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ABSTRACT 15 

The four-carbon (C4) dicarboxylic acids, fumarate, malate, and succinate, are the most valuable targets that 16 

must be exploited for CO2-based chemical production in the move to a sustainable low-carbon future. 17 

Cyanobacteria excrete high amounts of C4 dicarboxylic acids through glycogen fermentation in a dark 18 

anoxic environment. Enhancement of metabolic flux in the reductive TCA branch in the cyanobacterium 19 

Synechocystis sp. PCC6803 is a key issue in the C4 dicarboxylic acids production. To improve metabolic 20 

flux through anaplerotic pathway, we have created the recombinant strain PCCK, which expresses foreign 21 

ATP-forming phosphoenolpyruvate carboxykinase (PEPck) concurrent with intrinsic phosphoenolpyruvate 22 

carboxylase (Ppc) overexpression. Expression of PEPck concurrent with Ppc led to an increase in C4 23 

dicarboxylic acids by autofermentation. Metabolome analysis revealed that PEPck contributed to an increase 24 

in carbon flux from hexose and pentose phosphates into the TCA reductive branch. To enhance the metabolic 25 

flux in the reductive TCA branch, we examined the effect of corn-steep liquor (CSL) as a nutritional 26 

supplement on C4 dicarboxylic acids production. Surprisingly, the addition of sterilized CSL enhanced the 27 

malate production in the PCCK strain. Thereafter, the malate and fumarate excreted by the PCCK strain are 28 

converted to succinate by the CSL-settling microorganisms. Finally, high-density cultivation of cells lacking 29 

the acetate kinase gene showed the highest production of malate and fumarate (3.2 g/L and 2.4 g/L with 30 

sterilized CSL) and succinate (5.7 g/L with non-sterile CSL) after 72 h cultivation. The present microbial 31 

community engineering is useful for succinate production by one-pot fermentation under dark anoxic 32 

conditions. 33 

Keywords: Cyanobacteria, Anoxic Fermentation, C4-dicarboxylic acid, C4-dicarboxylic acid antiporter, 34 

microbial community 35 

36 
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1. INTRODUCTION 37 

The four carbon (C4) dicarboxylic acids succinate, fumarate, and malate are listed as the 12 most important 38 

building block chemicals in biorefineries by the U.S. Department of Energy1. Succinate is used as a raw 39 

material for the production of many important chemicals, including biodegradable polymers, such as 40 

polybutylene succinate and polyurethanes2,3. Fumarate and malate are valuable platform chemicals in the 41 

food industry used in the synthesis of biodegradable plastics and plasticizers4,5. The production of C4 42 

dicarboxylic acids from biomass by microbial fermentation has been extensively studied in natural succinate 43 

overproducers such as Actinobacillus succinogenes, Anaerobiospirillum succiniciproducens, and 44 

Mannheimia succiniciproducens, or genetically modified model microorganisms Escherichia coli, 45 

Corynebacterium glutamicum, and Saccharomyces cerevisiae, achieving high production of a few dozen 46 

grams2,6.  47 

Compared to biomass-based production, CO2-based chemical production significantly decreases 48 

total greenhouse gas emissions through direct carbon capture by CO2-assimilating autotrophic organisms, 49 

such as photoautotrophic microorganisms7. Algae-based production lends itself to a sustainable low-carbon 50 

future because it grows well using only energy from light and CO2
8,9. Cyanobacteria are photosynthetic 51 

organisms capable of generating organic compounds from CO2 through oxygenic photosynthesis. 52 

Cyanobacteria are unique in that they catabolize intracellular glycogen to excrete organic acids, including 53 

acetate, lactate, and succinate, into the medium during dark, anoxic fermentation10,11 (Fig. 1). Synechocystis 54 

sp. PCC 6803 (hereafter Synechocystis 6803) is a unicellular and non-nitrogen-fixing cyanobacterium that 55 

is well-characterized in terms of physiology, biochemistry, and genetics12. Furthermore, advances in the 56 

genetic engineering of Synechocystis 6803 have enabled the successful improvement of photosynthetic 57 

activity and metabolic engineering for the production of a variety of chemicals13–15. Photoautotrophic 58 

production of succinate occurs via the oxidative branch16–18. Extensive biochemical and comprehensive 59 

metabolome analyses have shown that the metabolic flux of the oxidative TCA branch in Synechocystis 6803 60 

is relatively low due to inefficient enzyme activity under dark anoxic conditions 10,19–21. Meanwhile, malate 61 

dehydrogenase (MDH, encoded by citH) catalyzes the reductive reaction (from oxaloacetate to malate) more 62 

efficiently than the oxidative reaction22,23. Thus, the TCA branch flux is reversed upon shifting from light 63 

aerobic to dark anoxic conditions. Overexpression of the phosphoenolpyruvate carboxylase (Ppc) gene pepc 64 

or the malate dehydrogenase (MDH) gene citH enhances succinate production under dark anoxic 65 
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conditions19,24 (Fig. 1). In addition, succinate production is also upregulated with increasing temperature (an 66 

increase from 30 °C to 37 °C)25. Up to 50% of the total glycogen accumulated can be converted to C4 67 

dicarboxylic acids through metabolic engineering to promote autofermentation24. However, improving the 68 

conversion rate of glycogen toward C4 dicarboxylic acids remains challenging.  69 

Phosphoenolpyruvate carboxykinase (PEPck) from the succinate producer A. succinogenes is 70 

known to catalyze the ADP-dependent conversion of phosphoenolpyruvate (PEP) to oxaloacetate26–28, the 71 

overexpression of PEPck resulted in an increase in biomass and succinate flux of Escherichia coli in 72 

anaerobic growth29, suggesting that PEPck expression is useful in redirecting the carbon distribution into the 73 

TCA reductive branch during fermentation. Furthermore, it is well known that the addition of nutritional 74 

supplements, including vitamins, minerals, and nitrogen sources, such as corn-steep liquor (CSL), enhances 75 

succinate production in A. succinogenes which utilizes the reductive TCA cycle to produce it30. Here, we 76 

report novel findings that increase C4 dicarboxylic acids through metabolic engineering of the anaplerotic 77 

pathway under anoxic dark fermentation. Specifically, expression of PEPck concurrent with Ppc expression 78 

resulted in an increase in the carbon flux of the TCA reductive branch. In addition, sterilized CSL effectively 79 

stimulated malate production. Furthermore, CSL-settling bacteria, especially the genus Escherichia in the 80 

CSL, promoted succinate production from malate and fumarate as carbon sources. It is suggested that 81 

microbial community engineering could successfully improve inefficient biomaterial productions by single 82 

species system31. The present study demonstrates the efficacy of a microbial consortium to increase succinate 83 

production from CO2-derived glycogen in the cyanobacterium. 84 

 85 

Fig. 1. Glycogen metabolic pathway to C4-dicarboxylic acids in Synechocystis 6803. The broken arrow 86 

represents pathways in which metabolic intermediates are formed. Abbreviations: PEP, 87 

phosphoenolpyruvate; AcP, Acetyl-phosphate; AcCoA, acetyl coenzyme A; PEPck, PEP carboxykinase; Ppc, 88 
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PEP carboxylase. 89 

