in 7942.3 While 384 

these titers represent an important first step towards industrial viability, we 385 

believe that full condition and strain optimization would provide further 386 

improvements for 7002 chemical production. This work also demonstrates the 387 

necessity of adapting each engineered production design to the host strain of 388 

interest. As interest in 7002 as a new chassis for renewable chemical production 389 

continues to grow, this work provides another step in the direction of moving 390 

7002 from uncharacterized host to model organism. 391 

 392 

Methods 393 

Reagents 394 

 Oligonucleotides were synthesized by Eurofins Genomics and Integrated 395 

DNA Technologies (IDT). Phusion and T4 DNA polymerases were purchase from 396 

New England Biolabs. Gentamicin was purchased from Teknova. Spectinomycin 397 

was purchased from MP Biomedicals. Kanamycin, isopropyl-β-D-thiogalactoside 398 

(IPTG), silicon oil, and glycerol were purchased from Fisher Scientific. 23BD, 399 

acetoin, and thiamine pyrophosphate were purchased from Sigma Aldrich. 400 

Pyruvic acid sodium salt was obtained from Acros Organics. NADPH was 401 

obtained from Calbiochem. Noble Agar was purchased from Affymetrix. 402 

 403 
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Culture Conditions 404 

7002 strains were cultured in 15 mL of A+ media31 in a 38oC water bath in 30 mL 405 

culture tubes with under a light strength of 600 µmol photons/m2/sec (measured 406 

used an Apogee Instruments Model MQ-200 quantum meter) for high light 407 

experiments or 300 µmol photons/m2/sec for low light experiments. ViaVolt T5 408 

High Output Copper Fluorescent Grow Light Fixtures in the blue spectrum were 409 

used for all experiments. All experiments were performed under continuous light. 410 

Cultures were agitated by bubbling air enriched with 3-6% CO2 through steel 411 

gauge needles (180 mm length and 1.2 mm outer diameter). 5 microliters of 412 

silicon oil was added to each culture to prevent foaming. Antibiotics were added 413 

to cultures as appropriate: 100 µg/mL for kanamycin, 50 µg/mL for gentamicin, 414 

and 50 µg/mL for spectinomycin. CO2 percentage was monitored using a CO2 415 

analyzer from PP Systems. Cell growth was monitored by measuring OD730 using 416 

a Microtek Synergy H1 plate reader (BioTek).  417 

 For superfolder green fluorescent protein (sfGFP) measurements, cultures 418 

were grown under high light conditions with appropriate antibiotics. Each strain 419 

was inoculated in triplicate or quadruplicate at an OD730 of 0.1 and allowed to 420 

grow for 3 hours. After 3 hours sfGFP expression was induced either through the 421 

addition of 2 mM theophylline for riboswitch strains or 5 mM IPTG for strains 422 

containing IPTG inducible promoters. Florescence was measured after 20 hours, 423 

488 nm was used for excitation and emission was measured at 530 nm using a 424 

Microtek Synergy H1 plate reader (BioTek). 425 
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 For 23BD production and enzyme assays in 7002, cultures with the 426 

appropriate antibiotics were diluted to OD730 0.2 and grown overnight at the 427 

specified light strength to an OD730 of 1.6 (or as noted). At an OD730 of 1.6, 0.1 428 

mM IPTG was added to each culture unless otherwise specified. Every 24 hours 429 

culture volume lost to evaporation was replenished with sterile water prior to 430 

sampling. Any culture volume removed for sampling was replaced with fresh 431 

media containing the appropriate IPTG and antibiotics concentrations. 432 

 433 

Plasmid and Strain Construction 434 

 Strains used and constructed are listed in Table S2. Plasmids used and 435 

constructed are listed in Table S3. All plasmids were constructed using sequence 436 

and ligation independent cloning (SLIC)35 in E. coli strain XL1-Blue (Agilent 437 

