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Abstract 

D-Lactate is one of the most valuable compounds for manufacturing bio-based polymers. 

Here, we have investigated the significance of endogenous malate dehydrogenase (decarboxylating) 

(Malic enzyme, ME), which catalyzes the oxidative decarboxylation of malate to pyruvate, in D-

lactate biosynthesis in the cyanobacterium Synechocystis sp. PCC6803. D-Lactate levels were 

increased by two-fold in ME-overexpressing strains, while levels in ME-deficient strains were 

almost equivalent to those in the host strain. Dynamic metabolomics revealed that overexpression of 

ME led to increased turnover rates in malate and pyruvate metabolism; in contrast, deletion of ME 

resulted in increased pool sizes of glycolytic intermediates, probably due to sequential feedback 

inhibition, initially triggered by malate accumulation. Finally, both the loss of the acetate kinase 

gene and overexpression of endogenous D-lactate dehydrogenase, concurrent with ME 

overexpression, resulted in the highest production of D-lactate (26.6 g/L) with an initial cell 

concentration of 75 g-DCW/L after 72 h fermentation. 
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Bio-based polymers, defined as polymers produced from renewable biological resources, 

play a key role in building a sustainable bioeconomy. Poly(lactic acid) (PLA), which is one of the 

major bio-based polymers composed of lactate, is widely used as a biodegradable polyester1,2. 

Stereocomplex PLA is formed by blending enantiomeric PLAs, poly(L-lactide) and poly(D-lactide), 

and prominently exhibits enhanced mechanical properties as well as heat and hydrolysis resistance3,4. 

The large-scale industrial production of optically pure L-lactate has been accomplished by 

fermentation using Lactobacillus and Bacillus strains5,6. On the other hand, biorefineries demand the 

availability of optically pure D-lactate, an issue that remains to be resolved.  

Algae-based biorefinement is a promising technology that is expected to contribute to a 

sustainable low-carbon future7-11. Cyanobacteria are photosynthetic organisms capable of generating 

organic compounds from carbon dioxide through oxygenic photosynthesis, and have attracted 

considerable attention as a host organism for the production of valuable chemicals and biofuels 

including alcohols, diols, hydrocarbons, and organic acids9,10,12-15. In particular, Synechocystis sp. 

PCC 6803 (hereafter Synechocystis 6803) is a unicellular and non-nitrogen fixing cyanobacterium, 

which is well-characterized in terms of physiology, biochemistry, and genetics. Furthermore, 

advances in genetic engineering of Synechocystis 6803 have enabled successful improvement of 

photosynthetic activity and metabolic engineering toward the production of a variety of chemicals.  

Synechocystis 6803 accumulates the storage polysaccharide glycogen from carbon dioxide 

during oxygenic photosynthesis, and then catabolizes the stored carbohydrate molecule via 

autofermentation under dark anoxic conditions16. In such conditions, Synechocystis 6803 excretes 

hydrogen, carbon dioxide, and a variety of organic acids including acetate, formate, succinate, and 

D-lactate16-18. Our previous dynamic metabolomics combined in vivo 13C labeling of metabolites and 

metabolomics, thereby allowing kinetic visualization of carbon metabolism and identification of the 

limiting steps in central metabolic pathways19. This enabled the identification of the primary 

biosynthetic pathway of succinate from glycogen via glycolysis, the pentose phosphate pathway, the 

anaplerotic pathway, and the reductive TCA cycle, called the reductive branch of the TCA cycle20. 

This study also reported the increased intracellular levels of malate, fumarate, and succinate, 

suggesting that utilization of carbon flux in the reductive TCA cycle would be a key factor toward D-

lactate production (Fig. 1). D-Lactate is biosynthesized from pyruvate by D-lactate dehydrogenase 

(slr1556, SyDdh) using NADH and NADPH as cofactors under fermentation21. Malate 

dehydrogenase (decarboxylating) (Malic enzyme, ME) [EC: 1.1.1.39], catalyzes the oxidative 

decarboxylation of malate to pyruvate using NADP+ as a specific cofactor22; however, the roles of 

ME in central metabolism under autofermentation remain unknown. 