 90 

2. RESULTS 91 

2.1. Effect of phosphoenolpyruvate carboxykinase overexpression on organic acid production 92 

To overexpress the pckA gene, the gene was introduced by homologous recombination into the slr0618 loci 93 

of the Synechocystis Ppc-ox strain. A control strain (CT) was constructed by integrating the chloramphenicol-94 

resistance gene into the loci (Supplemental Fig. S1). PEPck activity was observed in the resultant PCCK 95 

strain but not in the Ppc-ox strain. The autofermentation of the resultant PCCK strain was carried out to 96 

initiate organic-acid secretion under dark anoxic conditions at 37 °C for 72 h in the presence of each 97 

concentration (100–500 mM) of NaHCO3 as substrate for Ppc (Fig. 2). The highest succinate and fumarate 98 

production were observed in the PCCK strain treated with 100 mM NaHCO3. Lactate levels increased in all 99 

strains in a dose-dependent manner. The lactate level of the Ppc-ox strain was >1.5-fold higher than that of 100 

the PCCK and Ppc/CT strains, suggesting that the addition of chloramphenicol contributed to the decrease 101 

in lactate levels. The concentrations of malate (557 mg/L), fumarate (843 mg/L), and succinate (368 mg/L) 102 

in the PCCK strain were quantitatively higher than those in the Ppc-ox strain, while the concentration of 103 

acetate (446 mg/L) was lower than that in the Ppc-ox strain. Expression of PEPck resulted in > 1.3- and 1.4-104 

fold increases in malate and fumarate levels, respectively, at 72 h of fermentation with 100 mM NaHCO3. 105 

Malate and succinate levels increased in a time-dependent manner during fermentation, whereas fumarate 106 

levels peaked at 72 h of fermentation (Fig. 3). The initial glycogen content before fermentation was 107 

comparable between the Ppc-ox and PCCK-ox strains (approximately 45%). Glycogen consumption rates 108 

were comparable to each other (18% remaining after 72 h). Overall, the expression of PEPck enhanced the 109 

TCA reductive branch by lowering acetate levels. 110 
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  111 

Fig. 2. C4-dicarboxylic acids, lactate, and acetate concentration in 4 g-DCW/L (equivalent to OD730 = 20) 112 

of Ppc-ox (blue), Ppc/CT (yellow) and PCCK (green) cells after 72 h fermentation in the presence of each 113 

concentration of NaHCO3 under dark anoxic conditions. Values represent the average (± standard deviation) 114 

of three biological replicates. Statistical significance over PCCK cells at each NaHCO3 concentration was 115 

determined using the Tukey−Kramer test (*P < 0.01). 116 

 117 

Fig. 3. Time-course changes of C4-dicarboxylic acids, lactate, acetate, and glycogen concentrations in 4 g-118 

DCW/L (equivalent to OD730 = 20) of Ppc-ox (white circle) and PCCK strains (black circle) under dark 119 
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anoxic fermentation with 100 mM NaHCO3. Values represent the average (± standard deviation) of three 120 

biological replicates. Statistical significance between Ppc-ox and PCCK strains at each sampling point was 121 

determined using the student’s t-test (*P < 0.01). 122 

 123 

2.2. Metabolome analysis of the PCCK strain 124 

To investigate the effect of PEPck on primary metabolism in recombinant Synchocystis 6803, intracellular 125 

metabolites of the cells were analyzed after 3, 6, 24, 48, 72, and 96 h of fermentation. The pool sizes of 126 

hexose, pentose, triose phosphates, organic acids, and acetyl-CoA were obtained by calculating their 127 

respective peak areas using CE-MS analysis. The pool sizes of hexose phosphates (G1P, G6P, F6P, and FBP), 128 

pentose phosphates (Ru5P and RuBP), and other Calvin-Benson-Bassham intermediates (6PG and S7P) in 129 

the PCCK cells were significantly lower than those in the Ppc-ox strain during fermentation (Fig. 4A). The 130 

triose phosphates PEP, 2PGA, and 3PGA in the Ppc-ox strain increased during 48-96 h of fermentation, 131 

peaking at 96 h. In addition, the levels of the metabolites of TCA oxidative branch, iso-citrate, citrate, and 132 

cis-aconitate, were comparably low during 0-24 h fermentation, while intracellular fumarate and malate 133 

accumulated in the PCCK strain during fermentation (Fig. 4B). Citrate transiently accumulated in the Ppc-134 

ox strain during 0-6 h of fermentation. The pyruvate pool was not observed in the PCCK cells during 135 

fermentation; however, the pool size of acetyl-CoA was significantly higher than that of the Ppc-ox strain. 136 

Oxaloacetate was not determined because of its low abundance by mass spectrometry. We observed low 137 

adenosine phosphate levels in the PCCK strain. However, the cellular energy charge, calculated as the ratio 138 

of ATP over adenosine 5'-diphosphate (ADP) +ATP, was low in the PCCK strain (0.46 at 3 h and 0.45 at 6 139 

h) compared to those in the Ppc-ox strain (0.62 at 3 h and 0.68 at 6 h) during the early phase of fermentation 140 

(0-6 h), associated with the low acetate level. However, it was comparable to each other in the mid- and late 141 

phases of fermentation (24–96 h) (Fig. 4C).  142 
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 143 

Fig. 4. Time-course changes of metabolites in hexose, pentose, and triose phosphates (A), TCA (B), and 144 

AMP, ADP, and ATP (C) in Ppc-ox (white circle) and PCCK strains (black circle) under dark anoxic 145 

fermentation with 100 mM NaHCO3. Values represent the average (± standard deviation) of three biological 146 

replicates. Statistical significance between Ppc-ox and PCCK strains at each sampling point was determined 147 
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using the student’s t-test (*P < 0.01). 148 

 149 

2.3. Corn-steep liquor promotes production of C4 dicarboxylic acids 150 

PEPck expression contributed to improvements in the production of C4 dicarboxylic acids by 151 

debottlenecking PEP metabolism to the reductive TCA branch. However, further improvement is needed to 152 

increase C4 dicarboxylic acid productivity with high glycogen consumption. The glycogen consumption rate 153 

could be increased by increasing the amount of NaHCO3
19. However, the carbon from glycogen is directed 154 

to lactate production due to insufficient influx into the cyanobacterial open TCA cycle. Nutrient 155 

supplementation is thought to enhance the carbon flux into the TCA cycle and encourage amino acid and 156 

protein synthesis30, however the effect of the nutrient supplementation on cyanobacterial fermentation has 157 

not been studied. Of these nutrient supplements, CSL commonly known as "condensed fermented corn 158 

extractives", which contains mostly organic acids, amino acids, sugars, minerals, and vitamins, has been 159 

used as a fermentation nutrient supplement because of its high nutritional value and low cost. We first 160 

examined the effect of non-sterile CSL (raw CSL) (Solulys 095E) treated at 37 °C on the recombinant 161 