Technologies). Primers used for construction are listed in Table S4. Construction 438 

designs are listed in Tables S5 and S6. 439 

 440 

Transformation of 7002 441 

 For transformation of 7002 strains, 15 mL cultures in exponential phase 442 

were spun down at 2,683 x g for 10 minutes and resuspended in 5 mL of fresh 443 

A+ media without antibiotics. This wash step was repeated twice and cells were 444 

subsequently resuspended in a final volume of 500 µL of fresh A+ media without 445 

antibiotics. 200 µL of concentrated culture was then mixed with 1 to 2 µg of intact 446 

plasmid designed for targeted homologous recombination in a 1.5 mL tube. The 447 

tube was subsequently shaken in the dark, overnight, on a rotary shaker (100 448 
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rpm) and then plated on Petri dishes made with A+ media, 15-18 g/L Noble Agar, 449 

appropriate antibiotics (see above culture conditions), and topped with 450 

nitrocellulose transfer membranes (Merck Millipore HATF08250). Plates were 451 

incubated at 30oC under a light strength of about 24 µmol photons/m2/sec. 452 

Chromosomal segregation for the introduced fragments was achieved through 453 

propagation of multiple generations on a selective agar plate and verified by 454 

colony PCR. Correct recombinants were confirmed by PCR to verify integration 455 

of target genes into the chromosome and then sequenced. The strains used and 456 

constructed are listed in Table S2. 457 

  458 

Acetoin Quantification 459 

 Acetoin was quantified by the method of Voges and Proskauer36 as 460 

optimized by Westerfield37 and adapted to small volume on 96-well plates. 461 

Samples were diluted in water to 100 µL initial volume. To this mixture 100 µL of 462 

a solution, prepared at the time of use, consisting of one part 5% (wt/vol) 463 

naphthol dissolved in 2.5 N NaOH and one part 0.5% (wt/vol) creatine in water 464 

was added. Readings were taken after 30 minutes using a Microtek Synergy H1 465 

plate reader (BioTek). Triplicate measurements of no fewer than three standards, 466 

including at least one value each above, below, and within the desired range, 467 

were included in every assay. 468 

  469 

Quantification of 23BD 470 
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 23BD was quantified in cell supernatant using a Shimadzu (GC-2010) gas 471 

chromatograph (GC) equipped with a flame-ionization detector. Separation was 472 

achieved using an Agilent J&W HP-5 column (30 m, 0.25 mm internal diameter, 473 

0.25 µm film thickness). For each analysis GC oven temperature was increased 474 

from 70oC to 150oC with a gradient of 40oC min-1 and then held at 150oC for 2 475 

minutes. Ultrahigh purity helium was used as the carrier gas. The temperatures 476 

of the injector and detector were set at 280 and 330oC respectively. A set of 477 

standards of known concentration containing standards higher in concentration, 478 

lower in concentration, and within the range of the samples were run with each 479 

batch to accurately determine 23BD concentration. 480 

 481 

Enzyme Assays 482 

 7002 cultures were grown for 24 hours after induction unless otherwise 483 

specified. For cell lysis cultures were spun down at 4oC at 2,683 x g for 10 484 

minutes and washed twice with 50 mM phosphate buffer pH 8 and resuspended 485 

in 1 mL of the same buffer. Crude extracts were prepared with 200 µL of 0.1 mm 486 

glass beads and shaken 4 times for 45 seconds with 1 minute on ice in between 487 

rounds using a Mini-bead beater (Biospec Products). The total protein 488 

determination was performed using Advanced Protein Assay Reagent from 489 

Cytoskeleton. 490 

 Acetolactate synthase (ALS) and acetolactate decarboxylase (ALDC) 491 

activities were determined as previously described38. The concentration of 492 

acetoin produced was measured by a standard curve using pure acetoin. One 493 
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specific unit of ALS activity corresponds to the formation of 1 nmol of acetoin per 494 

milligram of protein per minute. 495 

 Alcohol dehydrogenase (ADH) activity was determined as previously 496 

described3. One specific unit of ADH activity corresponds to the oxidation of 1 497 

nmol of NAD(P)H per minute per milligram of protein. 498 

 499 

O2 Evolution 500 

Evolution of O2 was measured using a Clark-type electrode with the Oxygraph 501 

system (Hansatech Instruments Ltd., Norfolk, UK) as previously described3. 502 

Water was circulated in the surrounding water jacket and set at 37°C. Fresh cells 503 

were collected and resuspended to a final OD730 of 2 in 500 µL of A+ media 504 

bubbled with 3-6% CO2. This suspension was transferred to a 4 mL borosilicate 505 

glass chamber. Cells were stirred at 100 rpm using a magnetic flea, subjected to 506 