In the present study, we analyzed the D-lactate production of Synechocystis 6803, ME-deficient 

(∆ME strain) and ME-overexpressing strains (ME-ox strain) and compared metabolite pool sizes and 

fluxes of glycolysis and the reductive TCA cycle among the strains to determine the reaction 
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limiting the conversion of storage glycogen to D-lactate biosynthesis. Furthermore, the highest 

production of D-lactate was achieved by both overexpression of SyDdh and disruption of the ackA 

(sll1299) gene, which encodes the acetate kinase responsible for acetate production, in combination 

with ME overexpression. 

 

Results 

Effect of malate dehydrogenase (decarboxylating) overexpression on organic acid production 

The glucose-tolerant (GT) strain Synechocystis sp. PCC680323, which is adapted to utilize 

glucose as a carbon source, was used as the host strain. To overexpress the endogenous ME gene 

under the control of the constitutive promoter trc, the gene was introduced by homologous 

recombination into a neutral site, slr0168, of the Synechocystis 6803 genome (Supplementary Fig. 

S1 in the Supporting Information ). A control strain (CT) was constructed by the integration of the 

kanamycin resistant gene tandemly arranged with the trc promoter region into the slr0618 loci. The 

me gene was disrupted by integrating the kanamycin resistant gene tandemly arranged with the 

psbA2 promoter region into the slr0721 loci (Supplementary Fig. S1). 

The recombinant Synechocystis 6803 strains were cultivated for 3 days under photoautotrophic 

conditions at 30 °C, and fermentation at initial cell concentration of 5 g-DCW/L was then carried out 

to initiate organic acid secretion under dark anoxic conditions for 96 hours at 37 °C (Fig. 2). The 

extracellular organic acids were analyzed by HPLC. The concentration of D-lactate in the ME-ox 

strain (364.4 mg/L) was two-fold higher than that of the CT strain (181.4 mg/L), while the 

concentration in the ∆ME strain (154.6 mg/L) was quantitatively decreased compared to that of the 

CT strain. The initial glycogen contents before fermentation were comparable among those strains 

(approximately 40%). The glycogen content of the ME-ox strain (15.5%) was quantitatively lower 

than that of the CT strain (17.0%); however, the ∆ME strain exhibited substantially lower glycogen 

content (4.2%) compared to that of CT strain. Next, the production of acetate and succinate was 

analyzed because these metabolites are produced and secreted concomitantly with intracellular 

glycogen consumption during autofermentation. Overexpression of ME resulted in a < 1.2-fold 

decrease in acetate and succinate levels. In contrast, disruption of the me gene substantially increased 

the acetate concentration (2116.1 mg/L) compared to that of the CT strain (1650.8 mg/L). Under 

dark anoxic conditions, succinate is biosynthesized through the reductive TCA cycle. Succinate 

concentrations of both the ME-ox (176.6 mg/L) and ∆ME strains (167.7 mg/L) were lower than that 

of the CT strain (205.9 mg/L). 

 

Metabolome and 13C-metabolic turnover analyses 

Intracellular metabolites were extracted from the recombinant Synechocystis 6803 cells after 3, 6, 

24, 48, 72, and 96 h fermentation. The pool sizes of hexose phosphates (glucose-6-phosphate, G6P; 
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fructose-6-phosphate, F6P; fructose-1,6-bisphosphate, FBP), triose phosphates (3-phosphoglycerate, 

3PGA; phosphoenolpyruvate, PEP), organic acids (pyruvate, lactate, malate, fumarate, succinate, 

and citrate), and acetyl-CoA were obtained by calculating their respective peak areas from capillary 

electrophoresis-mass spectrometry (CE-MS) analysis (Fig. 3). The pool sizes of G6P, F6P, and FBP 

in the ∆ME cells were significantly higher than those in the CT and ME-ox cells during 0-48 h 

fermentation. The ∆ME cells accumulated large amounts of 3PGA (5.7 µmol/g-DCW), PEP (1.9 

µmol/g-DCW), malate (13.0 µmol/g-DCW), fumarate (2.8 µmol/g-DCW), and succinate (8.2 

µmol/g-DCW) during the first 6 h fermentation compared to those in the ME-ox and CT cells. In 

addition, malate and fumarate in the ME-ox and CT cells peaked at 24 h fermentation. The peak 

increase in the pool size of citrate (6.1 µmol/g-DCW) observed in the ME-ox cells occurred after 24 

h fermentation; whereas the peak pool sizes in the ∆ME and CT cells were 3.2- and 2.8-µmol/g-

DCW, observed during the first 3 and 6 h fermentation, respectively. Accumulation of pyruvate was 

observed in the ∆ME cells after 96 h fermentation, with the pool size peaking at 0.1 µmol/g-DCW; 

however, the pools size of acetyl-CoA was significantly lower than those of the ME-ox and CT cells. 