Synechocystis fermentation for 72 h at different concentrations of NaHCO3. CE-MS analysis showed that 1 162 

g/L Solulys CSL contained 138.3 mg/L lactate, 11.7 mg/L gluconate, 19.6 mg/L L-alanine, 16.0 mg/L L-163 

leucine, and 6.8 mg/L succinate as major organic acids. As shown in Supplemental Fig. S2, succinate 164 

production was highest with 300 mM NaHCO3, but lactate and acetate levels remained low from 100 to 400 165 

mM NaHCO3. Change in the C4 dicarboxylic acid produced over time in the recombinant Synechocystis 166 

strains fermented with 300 mM NaHCO3 showed that succinate levels reached 1,621 mg/L at 96 h, whereas 167 

malate and fumarate were not observed after 48 h of fermentation (Fig. 5A). Next, we examined pretreatment 168 

conditions for the preparation of CSL suspensions by altering treatment temperatures (30, 40, 50, 60, and 169 

80 °C) to extract active components as CSL components are not completely solubilized in water. Surprisingly, 170 

we observed a temperature-dependent increase in malate, but a decrease in succinate in PCCK 171 

autofermentation (Supplemental Fig. S3A). Malate accumulation was observed at higher temperatures. We 172 

found the succinate increase in the dark autofermentation with other commercially available CSLs, but no 173 

increasing effect on malate, fumarate, and succinate when 1 g/L yeast extract was tested (Supplemental Fig. 174 

S4), indicating that replenishing nitrogen sources is not the major reason for C4 dicarboxylic acids increases. 175 

We sterilized by autoclaving and analyzed for C4 dicarboxylic acid production by autofermentation 176 
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of the PCCK strain with 300 mM NaHCO3 in the presence of sterilized CSL. As expected, accumulation of 177 

malate was observed in the PCCK strain when compared to that in the Ppc-ox strain, whereas succinate 178 

levels between the PCCK and Ppc-ox strains were comparable (Fig. 5B), suggesting that the unknown active 179 

component promoting succinate production was lost during sterilization. Acetate and lactate production was 180 

significantly repressed in the PCCK strain compared to the Ppc-ox strain. In contrast to the changes in malate 181 

levels, the fumarate levels in the PCCK strain were comparable to those with 100 mM NaHCO3 in the 182 

absence of sterilized CSL. Moreover, the glycogen consumption rate in the Ppc-ox strain (3.07 % after 48 h) 183 

was higher than that in the PCCK strain (3.25 % after 72 h). This probably reflects the overproduction of 184 

lactate and acetate as the final outputs of energy metabolism in the Ppc-ox strain. The activity of malate 185 

dehydrogenase (MDH), which catalyzes the NADH-dependent reduction of oxaloacetate to malate, of the 186 

PCCK strain in the presence of sterilized CSL was comparable to that in the absence of sterilized CSL 187 

(Supplemental Fig. S5A).  188 

 189 

Fig. 5. Time-course changes of C4-dicarboxylic acids, lactate, acetate, and glycogen concentrations in 4 g-190 
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DCW/L (equivalent to OD730 = 20) of Ppc-ox (white circle) and PCCK strains (black circle) under dark 191 

anoxic fermentation with raw CSL (A) and sterilized CSL (B) in the presence of 300 mM NaHCO3. Values 192 

represent the average (± standard deviation) of three biological replicates. Statistical significance between 193 

Ppc-ox and PCCK strains at each sampling point was determined using the student’s t-test (*P < 0.01). 194 

 195 

2.4. Identification of causative microorganisms in CSL for succinate production 196 

As mentioned above, some active components contributing to succinate production were susceptible to heat 197 

treatment, suggesting that succinate-producing microorganisms might be present in the CSL suspension. We 198 

streaked CSL suspensions treated at 37 °C on LB agar plates to isolate microorganisms, which would 199 

contribute to the succinate increase. The grown three colonies appeared in the LB agar plate at 37 °C were 200 

applied to 16S rDNA analysis to identify related bacteria (Supplemental Fig. S3B). The BLAST search 201 

results showed that each colony was derived from the respective strains closely related to the enteric bacteria 202 

Enterobacter hormaechei, Escherichia hermannii, and Acinetobacter radioresistens with greater than 99% 203 

similarity score. Next, we examined the effect of the addition of standard microorganisms distributed by the 204 

public bioresource institute (Biological Resource Center, National Institute of Technology and Evaluation, 205 

Japan) on Synechocystis fermentation with sterilized CSL (Fig. 6). The addition of E. hermannii was most 206 

effective for succinate production (1,410 mg/L) without producing malate and fumarate, in addition to the 207 

contribution of E. hormaechei to succinate production (814 mg/L), implying that several bacterial strains in 208 

raw CSL including E. hormaechei, contributed to succinate production (1,788 mg/L). The addition of 209 

A. radioresistens was ineffective not only for succinate production but also for malate and fumarate 210 

consumption. Malate and fumarate produced by cyanobacterial autofermentation was consumed by the 211 

addition of these microorganisms in the absence of sterilized CSL, resulting in the succinate production. 212 

It has been reported that E. coli K-12 can catabolize malate or fumarate to succinate through the 213 

action of the fumarate/succinate antiporter system DcuABC under fermentation conditions32. In our study, 214 

the addition of E. coli K-12 BW25113 to Synechocystis fermentation led to succinate production, as in the 215 

case of E. hermannii (Fig. 6). On the other hand, the E. coli deletion of the dcuB gene, encoding the DcuB 216 

protein, which plays major roles as a component of the DcuABC complex in malate and fumarate uptake, 217 

resulted in the reduction of succinate level. However, malate and fumarate did not completely disappear and 218 

remained at about one-fifth or one-twentieth of those in sterilized CSL without adding any strain, indicating 219 
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that its malate and fumarate uptake ability was partially impaired. 220 

 221 

Fig. 6. Identification and characterization of succinate-producing microorganisms from raw CSL. C4-222 

dicarboxylic acids production by the PCCK strain under dark anoxic fermentation in the presence or absence 223 

of raw CSL or in the presence of sterilized CSL with each strain as indicated. 300 mM NaHCO3 was added 224 

to all tested vials. Values represent the average (± standard deviation) of three biological replicates. 225 

Statistical significance between without and with raw CSL was determined using the student t-test (*P < 226 

0.01). In the bar graph of “with sterilized CSL”, statistical significances of “without strain” among E. 227 

hormaechei, A. radioresistens, E. hermannii, and E. coli BW25113 and of E. coli BW25113 among ∆dcuA 228 

and ∆dcuB were determined using using the Tukey−Kramer test (*P < 0.01), respectively. 229 

 230 

2.5. Evaluation of high-density fermentation for production of C4 dicarboxylic acids 231 

Previous reports have clearly demonstrated that the initial concentration of Synechocystis cells is critical for 232 

increasing the succinate titer24,25. However, the acetate level usually increases as the initial concentration 233 

increases. Prior to high-density fermentation of the Synechocystis strains, we introduced the pckA gene into 234 

slr0646 loci of the Ppc-ox/∆ackA strain that possesses a genetic background of deletion of endogenous ackA 235 

(sll1299) encoding acetate kinase in the Ppc-ox strain19. The constructed PEPck overexpression system is 236 
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regulated by Ptrc, which shows higher transcriptional activity than PpsbA2
33. The PEPck activity of PCCK-237 

ox/∆ackA cells was approximately 3.5-fold higher than that of PCCK cells (Supplemental Fig. S5B). We 238 

then estimated the production of C4 dicarboxylic acids, lactate, and acetate in PCCK-ox/∆ackA and PCCK 239 

cells after 72 h of fermentation in the presence of sterilized or raw CSL at different initial cell concentrations 240 