excess light (300 µmol photons/m2/sec), and allowed to equilibrate until a 507 

constant rate of O2 evolution could be measured (3−5 min). Oxygen evolution 508 

rates were normalized by intracellular chlorophyll content. 509 

 510 

Chlorophyll content 511 

 100 µL culture broth was centrifuged at 10,000 x g for 10 minutes and 512 

resuspended in the same volume of distilled water. 900 µL methanol was added 513 

and mixed thoroughly by vortexing. The mixture was incubated at room 514 

temperature for 10 minutes in darkness. The supernatant was obtained by 515 

centrifugation at 10,000 x g for 5 minutes and transferred to a 96 well plate 516 
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(360µL per well) for chlorophyll measurement. An absorbance spectrum was 517 

measured between 630nm and 780nm. Chlorophyll A content was calculated 518 

using the method of Porra et al. and normalized by OD730.
39 519 

 520 

Glycerol quantification  521 

 Glycerol was quantified using the Sigma Aldrich glycerol assay kit 522 

(Catalog number MAK117) colorimetric assay according to the supplier’s 523 

instructions. Samples were diluted using sterile water to a detectible 524 

concentration within the standard curve. 525 

 526 

Author Information 527 

Corresponding Author 528 

*E-mail: satsumi@ucdavis.edu. 529 

 530 

Author Contributions 531 

N.E.N., A.E.C., A.L.C., and S.A. designed research; N.E.N., A.E.C., and A.L.C. 532 

performed the experiments; N.E.N., A.E.C., A.L.C., and S.A. analyzed data; 533 

N.E.N., A.E.C., A.L.C., and S.A. wrote the paper. 534 

 535 

Acknowledgements 536 

This work was supported by the Asahi Kasei Corporation and the National 537 

Science Foundation (NSF, CBET-1349663). N.E.N was supported by a US 538 

National Institutes of Health Biotechnology Training Grant Fellowship (T32-539 

Page 24 of 39

ACS Paragon Plus Environment

ACS Synthetic Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



25 

 

GM008799). A.L.C. is supported by an NSF Graduate Research Fellowship and 540 

was supported by an NSF Research Experiences for Undergraduates program. 541 

We thank D. Bryant (Pennsylvania State University) for Synechococcus sp. PCC 542 

7002. We are grateful to T. Maejima for experimental assistance and J.W.K. 543 

Oliver and I.M.P. Machado for initiating studies of 7002 in our laboratory.  544 

 545 

References 546 

[1] Case, A. E., and Atsumi, S. (2016) Cyanobacterial chemical production, J 547 

Biotechnol 231, 106-114. 548 

[2] Ungerer, J., Tao, L., Davis, M., Ghirardi, M., Maness, P. C., and Yu, J. P. 549 

(2012) Sustained photosynthetic conversion of CO2 to ethylene in 550 

recombinant cyanobacterium Synechocystis 6803, Energ Environ Sci 5, 551 

8998-9006. 552 

[3] Oliver, J. W., Machado, I. M., Yoneda, H., and Atsumi, S. (2013) 553 

Cyanobacterial conversion of carbon dioxide to 2,3-butanediol, Proc Natl 554 

Acad Sci U S A 110, 1249-1254. 555 

[4] Liu, X., Sheng, J., and Curtiss, R., 3rd. (2011) Fatty acid production in 556 

genetically modified cyanobacteria, Proc Natl Acad Sci U S A 108, 6899-557 

6904. 558 

[5] Chisti, Y. (2013) Constraints to commercialization of algal fuels, J Biotechnol 559 

167, 201-214. 560 

[6] Shiklomanov, I. A. (1993) Water in Crisis: A Guide to the World's Fresh Water 561 

Resources, Oxford University Press. 562 

Page 25 of 39

ACS Paragon Plus Environment

ACS Synthetic Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



26 

 

[7] Batterton, J. C., Jr., and Van Baalen, C. (1971) Growth responses of blue-563 

green algae to sodium chloride concentration, Arch Mikrobiol 76, 151-165. 564 

[8] Xu, Y., Alvey, R., Byrne, P., Graham, J., Shen, G., and Bryant, D. (2011) 565 