The pool sizes of PEP, malate, fumarate, and succinate in the ME-ox strain were quantitatively 

(0.75-, 0.47-, 0.49-, and 0.76-fold, respectively) lower than those in the CT strain after 6 h 

fermentation. Low FBP abundance in the ME-ox cells was observed during fermentation compared 

to CT cells. On the other hand, intracellular lactate levels were comparable among the CT, ME-ox 

and ∆ME strains. Oxaloacetate was not detected with the present mass spectrometry due to its low 

abundance. 

Next, 13C-labeling was performed to visualize the turnover of metabolic intermediates in the 

recombinant Synechocystis 6803 strains. 13C was incorporated into organic acids in the 

cyanobacteria cells through the carboxylase family of enzymes, such as PEP carboxylase, following 

the addition of NaH13CO3 as a substrate to cells inoculated into 0.1 M Hepes-KOH, pH 7.8 (Fig. 4). 

The 13C fraction, defined as the ratio of 13C to the total carbon of each metabolite, was calculated 

from the mass isotopomer distributions. As a result, the 13C fractions of PEP and lactate were 

observed to gradually increase during 48 h cultivation of the CT, ME-ox, and ∆ME strains. The 13C 

fraction of citrate reached about 20% within 1 h of labeling. The 13C fractions of malate, fumarate, 

and succinate reached a maximum within 4-6 h of labeling in the ME-ox strain, with the 13C 

fractions of malate and fumarate being higher than in the CT strain during cultivation. In contrast, 

levels in the ∆ME strain were significantly lower than in the CT strain during 0-6 h cultivation. Also, 

the ME-ox strain showed high 13C enrichment of succinate compared to the CT and ∆ME strains 

during 0-4 h cultivation, even though the maximum 13C fractions were comparable among the three 

strains. The 13C incorporation of malate, fumarate, and lactate in the ME-ox cells, with a maximum 

of about 33%, 33%, and 15%, respectively, was significantly higher than those in the CT and ∆ME 

cells. On the other hand, the 13C fraction of PEP in the ME-ox cells reached a maximum of 8% after 
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48 h of labeling, and was lower than in the other strains. The 13C-enrichment pattern of citrate was 

comparable among the three strains. The 13C fractions of pyruvate and acetyl-CoA were too low to 

calculate. These data clearly indicated that D-lactate is biosynthesized via the anaplerotic pathway 

involving phosphoenolpyruvate carboxylase, ME and D-lactate dehydrogenase.  

 

Enhancement of D-lactate production by disruption of ackA and overexpression of ddh 

As shown in Fig. 1, the acetate concentration was more than 1500 mg/L even in the ME-ox 

strain, whose lactate production was about 364 mg/L. Given the D-lactate production is often 

inversely proportional to the acetate production, we carried out the deletion of endogenous ackA 

(sll1299) encoding acetate kinase and overexpression of endogenous ddh (slr1556) encoding D-

lactate dehydrogenase, under the control of a strong constitutive promoter (psbA2), in the host strain 

ME-ox (Supplementary Fig. S1). The ackA gene in the ME-ox strain was disrupted by introducing a 

cassette including the chloramphenicol resistance gene to yield the strain ME-ox/∆ackA. The 

recombinant strain ME-ox/∆ackA/ddh-ox was constructed by integrating a cassette containing the 

ddh gene under the psbA2 promoter into the loci of the ackA gene in the ME-ox strain. Complete 

segregation was confirmed by genomic PCR (Supplementary Fig. S1).  

ME-ox/∆ackA/ddh-ox and ME-ox/∆ackA were cultivated for 3 days under photoautotrophic 

conditions, and fermentation was performed at 37 °C for 24 h in 0.1 M Hepes-KOH (pH 7.8) 

containing 300 mM NaHCO3. The D-lactate dehydrogenase activity of the ME-ox/∆ackA/ddh-ox 

cells (294.1 ± 10.7 U/g-protein) was about 18-fold higher than that of the ME-ox/∆ackA cells (16.4 

± 2.5 U/g-protein) (P < 0.01, student's t-test). Next, we profiled time-course changes in organic acid 

production of the recombinant strains. As expected, the deletion of ackA resulted in a significant 

decrease in acetate concentration and an increase in D-lactate concentration (Fig. 5), since pyruvate 

is a precursor for both D-lactate and acetate biosynthesis. Moreover, overexpression of the ddh gene 

contributed to the increased production of D-lactate. In contrast, the succinate concentrations were 

similar between strains.  