(4, 10, and 20 g dry cell weight/L) (Fig. 7). As expected, the deletion of ackA resulted in a significant decrease 241 

in acetate concentration at any initial cell concentration; instead, fumarate (2,286 mg/L) or succinate (5,639 242 

mg/L) peaked at 20 g DCW/L of PCCK-ox/∆ackA with sterilized CSL or raw CSL, respectively. In sterilized 243 

CSL, the malate concentration was very similar between the two strains (around 3,100 mg/L). Malate and 244 

fumarate were not observed following fermentation in the presence of raw CSL because of the fermentative 245 

action of CSL-settling bacteria.  246 

 247 

Fig. 7. Production of C4-dicarboxylic acids in PCCK (blue) or PCCK-ox/∆ackA (orange) strains after 72 h 248 

dark anoxic fermentation in the presence of 300 mM NaHCO3 at different initial cell concentrations in the 249 

presence of sterilized or raw CSL. The cell densities of 4, 10, 20 g-DCW/L are equivalent to OD730 = 20, 50, 250 

and 100, respectively. Values represent the average (± standard deviation) of three biological replicates. 251 

Statistical significance between PCCK and PCCK-ox/∆ackA strains was determined using the student’s t-252 

test (*P < 0.01). 253 
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3. DISCUSSION 255 

In the present study, we showed that PEPck expression concurrent with Ppc overexpression is 256 

effective for carbon influx from PEP into the reductive TCA branch through oxaloacetate production, thereby 257 

reducing lactate and acetate concentrations. Synechocystis 6803 possesses several routes for glucose 258 

catabolism, including the Embden–Meyerhof–Parnas, oxidative pentose phosphate (OPP), Entner–259 

Doudoroff, and phosphoketolase pathways3,34,35. Synechocystis 6803 mainly drives the OPP pathway from 260 

glucose to triose phosphate, including PEP, which is a key metabolic branching point under dark anoxic 261 

conditions35. The most remarkable finding was that PEPck expression resulted in decreased pool sizes of 262 

sugar phosphates during fermentation, resulting in increased C4 dicarboxylic acids as final fermentation 263 

products. The low cellular energy charge of the PCCK strain during the early phase of fermentation, probably 264 

accompanied by the repression of high acetate production concomitant with ATP production, may reflect low 265 

pool sizes of sugar phosphates as ATP is considered a major allosteric inhibitor that represses the activities 266 

of glycolytic enzymes such as pyruvate kinase36 and phosphoketolase37.  267 

The PCCK strain produces less lactate and more malate (Fig. 3), suggesting that the Synechocystis 268 

PCCK strain utilizes its reducing power more for the reductive TCA branch. Accumulation of acetyl-CoA 269 

and the low pool size of citrate in the PCCK strain clearly explains the interruption of citrate biosynthesis 270 

from oxaloacetate and acetyl-CoA, leading to a low flux of the oxidative TCA branch. D-lactate 271 

dehydrogenase plays a role in the utilization of the reducing power of NADH or NADPH by producing 272 

lactate from pyruvate during fermentation38. Meanwhile, the increased level of oxaloacetate promotes the 273 

NADH-dependent reductive activity of MDH, which leads to the catabolism of glycogen to maintain the 274 

intracellular redox balance. The pool sizes of intracellular malate, fumarate, and succinate are comparable 275 

significantly between the PCCK and Ppc-ox strains (Fig. 4). Because the intracellular pool size reflects an 276 

equilibrium among forward and reverse reactions and efflux rates, the higher C4-dicarboxylic acids levels 277 

in the PCCK strain would represent that the metabolic flux is enhanced by PEPck expression. While, the 278 

succinate production rate is slower than those of the fumarate and malate (Fig. 3), suggesting that the 279 

reduction of fumarate is the rate-limiting reaction in the reductive TCA branch. 280 

We showed that the additive ingredient of sterilized CSL promotes malate production via the 281 

engineered anaplerotic pathway, with improved glycogen catabolism that supplies sugar phosphate or PEP 282 

in the presence of 300 mM NaHCO3. In contrast to the PCCK strain, the Ppc-ox strain showed high glycogen 283 
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consumption, and carbon distribution was directed toward acetate and lactate production, resulting in the 284 

enhancement of energy metabolism. The question arises, why does CSL addition enhance the level of 285 

malate? The MDH activity was not enhanced by the addition of sterilized CSL. The addition of yeast extract 286 

into the cyanobacterial fermentation resulted in no increase on C4 dicarboxylic acids, the nitrogen or carbon 287 

sources would not be a major reason for the question. One possibility is that the unknown C4 dicarboxylic 288 

acid export mechanism is responsible. It has been reported that alkaline pH (pH 8.8) enhances the levels of 289 

succinate, malate, fumarate, and lactate by increasing the ratio of dissolved bicarbonate ions39. However, the 290 

extracellular pH during fermentation was approximately 8.4, irrespective of the presence or absence of CSL. 291 

It is also thought that divalent cations, such as calcium2+, contained in CSL might be chelated to malate to 292 

change their permeation of the plasma membrane40, because CSL contains 13.5%~17.5% minerals as a 293 

standard component.  294 

Unexpectedly, the succinate increase in cyanobacterial autofermentation with raw CSL was due to 295 

succinate excretion by heterotrophic microorganisms with anaerobic malate and fumarate catabolic pathways. 296 

E. coli utilizes citrate, aspartate, tartrate, fumarate, and malate under anaerobic conditions41. The 297 

fumarate/succinate antiporter Dcu system (dicarboxylate uptake), which is highly conserved in enteric 298 

bacteria, including A. succinogenes42, is responsible for the uptake of external C4-dicarboxylates, such as 299 

fumarate, malate, and aspartate. Fumarase and aspartase catalyze the conversion of L-malate and aspartate 300 

to fumarate, respectively, resulting in fumarate respiration, which generates a transmembrane proton 301 

potential to drive ATP synthesis. Succinate produced by fumarate respiration is then excreted by the 302 

fumarate/succinate antiporter, DcuB, as the final fermentation product. Our results clearly show that the 303 

fumarate/succinate antiporter is involved in malate and fumarate metabolism, similarly to the model 304 

microorganism E. coli K-12 BW25113 strain. Homologs of fumarate/succinate antiporters are found in 305 

E. hormaechei and E. hermannii, but not in A. radioresistens, reflecting the involvement of 306 

fumarate/succinate antiporters in succinate increased by each related strain isolated from raw CSL.  307 

Previous report has shown that CitH overexpression results in increase in the reductive branch of 308 

the open cyanobacterial TCA cycle flux. The sums of excreted C4 dicarboxylic acids were 4.2 g/L succinate, 309 

2.7 g/L fumarate, and 4.6 g/L malate from cells incubated at OD730 = 200 (equivalent to 40 g-DCW/L with 310 