Expression of genes in cyanobacteria: Adaptation of endogenous 566 

plasmids as platforms for high-level gene expression in Synechococcus 567 

sp. PCC 7002, In Photosynthesis Research Protocols (Carpentier, R., 568 

Ed.), pp 273-293, Humana Press. 569 

[9] Nomura, C. T., Sakamoto, T., and Bryant, D. A. (2006) Roles for heme-copper 570 

oxidases in extreme high-light and oxidative stress response in the 571 

cyanobacterium Synechococcus sp. PCC 7002, Arch Microbiol 185, 471-572 

479. 573 

[10] Ludwig, M., and Bryant, D. A. (2012) Synechococcus sp. Strain PCC 7002 574 

transcriptome: Acclimation to temperature, salinity, oxidative stress, and 575 

mixotrophic growth conditions, Front Microbiol 3, 354. 576 

[11] Stevens, S. E., and Porter, R. D. (1980) Transformation in Agmenellum 577 

quadruplicatum, Proc Natl Acad Sci U S A 77, 6052-6056. 578 

[12] Frigaard, N. U., Sakuragi, Y., and Bryant, D. A. (2004) Gene inactivation in 579 

the cyanobacterium Synechococcus sp. PCC 7002 and the green sulfur 580 

bacterium Chlorobium tepidum using in vitro-made DNA constructs and 581 

natural transformation, Methods Mol Biol 274, 325-340. 582 

[13] Markley, A. L., Begemann, M. B., Clarke, R. E., Gordon, G. C., and Pfleger, 583 

B. F. (2015) Synthetic biology toolbox for controlling gene expression in 584 

Page 26 of 39

ACS Paragon Plus Environment

ACS Synthetic Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



27 

 

the cyanobacterium Synechococcus sp. strain PCC 7002, ACS Synth Biol 585 

4, 595-603. 586 

[14] Perez, A. A., Gajewski, J. P., Ferlez, B. H., Ludwig, M., Baker, C. S., 587 

Golbeck, J. H., and Bryant, D. A. (2017) Zn2+-inducible expression 588 

platform for Synechococcus sp. strain PCC 7002 based on the smtA 589 

promoter/operator and smtB repressor, Appl Environ Microbiol 83, 590 

e02491-02416. 591 

[15] Begemann, M. B., Zess, E. K., Walters, E. M., Schmitt, E. F., Markley, A. L., 592 

and Pfleger, B. F. (2013) An organic acid based counter selection system 593 

for cyanobacteria, PloS one 8, e76594. 594 

[16] Ruffing, A. M., Jensen, T. J., and Strickland, L. M. (2016) Genetic tools for 595 

advancement of Synechococcus sp. PCC 7002 as a cyanobacterial 596 

chassis, Microbial Cell Fact 15, 190. 597 

[17] Gordon, G. C., Korosh, T. C., Cameron, J. C., Markley, A. L., Begemann, M. 598 

B., and Pfleger, B. F. (2016) CRISPR interference as a titratable, trans-599 

acting regulatory tool for metabolic engineering in the cyanobacterium 600 

Synechococcus sp. strain PCC 7002, Metab Eng 38, 170-179. 601 

[18] Kopka, J., Schmidt, S., Dethloff, F., Pade, N., Berendt, S., Schottkowski, M., 602 

Martin, N., Duhring, U., Kuchmina, E., Enke, H., Kramer, D., Wilde, A., 603 

Hagemann, M., and Friedrich, A. (2017) Systems analysis of ethanol 604 

production in the genetically engineered cyanobacterium Synechococcus 605 

sp. PCC 7002, Biotechnol Biofuels 10, 56. 606 

Page 27 of 39

ACS Paragon Plus Environment

ACS Synthetic Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



28 

 

[19] Zhang, S., Liu, Y., and Bryant, D. A. (2015) Metabolic engineering of 607 

Synechococcus sp. PCC 7002 to produce poly-3-hydroxybutyrate and 608 

poly-3-hydroxybutyrate-co-4-hydroxybutyrate, Metab Eng 32, 174-183. 609 

[20] Ruffing, A. M. (2014) Improved free fatty acid production in cyanobacteria 610 

with Synechococcus sp. PCC 7002 as host, Front Bioeng Biotechnol 2, 611 

17. 612 

[21] Davies, F. K., Work, V. H., Beliaev, A. S., and Posewitz, M. C. (2014) 613 

Engineering limonene and bisabolene production in wild yype and a 614 

glycogen-deficient mutant of Synechococcus sp. PCC 7002, Front Bioeng 615 

Biotechnol 2, 21. 616 

[22] Jacobsen, J. H., and Frigaard, N. U. (2014) Engineering of photosynthetic 617 

mannitol biosynthesis from CO2 in a cyanobacterium, Metab Eng 21, 60-618 

70. 619 

[23] Iwai, M., Katoh, H., Katayama, M., and Ikeuchi, M. (2004) Improved genetic 620 

transformation of the thermophilic cyanobacterium, 621 

Thermosynechococcus elongatus BP-1, Plant Cell Physiol 45, 171-175. 622 

[24] Pinto, A. V., Mathieu, A., Marsin, S., Veaute, X., Ielpi, L., Labigne, A., and 623 