Finally, we investigated the effect of initial cell concentration of the ME-ox/∆ackA/ddh-ox 

strain on the production of organic acids. The recombinant cells were cultivated for 3 days under 

photoautotrophic conditions and harvested at the logarithmic phase (approximately 1.5 g-DCW/L). 

The harvested cells were inoculated to 10 mL of 0.1 M Hepes-KOH (pH 7.8) at each initial cell 

concentration  (5, 12.5, 25, 50, and 75 g-DCW/L).  Production of D-lactate, acetate, and succinate 

was estimated following fermentation with 300 mM NaHCO3 at different initial concentrations. 

Addition of 300 mM NaHCO3 promotes intracellular glycogen metabolism in fermentation20. The D-

lactate and acetate concentrations after 72 h fermentation were increased in an initial cell 

concentration-dependent manner (Fig. 6). The D-lactate concentration (1.35 g/L) was found after 3 

days fermentation at 5 g-DCW/L condition (0.270 g D-lactate/g-DCW). On the other hand, the 
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specific D-lactate yield peaked at 25 g-DCW/L condition (0.386 g D-lactate /g-DCW) (Fig. 6). The 

highest production (26.6 g/L) of D-lactate was achieved at 75 g-DCW/L condition and the initial 

glucose concentration (29.6 g/L) before fermentation decreased to 1.4 g/L of that after 72 h 

fermentation. The volumetric D-lactate yield was 94.3% (g D-lactate/g glucose). In contrast, the 

specific acetate yield peaked at 75 g-DCW/L condition. The succinate levels were comparable 

among the 25, 50, and 75 g-DCW/L (about 0.4 g/L) conditions, but the specific succinate yield 

decreased with increasing the initial cell density from 25 g-DCW/L to 75 g-DCW/L.  

 

Discussion 

In the present study, we analyzed the metabolic pool sizes and 13C-metabolic turnover of ∆ME 

and ME-ox strains cultivated under dark anoxic conditions, revealing differences in the dynamic 

metabolomics of glycolysis and pyruvate metabolism in response to the absence or overexpression 

of ME. The present study clarifies novel aspects of the physiological functions of ME. Previous 13C-

metabolic flux analysis using [13C-U] glucose revealed that ME is responsible for the substantial 

outflow toward pyruvate biosynthesis in photomixotrophic, photoautotrophic, and dark heterotrophic 

conditions24,25. It is well known that the Synechocystis 6803 mutant, which carries a transposon 

insertional mutation in the me gene, grows well under photomixotrophic cultivation on glucose or 

diurnal light conditions (12 h light and 12 h dark), while showing poor photoautotrophic growth22. In 

addition, disruption of the me gene led to a severe growth defect under dark heterotrophic 

conditions26. The growth defect under photoautotrophic conditions, but not dark heterotrophic 

conditions, is restored by the addition of pyruvate22,26; that is, ME bypasses and compensates the 

pyruvate production by pyruvate kinase, which catalyzes the conversion of PEP to pyruvate, under 

continuous illumination conditions.  

Intracellular glycogen consumption during autofermentation concomitantly occurs secretion of 

various organic acids including acetate, D-lactate, succinate, 2-ketoglutarate, malate, and fumarate20. 

In Fig. 1, the acetate concentration was increased in the ∆ME strain, whose glycogen content is 

lower than that of the CT strain after 96 h fermentation. Low acetyl-CoA pool size would be due to 

high acetate production in ∆ME strain (Fig. 3). The increased pool sizes of glycolytic intermediates 

(G6P, F6P, FBP, 3PGA, and PEP) in the ∆ME cells is suggested to be caused by the accumulation of 

malate. Moreover, the increased pool size of pyruvate after 96 h fermentation would be attributed to 

the retardation of glycolysis (Fig. 3), probably reflecting the decreased pool sizes of G6P, F6P, and 