19.6 g/L glycogen) with product stripping by medium change24. In the present study, the total amount of C4 311 

dicarboxylic acids with raw CSL and sterilized CSL are 5.6 g/L (succinate only) and 7.0 g/L (sum of 1.58 312 
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g/L succinate, 2.28 g/L fumarate, and 3.16 g/L malate from cells incubated at OD730 = 100 (equivalent to 20 313 

g-DCW/L with 9.2 g/L glycogen), respectively. Also, the total amount of excreted major organic acids (sum 314 

of C4-dicarboxylic acids, D-lactate, and acetate) were 8.3 g/L (D-lactate 1.61 g/L and acetate 1.12 g/L with 315 

raw CSL) and 9.5 g/L (D-lactate 1.9 g/L and acetate 0.43 g/L with sterilized CSL). Considering that the 316 

average molecular weights of succinate, fumarate, and malate are 123, the theoretical maximum of C4 317 

dicarboxylic acid from six-carbon sugar and CO2 is 1.78 mol/mol sugar or 1.17 g/g sugar. The conversion 318 

ratio of the sum of C4 dicarboxylic acids (7.0 g/L) and the theoretical maximum of C4 dicarboxylic acid 319 

(10.8 g/L), following calculation by 9.2 g/L glycogen accumulated in the PCCK-ox/∆ackA strain, was 65.5%, 320 

1.3-fold higher than those in CitHox fermentation under optimized conditions24. In addition, the total 321 

excreted organic acids should include organic acids accumulated during photosynthesis and/or derived from 322 

the catabolism of other major carbon sources such as polyhydroxybutyrate and/or proteins24. When 323 

compared to sterilized CSL, the total amount of C4 dicarboxylic acid produced with raw CSL was lower (the 324 

conversion rate of succinate to total glycogen was 52%), indicating that malate and fumarate are utilized not 325 

only as electron donors to produce energy under anaerobic conditions, but also as a carbon source for 326 

assimilation under limited nutritional conditions in the CSL-settling bacteria in raw CSL.  327 

Here, we demonstrated the increased production of C4 dicarboxylic acids at a cell density (20 g-328 

DCW/L) in the presence of CSL without product stripping. Microalgal biomass can also be utilized for 329 

fermentation with succinate-producing microorganisms, such as A. succinogenes43. However, a pretreatment 330 

process, acid-thermal hydrolysis of microalgal biomass for sugar extraction, is required. The present 331 

microbial community concept would facilitate simplification of processes for the large-scale production of 332 

C4 dicarboxylic acids from cyanobacterial biomass. The metabolic engineering of malate and fumarate 333 

catabolic pathways in the succinate-producing microorganisms, such as E. coli K-12 strain, would contribute 334 

to the improvement of succinate concentration in the microbial community. In order to bring cyanobacterial 335 

bioproduction to socially useful levels, the photoautotrophic C4 dicarboxylic acid production system 336 

accompanied by autofermentation as a final process, must be developed further to yield a sustainable 337 

production system. 338 

 339 

4. CONCLUSIONS 340 

We have demonstrated that foreign PEPck expression enhanced the carbon flux from hexose and pentose 341 
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phosphates, which are metabolic intermediates from CO2-derived glycogen, into the TCA reductive branch, 342 

as revealed by metabolome analysis. The combination of PEPck overexpression concurrent with Ppc 343 

overexpression in the presence of sterilized CSL facilitates the increase in excretion of malate and fumarate 344 

under the high-density fermentation. The intracellular glycogen concentration before fermentation was about 345 

the almost same compared to that of the previous study24, but fumarate and malate production was about 1.5 346 

times higher when the presence of sterilized CSL, and succinate production was less than 80% of the previous 347 

succinate titer, achieving the titer of 7.0 g/L from the theoretical maximum of 10.8 g/L at a cell density (20 348 

g-DCW/L). Extracellular malate and fumarate could be converted to succinate by the microorganisms that 349 

are able to catabolize those organic acids through the fumarate/succinate antiporter Dcu system. 350 

 351 

5. MATERIALS AND METHODS 352 

5.1. Strains and culture conditions 353 

Recombinant strains used in the present study were constructed based on the glucose-tolerant (GT) strain 354 

Synechocystis sp. PCC680344. The recombinant Synechocystis sp. PCC 6803 strains were inoculated into 355 

modified-BG11 medium containing 5 mM ammonium chloride and 0.1 M HEPES-KOH (pH 7.8) in the 356 

presence or absence of 50 µg/mL kanamycin and/or 34 µg/mL chloramphenicol. The cultivation proceeded 357 

at 30 °C under continuous light irradiation of 105–115 μmol/m2/s photons and 1% (v/v) CO2. The cell density 358 

was determined by measuring the optical density at 750 nm (OD750). Dry cell weight (DCW) was measured 359 

after harvesting the cells by filtration, followed by washing with 20 mM NH4HCO3, and lyophilization. All 360 

chemicals used were of analytical grade. 361 

 362 

5.2. Construction of recombinant strains 363 

Escherichia coli DH5α strain (TakaraBio Inc., Tokyo, Japan) was used as a host for gene cloning and plasmid 364 

amplification. The Actinobacillus succinogenes pckA gene (Uniprot ID: Q6W6X5) was obtained by gene 365 

synthesis (ThermoFisher Scientific, Waltham, MA), and the synthesized gene amplified by PCR using the 366 

primer pair PEPCK-Fw1 and PEPCK-Rv1. The amplified fragment was cloned into the NdeI sites of the 367 

plasmid pTCP203110, according to the manufacturer's instructions using the In-Fusion HDR cloning kit 368 

(TakaraBio Inc.), yielding pTCP2031-PEPck. To construct an integration vector, the upstream and 369 

downstream regions (each 1,000 bp) of slr0646 were amplified by PCR using the primer pairs uslr0646-Fw 370 
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and uslr0646-Rv for the upstream regions and dslr0646-Fw and dslr0646-Rv for the downstream regions. 371 

The amplified PCR fragments were cloned into MluI/HindIII site and EcoRI/XhoI site of the plasmid pSStrc-372 

slr155619 using the In-Fusion HDR cloning kit, resulting in plasmid pSStrc-0646. The pckA gene was 373 

amplified by PCR using the primer pair PEPCK-Fw2 and PEPCK-Rv2, and the resultant fragment was 374 

cloned into NdeI/SalI site of pSStrc-0646, resulting in pSStrc-PEPCK. 375 

The principles underlying specific gene integration or disruption in Synechocystis 6803 have been 376 

described previously20. The plasmid pTCP2031-Pepck was used for gene integration into the host strain, 377 

Synechocystis Ppc-ox19, to yield PCCK. The plasmid pSStrc-PEPck was introduced into the host strain 378 

Synechocystis Ppc-ox/∆ackA19, yielding the Synechocystis PCCK-ox/∆ackA strain. Integration of each gene 379 

cassette was confirmed by PCR. All primer sequences are listed in SI Appendix (Table S1). 380 

 381 

5.3. Enzyme assay 382 

Photoautotrophically grown cyanobacterial cells (4 g-DCW/L) were fermented at 37 °C under dark anoxic 383 

conditions, the crude extract of the fermentation cells was obtained using a method previously described19. 384 

Briefly, cells suspended in 50 mM potassium phosphate buffer were disrupted by sonication and centrifuged, 385 

and the resultant supernatant was collected as a crude extract. PEPck activity was measured by monitoring 386 

absorbance at 340 nm accompanying with the oxidation of NADH using V730-Bio spectrophotometer 387 

(JASCO Co., Tokyo, Japan) in a reaction mixture containing 0.1 M Mes (pH 6.6), 10 mM MgCl2, 5.0 mM 388 