Radicella, J. P. (2005) Suppression of homologous and homeologous 624 

recombination by the bacterial MutS2 protein, Mol Cell 17, 113-120. 625 

[25] Pedelacq, J. D., Cabantous, S., Tran, T., Terwilliger, T. C., and Waldo, G. S. 626 

(2006) Engineering and characterization of a superfolder green 627 

fluorescent protein, Nat Biotechnol 24, 79-88. 628 

Page 28 of 39

ACS Paragon Plus Environment

ACS Synthetic Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



29 

 

[26] Nozzi, N. E., and Atsumi, S. (2015) Genome engineering of the 2,3-629 

butanediol biosynthetic pathway for tight regulation in cyanobacteria, ACS 630 

Synth Biol 4, 1197-1204. 631 

[27] Nakahira, Y., Ogawa, A., Asano, H., Oyama, T., and Tozawa, Y. (2013) 632 

Theophylline-dependent riboswitch as a novel genetic tool for strict 633 

regulation of protein expression in Cyanobacterium Synechococcus 634 

elongatus PCC 7942, Plant Cell Physiol 54, 1724-1735. 635 

[28] Topp, S., Reynoso, C. M., Seeliger, J. C., Goldlust, I. S., Desai, S. K., Murat, 636 

D., Shen, A., Puri, A. W., Komeili, A., Bertozzi, C. R., Scott, J. R., and 637 

Gallivan, J. P. (2010) Synthetic riboswitches that induce gene expression 638 

in diverse bacterial species, Appl Environ Microbiol 76, 7881-7884. 639 

[29] Xu, Y., Alvey, R. M., Byrne, P. O., Graham, J. E., Shen, G., and Bryant, D. 640 

A. (2011) Expression of genes in cyanobacteria: adaptation of 641 

endogenous plasmids as platforms for high-level gene expression in 642 

Synechococcus sp. PCC 7002, Methods Mol Biol 684, 273-293. 643 

[30] Kanno, M., Carroll, A. L., and Atsumi, S. (2017) Global metabolic rewiring for 644 

improved CO2 fixation and chemical production in cyanobacteria, Nat 645 

Commun 8, 14724. 646 

[31] Stevens, S. E., Patterson, C. O. P., and Myers, J. (1973) The Production of 647 

Hydrogen Peroxide by Blue-Green Algae: A Survey, J Phycol 9, 427-430. 648 

[32] Mattam, A. J., Clomburg, J. M., Gonzalez, R., and Yazdani, S. S. (2013) 649 

Fermentation of glycerol and production of valuable chemical and biofuel 650 

molecules, Biotechnol Lett 35, 831-842. 651 

Page 29 of 39

ACS Paragon Plus Environment

ACS Synthetic Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



30 

 

[33] Kanno, M., and Atsumi, S. (2017) Engineering an obligate photoautotrophic 652 

cyanobacterium to utilize glycerol for growth and chemical production, 653 

ACS Synth Biol 6, 69-75. 654 

[34] McEwen, J. T., Kanno, M., and Atsumi, S. (2016) 2,3 Butanediol production 655 

in an obligate photoautotrophic cyanobacterium in dark conditions via 656 

diverse sugar consumption, Metab Eng 36, 28-36. 657 

[35] Li, M. Z., and Elledge, S. J. (2007) Harnessing homologous recombination in 658 

vitro to generate recombinant DNA via SLIC, Nat Methods 4, 251-256. 659 

[36] Voges, O., and Proskauer, B. (1898) Beitraege zur Ernaehrungsphysiologie 660 

und zur Differential Diagnose der Bakterien der hemmorrhagischen 661 

Septicamie., Z. Hyg. 28, 20-32. 662 

[37] Westerfield, W. W. (1945) A colorimetric determination of blood acetoin, The 663 

J Biol Chem 161, 495-502. 664 

[38] Oliver, J. W., Machado, I. M., Yoneda, H., and Atsumi, S. (2014) 665 

Combinatorial optimization of cyanobacterial 2,3-butanediol production, 666 

Metab Eng 22, 76-82. 667 

[39] Porra, R. J., Thompson, W. A., and Kriedemann, P. E. (1989) Determination 668 

of accurate extinction coefficients and simultaneous-equations for 669 

assaying Chlorophyll-a and Chlorophyll-b extracted with 4 different 670 

solvents - Verification of the concentration of chlorophyll standards by 671 

Atomic-Absorption Spectroscopy, Biochim Biophys Acta 975, 384-394. 672 

  673 

Page 30 of 39

ACS Paragon Plus Environment

ACS Synthetic Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



31 

 