FBP at 96 h. The 13C-labeled sodium bicarbonate is mostly incorporated into malate via oxaloacetate 

by the catalysis of PEP carboxylase20, meanwhile, small 13CO2 fixation by ribulose 1,5-bisphosphate 

carboxylase/oxygenase contributes to the 13C-labeling of PEP via pentose phosphate pathway under 

dark anoxic condition26. The amount of 13C-labeled PEP in ME-ox strain was significantly higher 

than that in CT strain at the early of fermentation (0 hr) (Fig. 4), implying high turnover of PEP in 
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ME-ox strain. We expect that accumulation of PEP in ∆ME strain caused the slight increase of 13C 

enrichment after 48h fermentation. Furthermore, it was recently reported that the citrate synthase of 

Synechocystis 6803 is unique, in that the inhibitors are not only citrate and 2-oxoglutarate but also 

PEP; however, NADH and ATP, which are typical inhibitors of bacterial citrate synthase, are not27. 

Overall, the carbon flux from glycogen is distributed to acetate production much more than the 

influx into the oxidative TCA cycle, probably due to sequential feedback inhibition initially caused 

by malate accumulation; that is, the increased amount of malate in ∆ME strain resulted in the 

accumulation of PEP through the allosteric inhibition of pyruvate kinase activity28, leading to non-

competitive inhibition of citrate synthase activity. Low acetyl-CoA pool size would contribute to 

enhance the activity of pyruvate dehydrogenase complex, which catalyzes the irreversible 

conversion of pyruvate into acetyl-CoA29. Also, this metabolic feature, which is associated with ME-

deletion, might be attributed to the growth defect under dark anoxic conditions.  

Conversely, overexpression of ME contributed to D-lactate production through the pyruvate 

supply, based on our dynamic metabolomics. The overexpression promoted the 13C-metabolic 

turnover of malate, fumarate, and succinate (Fig. 4), resulting in their small metabolic pool sizes 

after 6 h fermentation (Fig. 3) compared to those in CT strain. In contrast, the loss of ME caused the 

retardation of the reductive TCA pathway, as revealed by the dynamic metabolomics. Results of the 

metabolomics indicated that in addition to D-lactate production, citrate would be synthesized through 

the over-supply of pyruvate. Furthermore, the low abundance of malate would promote 13C-

metabolic turnover of PEP at the early of fermentation, leading to increased glycolytic flux into 

pyruvate. 

Several studies have described the microbial production of D-lactate via engineering of the 

metabolic pathway in various heterotrophic organisms. These include Bacillus species30-33, E. coli 

with the highest reported heterotrophic D-lactate concentration34, Saccharomyces cerevisiae35, in 

addition to the genetically modified bacteria Sporolactobacillus inulins36 and Lactobacillus 

species37,38. In photoautotrophic organisms, pathway engineering approaches have focused on the 

enhancement of D-lactate production in Synechocystis 6803 and Synechococcus elongatus PCC7942: 

1. Overexpression of either of the genes responsible for D-lactate, such as the mutated Bacillus 

coagulans glycerol dehydrogenase (Mutated GlyDH)39,40 or an engineered NADPH-dependent D-

lactate dehydrogenase (LmLdhD) from Leuconostoc mesenteroides41; 2. Pathway knockout of 

acetyl-CoA metabolism through the disruption of genes for native poly-3-hydroxybutyrate 

biosynthesis (phaCE, slr1829 and slr1830) and acetate biosynthetic pathways (pta, slr0213) in 

Synechocystis 680342; 3. A new metabolic route from a glycolytic intermediate dihydroxyacetone 

phosphate to D-lactate via s-lactoylglutathione was conferred by introduction of exogenous 

methylglyoxal synthase gene (mgsA) and lactate/H+ symporter (lldP), acting in concert with intrinsic 

GloAB enzymes in S. elongatus PCC794243. However, the D-lactate concentrations of these 
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engineered cyanobacteria strains remain around 1 g/L (Table 1). The low productivity on 

photoautotrophic bioproduction is mainly attributed to low carbon flux to the TCA cycle and acetyl-

CoA. Dark fermentation or nitrogen deprivation drives sufficient carbon flux to pyruvate and/or 

acetyl-CoA, however, nitrogen deprivation can result in decreased cell growth, thereby reducing 

overall product yields15. 