MnCl2, 1.0 mM DTT, 10 mM Adenosine diphosphate (ADP), 75 mM NaHCO3, 0.1 mM NADH, 20 U malate 389 

dehydrogenase, and the crude extract28, the reaction was started by the addition of 10 mM 390 

phosphoenolpyruvate (PEP) then incubated for 10 min at 30 °C. The same mixture in the absence of ADP 391 

was used as a control to exclude ADP-independent carboxylation of PEP. MDH activity of crude extract was 392 

measured analyzed in a reaction mixture containing 100 mM potassium phosphate buffer (pH 8.0), 0.1 mM 393 

NADH, and 1 mM oxaloacetate at 30 °C. Protein concentrations were determined by Bradford dye-binding 394 

assay45, using bovine serum albumin for standard curve generation. 395 

 396 

5.4. Organic acid production by fermentation 397 

Unless otherwise noted, autofermentation was performed as follows: recombinant Synechocystis sp. PCC 398 

6803 strains were cultivated for 3 d at 30 °C under photoautotrophic conditions at 0.1 of optical density at 399 



 19 

750 nm. The cultured cells were inoculated into 10 mL of 0.1 M HEPES-KOH (pH 7.8) containing 100 or 400 

300 mM NaHCO3 at initial cell concentrations of 4 g-DCW/L. Fermentation was conducted at 37 °C for four 401 

days under dark anoxic conditions (wrapped in foil and 100% N2 bubbling). The accumulation of 402 

extracellular organic acids during fermentation was quantified using a high-performance liquid 403 

chromatography (HPLC) system (Shimadzu, Kyoto, Japan) equipped with an Aminex HPX-87H column 404 

(Bio-Rad Laboratories, Inc., Hercules, CA, USA) and an RID-10A refractive index detector. The HPLC 405 

system was operated at 50 °C using 5 mM H2SO4 at a flow rate of 0.6 mL min-1. The glycogen concentration 406 

was determined by measuring the glucose released from glycogen via enzymatic hydrolysis, as described 407 

previously19. The yield was calculated as the ratio of the corresponding C4 dicarboxylic acid amount to the 408 

amount of glucose consumed and the enzymatic hydrolysis of stored intracellular glycogen. 409 

 410 

5.5. Analysis of intracellular metabolites 411 

A 5 mg-DCW portion of cyanobacterial cells in the fermentation culture was collected at each sampling time 412 

(6, 24, 48, 72, and 96 h) by filtration using 1 µm pore size polytetrafluoroethylene (PTFE) disks (Millipore, 413 

Billerica, MA) and then immediate washing with 20 mM (NH4)2CO3 pre-cooled to 4 °C. Intracellular 414 

metabolites were extracted and analyzed by capillary electrophoresis- mass spectrometry (CE-MS) (Agilent 415 

G7100; MS, Agilent G6224AA LC/MSD TOF; Agilent Technologies, Palo Alto, CA) according to a 416 

previously reported method19. 417 

 418 

5.6. Pretreatment of CSL solution for fermentation and isolation of CSL-settling bacteria 419 

Powdered corn-steep liquor (CSL) (Solulys 095E, catalog number: C42166) was purchased from Oriental 420 

Yeast Co., Ltd., Osaka, Japan. The other CSLs were obtained from Spectrum Chemicals Australia (Catalog 421 

number: C3848; Astral Scientific Pty Ltd., NSW, Australia) and Sigma-Aldrich Co. LLC (Catalog number: 422 

C4648-500G; St. Louis, MO, USA). Unless otherwise stated, powdered CSL was dissolved in pure water 423 

and incubated at 37 °C for 24 h. The supernatant was collected from the CSL suspension by centrifugation 424 

(20,000-g for 10 min). Sterilized CSL was obtained by centrifugation after autoclaving the suspension. Five 425 

milliliters of the resulting supernatant were mixed with an equivalent volume of the Synechocystis solution 426 

with 0.1 M HEPES-KOH (pH 7.8) containing NaHCO3 at initial cell concentrations of 8 g-DCW/L.  427 

For isolation of CSL-settling bacteria, the supernatant of 1 g/L CSL suspension was streaked onto 428 
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Luria-Bertani agar medium and incubated for 24 h at 37 °C. Each colony grown in LB agar medium was 429 

arbitrarily picked and inoculated into LB liquid media based on colony morphology. The 16S rDNA of the 430 

isolated bacterium was amplified by PCR using the universal primer set 27F/1492R, and partial DNA 431 

sequences were analyzed by Sanger sequencing.  432 

The related three strains, Enterobacter hormaechei (NBRC 105718), 433 

Escherichia hermannii (NBRC 105704), and Acinetobacter radioresistens (NBRC 102413) identified by 434 

BLAST-guided search and E. coli BW25113 and the knockout mutants E. coli ∆dcuA and E. coli ∆dcuA in 435 

Keio collection were purchased from Biological Resource Center, National Institute of Technology and 436 

Evaluation (NITE), Japan. Five milliliters of sterilized CSL supernatant suspended with each strain at 2.5 × 437 

10-5 of an optical density at 600 nm, was mixed with an equivalent volume of the Synechocystis solution 438 

with 0.2 M HEPES-KOH (pH 7.8) containing 600 mM NaHCO3 at initial cell concentrations of 8 g-DCW/L.  439 

 440 

Conflicts of interest 441 

There are no conflicts to declare 442 

 443 

Author Contributions 444 

Ryota Hidese: Investigation and Data Curation, Writing - Original Draft, Writing - Review & Editing; Mami 445 

Matsuda and Mamiko Kajikawa: Investigation and Data Curation; Akihiko Kondo: Supervision; Takashi 446 

Osanai and Tomohisa Hasunuma: Conceptualization, Writing - Review & Editing, Funding acquisition. 447 

 448 

Acknowledgements 449 

The authors would like to thank Mr. Keiji Matsumoto for valuable suggestions in the course of this study. 450 

The authors also thank Mr. Yuta Komatsu and Ms. Ryoko Yamazaki for their technical assistances. The 451 

authors would like to thank National Institute of Technology and Evaluation (NITE) for distribution of type 452 

strains and E. coli single-gene deletion mutants.  453 

 454 

Supporting Information 455 

Supplementary Table S1 and Figures S1~S5 456 

 457 



 21 

Fundings 458 

This work was supported by the Advanced Low Carbon Technology Research and Development Program 459 

(ALCA) from the Japan Science and Technology Agency (JST) (grant number JPMJAL1306). 460 

 461 

References 462 

(1) Werpy, T.; Petersen, G. Top Value Added Chemicals from Biomass Volume I – Results of Screening for 463 

Potential Candidates from Sugars and Synthesis Gas. National Renewable Energy Laboratory (NREL), 464 

U.S. Department of Energy, 2004, pp. 1–76.  465 

(2) Chae, T. U.; Ahn, J. H.; Ko, Y. -S.; Kim, J. W.; Lee, J. A.; Lee, E. H.; Lee, S. Y. Metabolic engineering 466 

for the production of dicarboxylic acids and diamines. Eng. Times 2020, 58, 2–16. DOI: 467 