 674 

Figure 1. Pathway for 23BD production in 7002  675 

(A) Heterologous pathway for the conversion of pyruvate to 23BD. (B) The 676 

toxicity limit of the intermediate acetoin and desired product 23BD were 677 

determined over 24 hours of growth. Change in OD730 from an initial starting 678 

value of 0.1 reported. The concentration of chemical added to each culture is 679 

listed below each bar. Acetoin in red, 23BD in blue, and green for no chemical 680 

addition. Error bars indicate SD for a least 3 biological replicates. 681 
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 683 

Figure 2. Expression of sfGFP from the integration sites 684 

 In addition to the previously identified site on the endogenous plasmid pAQ1, 685 

two additional sites for homologous recombination on the chromosome were 686 

identified: Mrr and AquI. Constitutive expression of sfGFP was used to confirm 687 

the expression of incorporated genes at the previously identified site on pAQ1, 688 

and at Mrr and AquI. WT = wild type 7002. Error bars indicate SD for a least 3 689 

biological replicates. 690 
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 692 

Figure 3. Riboswitch function in 7002  693 

(A) Riboswitches tested with sfGFP distinguished by associated promoter, 694 

conserved leader sequence, and aptamer. (B) The relative activities of each 695 

riboswitch in the absence (blue) and presence (red) of 2 mM theophylline after 20 696 

hours of induction. Error bars indicate SD for a least 3 biological replicates. 697 
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 699 

Figure 4. IPTG inducible promoter function in 7002 700 

IPTG inducible promoters were used to control expression of sfGFP for 701 

screening in 7002. The E. coli promoters PLlacO1 and Ptrc as well as PcLac143, 702 

previously developed for use in 7002, were screened both with (WT) and without 703 

a point mutation (lacIW220F) in LacI (220). The best performing riboswitch 704 

construct (Riboswitch 3 (RS3), Fig. 3) was also included for comparison. 705 

Measurements of sfGFP fluorescence were taken after 20 hours and normalized 706 

by OD730. Samples were tested in the presence (red) and absence (blue) of 5 707 

mM IPTG for IPTG-inducible promoters or 2 mM theophylline for the riboswitch 708 

construct. Error bars indicate SD for a least 3 biological replicates. 709 
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 711 

Figure 5. 23BD pathway arrangements  712 

(A) Screening 23BD pathway arrangements. Four different gene arrangements 713 

were constructed with various expression levels of both the native alsS (7002) 714 

and alsS from B. subtilis (B.s.). These constructs were screened for 23BD 715 

production and stability over time (B) and for cell growth (C). Relative ALS 716 

activity of each construct was measured (D). Error bars indicate SD for a least 3 717 

biological replicates. 718 
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 720 

Figure 6. 23BD production conditions in 7002 721 

The production conditions including induction timing (A), IPTG concentration (B), 722 

light levels (C & D), and magnesium concentration in the media (E) were 723 

modified. LL = low light (300 µmol photons/m2/sec light), HL = high light (600 724 

µmol photons/m2/sec light). Control indicates strains lacking any pathway genes. 725 

Mg2+ percentage indicates percentage of the originally recommended 726 

concentration of MgSO4
.7H2O added to the culture. Error bars indicate SD for a 727 

least 3 biological replicates. 728 
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 730 

Figure 7. 23BD production with glycerol feeding 731 

(A) Toxicity screen of a range of glycerol concentrations. Strain 1 growth (B) and 732 

23BD titer (C) in the presence (blue) and absence (red) of added glycerol. (D) 733 

Concentration of glycerol consumed each day. Arrows indicate glycerol additions 734 

after the first addition of 2 g/L at time zero. Error bars indicate SD for a least 3 735 

biological replicates. 736 
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 738 

Figure 8. Long-term 23BD production 739 

Long-term 23BD production (red) and growth (blue) of Strain 1 was measured 740 

over 16 days (A). The enzyme activity in Strain 1 as compared to wild type 7002 741 

(WT) of ALDC (B) and ADH (C) was measured as well as photosynthetic 742 

efficiency (D) in the form of oxygen evolution normalized by chlorophyll A 743 

content. Error bars indicate SD for a least 3 biological replicates. 744 
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