We previously reported that a high D-lactate concentration (10.7 g/L) was accomplished by 

autofermentation with an initial cell concentration of 50 g-DCW/L at 37 °C in recombinant 

Synechocystis 6803, which overexpresses the endogenous PEP carboxylase gene (ppc, sll0920) and 

lacks the ackA gene44. Thus, we have successfully demonstrated that fermentation has the advantage 

that it shorten cultivation time when compared to photoautotrophic condition, resulting in the 

increased D-lactate productivity. Considering succinate is biosynthesized through the reductive TCA 

cycle, engineering malate metabolism could facilitate D-lactate production. Our dynamic 

metabolomics presented here indicated that overexpression of ME is important for not only pyruvate 

supply, but also promoting glycolysis. These findings enabled further metabolic design toward D-

lactate bioproduction. We successfully demonstrated that the combination of ackA gene disruption 

and ddh gene overexpression, based on the overexpression of ME, is effective to enhance D-lactate 

concentrations. We observed that the specific acetate yield peaked at 75 g-DCW/L condition, but the 

specific succinate yield was low at the high cell density. This might be explained by sensitivity for 

potassium ion on cell, since high concentration of potassium ion massively enhances level of 

succinate under dark anaerobic condition, probably in order to balance its ionic charge; on the other 

hand, the addition of potassium ion reduces acetate level45. The concentration of potassium ion 

would be a key determinant for secretion of various organic acids during autofermentation. 

Importantly, the D-lactate was biosynthesized through photosynthesized glycogen metabolism. 

Optimization of initial cell concentration for autofermentation led to the highest reported D-lactate 

concentration of a photoautotrophic organism. In addition, the increased production of D-lactate 

(26.6 g/L) at high cell density (75 g-DCW/L) facilitates processes for recovering the product in high-

yield. The present data could serve as a platform for metabolic engineering, leading to the large-

scale production of D-lactate, thereby fulfilling the demand of the biorefinery sector. 

 

Materials and Methods 

Strains and culture conditions 

Recombinant Synechocystis sp. PCC 6803 strains were inoculated to modified-BG11 medium 

containing 5 mM ammonium chloride and 50 mM Hepes-KOH, pH 7.8, in the presence or absence 

of 50 µg/mL kanamycin and/or 34 µg/mL chloramphenicol20. The cultivation proceeded at 30 °C 

under continuous light irradiation of 105~115 µmol/m2/s photons and 1% (v/v) CO2. Cell density 

was measured by optical density at 750 nm (OD750). Dry cell weight (DCW) was measured after 
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harvesting of cells by filtration, followed by washing with 20 mM NH4HCO3, and lyophilization. All 

chemicals used were of analytical grade. 

 

Construction of recombinant strains 

The endogenous me (slr0721) gene was amplified from Synechocystis 6803 genomic DNA 

by PCR using the primer pair Slr0721-Fw and Slr0721-Rv. The primer sequences are listed in 

supplementary Table S1 in the Supporting Information. The amplified fragment was cloned into the 

NdeI/SalI sites of the plasmid pSKtrc-slr016820, yielding pSKtrc-slr0168-12-slr0721. To construct a 

disruption vector for the me (slr0721) gene, a partial fragment of me was amplified from 

Synechocystis 6803 genomic DNA by PCR using the primer pair Slr0721Del-Fw and Slr0721Del-Rv 

and the resultant fragment was cloned into the Sph/SmaI sites of pUC119 (Takara Bio Inc., Shiga, 

Japan), yielding the plasmid pUC-Reg24. A kanamycin resistance gene cassette was amplified from 

the plasmid pTKP2031V46 using the primer pair Kan-Fw and Kan-Rv and the amplified fragment 

was integrated into the MscI site of pUC-Reg24 to yield pTKP0721. The D-lactate dehydrogenase 

gene (ddh, slr1556) was amplified from Synechocystis 6803 genomic DNA by PCR using the 

specific primer set Slr1556-Fw and Slr1556-Rv. The DNA fragment was integrated into the 

NdeI/BglII sites of pTCP1299-6803SigE46 to yield the plasmid pTCP1299-slr1556. The principles 

underlying specific gene integration or disruption in Synechocystis sp. PCC6803 have been 

described previously46. The plasmids pSKtrc-slr0168-12-slr0721 and pSKtrc-slr0168 were used for 

gene integration in the host strain, Synechocystis sp. PCC6803 GT strain, to yield strains ME-ox and 