10.1016/j.ymben.2019.03.005. 468 

(3) Chen, Y.; Nielsen, J. Biobased organic acids production by metabolically engineered microorganisms. 469 

Curr. Opin. Biotechnol. 2016, 37, 165–172. DOI: 10.1016/j.copbio.2015.11.004. 470 

(4) Dai, Z.; Zhou, H.; Zhang, S.; Gu, H.; Yang, Q.; Zhang, W.; Dong, W.; Ma, J.; Fang, Y.; Jiang M.; et al. 471 

Current advance in biological production of malic acid using wild type and metabolic engineered strains. 472 

Bioresour. Technol. 2018, 258, 345–353. DOI: 10.1016/j.biortech.2018.03.001. 473 

(5) Yin, X.; Li, J.; Shin, H. D.; Du, G.; Liu L.; Chen, J. Metabolic engineering in the biotechnological 474 

production of organic acids in the tricarboxylic acid cycle of microorganisms: Advances and prospects. 475 

Biotechnol. Adv. 2015, 33, 830−841. DOI: 10.1016/j.biotechadv.2015.04.006.  476 

(6) Ahn, J. H.; Jang Y. S.; Lee, S. Y. Production of succinic acid by metabolically engineered 477 

microorganisms. Curr. Opin. Biotechnol. 2016, 42, 54–66. DOI: 10.1016/j.copbio.2016.02.034.  478 

(7) Leong, Y. K.; Chew, K. W.; Chen, W. H.; Chang J. S.; Show, P. L. Reuniting the Biogeochemistry of 479 

Algae for a Low-Carbon Circular Bioeconomy. Trends Plant Sci. 2021, 26, 729–740. DOI: 480 

10.1016/j.tplants.2020.12.010. 481 

(8) Kato, Y.; Inabe, K.; Hidese, R.; Kondo A.; Hasunuma, T. Metabolomics-based engineering for biofuel 482 

and bio-based chemical production in microalgae and cyanobacteria: A review. Bioresour. Technol., 483 

2022, 344, 126196. DOI: 10.1016/j.biortech.2021.126196.  484 

(9) Wijffels, R. H.; Kruse O.; Hellingwerf, K. J. Potential of industrial biotechnology with cyanobacteria 485 

and eukaryotic microalgae. Curr. Opin. Biotechnol. 2013, 24, 405–413. DOI: 486 



 22 

10.1016/j.copbio.2013.04.004. 487 

(10) Osanai, T.; Shirai, T.; Iijima, H.; Nakaya, Y.; Okamoto, M.; Kondo A.; Hirai, M.Y. Genetic manipulation 488 

of a metabolic enzyme and a transcriptional regulator increasing succinate excretion from unicellular 489 

cyanobacterium. Front Microbiol. 2015, 6, 1064. DOI: 10.3389/fmicb.2015.01064. 490 

(11) Stal L. J.; Moezalaar, R. Fermentation in cyanobacteria, FEMS Microbiol. Rev. 1997, 21, 179–211. 491 

DOI: 10.1016/S0168-6445(97)00056-9 492 

(12) Carroll, A. L.; Case, A.E.; Zhang A.; Atsumi, S. Metabolic engineering tools in model cyanobacteria, 493 

Metab. Eng. 2018, 50, 47–56. doi: 10.1016/j.ymben.2018.03.014. 494 

(13) Angermayr, S. A.; Gorchs Rovira A.; Hellingwerf, K. J. Metabolic engineering of cyanobacteria for the 495 

synthesis of commodity products. Trends Biotechnol. 2015, 33, 352–361. DOI: 496 

10.1016/j.tibtech.2015.03.009. 497 

(14) Knoot, C. J.; Ungerer, J.; Wangikar P. P.; Pakrasi, H. B. Cyanobacteria: Promising biocatalysts for 498 

sustainable chemical production. J. Biol. Chem. 2018, 293, 5044–5052. DOI: 10.1074/jbc.R117.815886. 499 

(15) Lai M. C.; Lan, E. I. Advances in metabolic engineering of cyanobacteria for photosynthetic 500 

biochemical production. Metabolites 2015, 5, 636–658. DOI: 10.3390/metabo5040636. 501 

(16) Lan E. I.; Wei, C. T. Metabolic engineering of cyanobacteria for the photosynthetic production of 502 

succinate. Metab. Eng. 2016, 38, 483–493. DOI: 10.1016/j.ymben.2016.10.014. 503 

(17) Liebal, U. W.; Blank L. M.; Ebert, B. E. CO2 to succinic acid – estimating the potential of biocatalytic 504 

routes. Metab. Eng. Commun. 2018, 7, e00075. DOI: 10.1016/j.mec.2018.e00075. 505 

(18) Mock, M.; Schmid A.; Bühler, K. Photoautotrophic production of succinate via the oxidative branch of 506 

the tricarboxylic acid cycle influences glycogen accumulation in Synechocystis sp. PCC 6803. Algal 507 

Res. 2019, 43, 101645, DOI: 10.1016/j.algal.2019.101645. 508 

(19) Hasunuma, T.; Matsuda M.; Kondo, A. Improved sugar-free succinate production by Synechocystis sp. 509 

PCC 6803 following identification of the limiting steps in glycogen catabolism. Metab. Eng. Commun. 510 

2016, 3, 130–141. DOI: 10.1016/j.meteno.2016.04.003. 511 

(20) Hidese, R.; Matsuda, M.; Osanai, T.; Hasunuma T.; Kondo, A. Malic enzyme facilitates d-lactate 512 

production through increased pyruvate supply during anoxic dark fermentation in Synechocystis sp. 513 

PCC 6803. ACS Synth. Biol. 2020, 9, 260–268. doi: 10.1021/acssynbio.9b00281. 514 

(21) Katayama, N.; Takeya M.; Osanai, T. Biochemical characterisation of fumarase C from a unicellular 515 



 23 

cyanobacterium demonstrating its substrate affinity, altered by an amino acid substitution. Sci. Rep. 516 

2019, 9, 10629. DOI: 10.1038/s41598-019-47025-7. 517 

(22) Takeya, M.; Iijima, H.; Sukigara H.; Osanai, T. Cluster-level relationships of genes involved in carbon 518 

metabolism in Synechocystis sp. PCC 6803: development of a novel succinate-producing strain. Plant 519 

Cell Physiol. 2018, 59, 72–81. DOI: 10.1093/pcp/pcx162. 520 

(23) Takeya, M.; Ito, S.; Sukigara H.; Osanai, T. Purification and characterisation of malate dehydrogenase 521 

from Synechocystis sp. PCC 6803: biochemical barrier of the oxidative tricarboxylic acid cycle. Front. 522 

Plant Sci. 2018, 9, 947. DOI: 10.3389/ fpls.2018.00947. 523 

(24) Iijima, H.; Watanabe, A.; Sukigara, H.; Iwazumi, K.; Shirai, T.; Kondo A.; Osanai, T. Four-carbon 524 

dicarboxylic acid production through the reductive branch of the open cyanobacterial tricarboxylic acid 525 

cycle in Synechocystis sp. PCC 6803. Metab. Eng. 2022, 65, 88–98. DOI: 10.1016/j.ymben.2021.03.007.  526 