CT, respectively. The integration of each gene cassette was confirmed by PCR using the primer set 

Slr0168-Fw and Slr0168-Rv. The GT strain was transformed by pTKP0721 to disrupt the me gene 

through homologous recombination. The disruption of the me gene was analyzed by PCR using the 

primer set Slr0721-Fw2 and Slr0721Del-Rv. The ME-ox strain was transformed with the plasmid 

pTCP129946 to disrupt the ackA gene through homologous recombination. The resultant strain ME-

ox/∆ackA was transformed with pTCP1299-slr1556 to integrate the ddh gene in the ackA gene loci, 

resulting in the strain ME-ox/∆ackA/ddh-ox (ME-ox, ∆ackA::ddh). The integration of gene 

fragments into the ackA gene loci was confirmed by PCR using the primer set Sll1299-Fw and 

Sll1299-Rv. 

 

Organic acid production by fermentation 

The recombinant Synechocystis sp. PCC 6803 strains were cultivated for 3 days at 30 °C under 

photoautotrophic conditions at an initial cell concentration of 0.1 g-DCW/L. The cultured cells were 

inoculated to 10 mL of 0.1 M Hepes-KOH (pH 7.8) containing 100 or 300 mM NaHCO3 at initial 

cell concentrations of 5-7.5 g-DCW/L. Fermentation was conducted at 37 °C for 4 days under dark 

anoxic conditions (wrapped in foil and 100% N2 bubbling). The accumulation of extracellular 
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organic acids during fermentation was quantified using a high-performance liquid chromatography 

(HPLC) system equipped with an Aminex HPX-87H column and an RID-10A refractive index 

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

The glycogen concentration was determined by measuring the glucose released from glycogen by 

enzymatic hydrolysis as described previously20. The volumetric yield was calculated ratio of D-

lactate amount to that of glucose consumed. 

 

Analysis of intracellular metabolites 

A 5 mg-DCW portion of cyanobacteria cells in the fermentation culture was collected at 

each sampling time (6, 24, 48, 72, and 96 h) by filtration using 1-µm pore size 

polytetrafluoroethylene (PTFE) disks (Millipore, Billerica, MA) and then immediately washed with 

20 mM (NH4)2CO3 pre-cooled to 4 °C. Intracellular metabolites were extracted and then analyzed 

with CE-MS (CE, Agilent G7100; MS, Agilent G6224AA LC/MSD TOF; Agilent Technologies, 

Palo Alto, CA) according to a previously reported method20. 

 
13C-metabolic turnover analysis 

13C-labeling was initiated by the addition of 100 mM 13C-sodium bicarbonate to the 

fermentation culture containing 100 mM Hepes-KOH buffer, pH 7.8. Culture samples were collected 

at the indicated time points (1, 2, 4, 6, 24, and 48 min) following the addition of 13C-sodium 

bicarbonate. Each intracellular metabolite was extracted and then analyzed using CE-MS. Mass 

spectral peaks were identified by searching for mass shifts between the 12C- to 13C-mass spectra. The 
13C fractions, ratios of 13C to total carbon, were calculated by relative isotopomer abundance of 

metabolites incorporating 13C atoms, as described previously20. 

 

Enzyme assay 

After 24 h fermentation under dark anoxic conditions, cells (100 mg-DCW) were collected by 

centrifugation at 6,000 × g for 10 min at 4 °C, washed in extraction buffer (18 mM KH2PO4, 27 mM 

Na2HPO4, 15 mM MgCl2, and 100 μM EDTA; pH 6.8), suspended in 3 mL of the extraction buffer, 

and disrupted by sonication. After centrifugation at 20,000 × g for 20 min at 4 °C, the resulting 

supernatant was obtained as the crude extract. The D-lactate dehydrogenase assay was performed in 

1.5 mL aliquots containing 100 mM potassium phosphate buffer (pH 7.5), 0.1 mM NADH, 1 mM 

sodium pyruvate and 75 µL of crude extract. D-Lactate dehydrogenase activity was determined by 

measuring NADH consumption as a change in A340
21. Protein levels were quantified using a 

QuantiPro™ BCA Assay Kit (Sigma-Aldrich, St. Louis, MO) according to the manufacturer’s 

protocol. One unit was defined as the amount of enzyme that produced 1 µmol of NADH per min. 
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Figure legend 

Fig. 1. Glycogen metabolic pathway to organic acids in Synechocystis 6803. Abbreviations: G6P, 

Glucose-6-phosphate; PEP, phosphoenolpyruvate; AcCoA, acetyl coenzyme A; Acetyl-P, acetyl-

phosphate; ME, Malate dehydrogenase (decarboxylating); Ddh, D-lactate dehydrogenase. 