(25) Hasunuma, T.; Matsuda, M.; Kato, Y.; Vavricka C.J.; Kondo, A. Temperature enhanced succinate 527 

production concurrent with increased central metabolism turnover in the cyanobacterium Synechocystis 528 

sp. PCC 6803. Metab. Eng. 2018, 48, 109–120. DOI: 10.1016/j.ymben.2018.05.013.  529 

(26) Kim, P.; Laivenieks, M.; Vieille C.; Zeikus, J.G. Effect of overexpression of Actinobacillus 530 

succinogenes phosphoenolpyruvate carboxykinase on succinate production in Escherichia coli. Appl. 531 

Environ. Microbiol. 2004, 70, 1238–1241. DOI: 10.1128/AEM.70.2.1238-1241.2004. 532 

(27) Laivenieks, M.; Vieille C.; Zeikus, J.G. Cloning, sequencing, and overexpression of the 533 

Anaerobiospirillum succiniciproducens phosphoenolpyruvate carboxykinase (pckA) gene. Appl. 534 

Environ. Microbiol. 1997, 63, 2273–2280. DOI: 10.1128/aem.63.6.2273-2280. 535 

(28) Van der Werf, M. J.; Guettler, M. V.; Jain M. K.; Zeikus, J. G. Environmental and physiological factors 536 

affecting the succinate product ratio during carbohydrate fermentation by Actinobacillus sp. 130Z. Arch. 537 

Microbiol. 1997, 167, 332–342. DOI: 10.1007/s002030050452. 538 

(29) Singh, A.; Cher Soh, K.; Hatzimanikatis V.; Gill, R.T. Manipulating redox and ATP balancing for 539 

improved production of succinate in E. coli. Metab. Eng. 2011, 13, 76–81. DOI: 540 

10.1016/j.ymben.2010.10.006.  541 

(30) Xi, Y. L.; Chen, K. Q.; Dai, W. Y.; Ma, J. F.; Zhang, M.; Jiang, M.; Wei P.; Ouyang, P. K. Succinic acid 542 

production by Actinobacillus succinogenes NJ113 using corn steep liquor powder as nitrogen source. 543 

Bioresour. Technol. 2013, 136, 775−779. DOI: 10.1016/j.biortech.2013.03.107.  544 



 24 

(31) McCarty, N. S.; Ledesma-Amaro, R. Synthetic Biology Tools to Engineer Microbial Communities for 545 

Biotechnology. Trends Biotechnol. 2019, 37, 181−197. doi: 10.1016/j.tibtech.2018.11.002. 546 

(32) Six, S.; Andrews, S. C.; Unden G.; Guest, J. R. Escherichia coli possesses two homologous anaerobic 547 

C4-dicarboxylate membrane transporters (DcuA and DcuB) distinct from the aerobic dicarboxylate 548 

transport system (Dct). J. Bacteriol. 1994, 176, 6470–6478. DOI: 10.1128/jb.176.21.6470-6478.  549 

(33) Huang H. H.; Lindblad, P. Wide-dynamic-range promoters engineered for cyanobacteria. J. Biol. Eng. 550 

2013, 7, 10. DOI: 10.1186/1754-1611-7-10. 551 

(34) McNeely, K.; Xu, Y.; Bennette, N.; Bryant D.A.; Dismukes, G.C. Redirecting reductant flux into 552 

hydrogen production via metabolic engineering of fermentative carbon metabolism in a 553 

Cyanobacterium. Appl. Environ. Microbiol. 2010, 76, 5032–5038. DOI: 10.1128/AEM.00862-10. 554 

(35) Wan, N.; DeLorenzo, D. M.; He, L.; You, L.; Immethun, C. M.; Wang, G.; Baidoo, E. E. K.; Hollinshead, 555 

W.; Keasling, J. D.; Moon T. S.; et al. Cyanobacterial carbon metabolism: Fluxome plasticity and 556 

oxygen dependence. Biotechnol. Bioeng. 2017, 114, 1593−1602. DOI: 10.1002/bit.26287. 557 

(36) Knowles, V. L.; Smith, C. S.; Smith C. R.; Plaxton, W. C. Structural and regulatory properties of 558 

pyruvate kinase from the Cyanobacterium Synechococcus PCC 6301. J. Biol. Chem. 2001, 276, 20966–559 

20972. doi: 10.1074/jbc.M008878200. 560 

(37) Chuang D. S.; Liao, J. C. Role of cyanobacterial phosphoketolase in energy regulation and glucose 561 

secretion under dark anaerobic and osmotic stress conditions. Metab. Eng. 2021, 65, 255–262. DOI: 562 

10.1016/j.ymben.2020.12.004. 563 

(38) Ito, S.; Takeya M.; Osanai, T. Substrate specificity and allosteric regulation of a D-lactate 564 

dehydrogenase from a unicellular cyanobacterium are altered by an amino acid substitution. Sci. Rep. 565 

2017, 7, 15052. DOI: 10.1038/s41598-017-15341-5. 566 

(39) Ueda, S.; Kawamura, Y.; Iijima, H.; Nakajima, M.; Shirai, T.; Okamoto, M.; Kondo, A.; Hirai M. Y.; 567 

Osanai, T. Anionic metabolite biosynthesis enhanced by potassium under dark, anaerobic conditions in 568 

cyanobacteria. Sci. Rep. 2016, 6, 32354. DOI: 10.1038/srep32354. 569 

(40) Khan, I.; Nazir, K.; Wang, Z. P.; Liu G. L.; Chi, Z. M. Calcium malate overproduction by Penicillium 570 

viticola 152 using the medium containing corn steep liquor. Appl. Microbiol. Biotechnol. 2014, 98, 571 

1539–1546. DOI: 10.1007/s00253-013-5326-7. 572 

(41) Kim, O.B.; Lux S.; Unden, G. Anaerobic growth of Escherichia coli on D-tartrate depends on the 573 



 25 

fumarate carrier DcuB and fumarase, rather than the L-tartrate carrier TtdT and L-tartrate dehydratase. 574 

Arch. Microbiol. 2007, 188, 583–589. doi: 10.1007/s00203-007-0279-9.  575 

(42) Rhie, M. N.; Cho, Y. B.; Lee Y. J.; Kim, O. B. High-affinity L-malate transporter DcuE of Actinobacillus 576 

succinogenes catalyses reversible exchange of C4-dicarboxylates, Environ. Microbiol. Rep. 2019, 11, 577 

129–139. DOI: 10.1111/1758-2229.12719. 578 

(43) Chiang, Y. Y.; Nagarajan, D.; Lo, Y. C.; Chen, C. Y.; Ng, I. S.; Chang, C. H.; Lee, D. J.; Chang, J. S. 579 

Succinic acid fermentation with immobilized Actinobacillus succinogenes using hydrolysate of 580 

carbohydrate-rich microalgal biomass. Bioresour. Technol. 2021, 342, 126014. DOI: 581 

10.1016/j.biortech.2021.126014.  582 

(44) Williams, J. G. K. Construction of specific mutations in photosystem II photosynthetic reaction center 583 

by genetic engineering methods in Synechocystis 6803. Methods Enzymol. 1988, 167, 766−778. DOI: 584 

10.1016/0076-6879(88)67088-1. 585 

(45) Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein 586 

utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. DOI: 587 

10.1006/abio.1976.9999. 588 

 589 