 

Fig. 2. Extracellular organic acid content (D-lactate, succinate, and acetate) and intracellular 

glycogen in CT, ME-ox and ∆ME cells after 96 h fermentation under dark anoxic conditions. Values 

represent the average (± standard deviation) of three independent experiments. Statistical 

significance was determined using the Tukey-Kramer test (*P < 0.05). 

 

Fig. 3. Time-course changes of intracellular metabolite pool sizes in CT (black), ∆ME (blue), and 

ME-ox (red) strains cultivated at 37 °C under dark anoxic conditions. Abbreviations: FBP, fructose 

1,6-bisphosphate; F6P, fructose 6-phosphate; 3PGA, 3-phosphoglycerate. Values represent the 

average (± standard deviation) of three independent experiments.  

 

Fig. 4. Time-course changes of 13C fractions in metabolites initiated by the addition of 13C-sodium 

bicarbonate in CT (black), ∆ME (blue), and ME-ox (red) strains cultivated at 37 °C under dark 

anoxic conditions. Values represent the average (± standard deviation) of three independent 

experiments. Statistical significance was determined using the Tukey-Kramer test (*P < 0.01). 

 

Fig. 5. Time-course changes of D-lactate, acetate, and succinate concentrations in ME-ox (red 

square), ME-ox/∆ackA (blue diamonds) and ME-ox/∆ackA/ddh-ox (green circles) cells at initial cell 

concentration of 5 g-DCW/L under dark anoxic fermentation in the presence of 300 mM NaHCO3. 

Values represent the average (± standard deviation) of three independent experiments. 

  

Fig. 6. Production of D-lactate, acetate and succinate in ME-ox/∆ackA/ddh-ox after 72 h 

fermentation in the presence of 100 mM NaHCO3 in 100 mM Hepes-KOH (pH 7.5) at various initial 

cell concentrations (blue bar). Values represent the average (± standard deviation) of three 

independent experiments. Specific yield was calculated ratio of D-lactate production (g/L) to initial 

cell concentration (g-DCW/L) (Red bar).  
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Table 1. List of D-lactate bioproduction studies. 

Organism Conditions D-Lactate titer  

(Cultivation time) 

D-Lactate 

productivity 

Reference 

Escherichia coli 

strain TG114 

Heterotrophic, glucose 

120 g/L, 37°C 

118 g/L (40 h) 2.88 g/L/h 

(0-40 h) 

34 

Synechocystis sp. 

PCC 6803  

Mixotrophic with acetate, 

30°C, +mutated glyDH 

2.17 g/L (24 days) 0.0038 

g/L/h (0-

576 h) 

39 

Synechocystis sp. 

PCC 6803  

Mixotrophic with acetate-

rich anaerobic digestion 

effluents, 30°C, +mutated 

glyDH 

1.2 g/L  (20 days) 0.0025 

g/L/h (0-

480 h) 

40 

Synechocystis sp. 

Strain PCC6803,  

Photoautotropic, 30°C,  

+LmLdhD 

0.35 g/L (14-day) 0.001 g/L/h 

(0-336 h) 

41 

Synechocystis sp. 

PCC6803 

Dark anoxic, nitrogen- 

and phosphate-

deprivation conditions, 

30°C, ∆phaCE, ∆pta, 

+ldhL 

1.06 g/L (4-days 

after fermentation) 

0.011 g/L/h 

(0-96 h 

fermenation

) 

42 

 

 

 

Synechococcus 

elongatus PCC7942 

Photoautotrophic, 30°C, 

+mgsA, +lldP 

1.23 g/L (24 days) 0.0021 

g/L/h (0-

576 h) 

43 

Synechocystis sp. 

PCC6803 

Dark anoxic, Ppc-ox, 

∆ackA, NaHCO3, 37°C 

10.7 g/L (3 days 

photoautotrophic 

growth and 3 days 

fermentation) 

0.075 g/L/h 

(0-144 h) 

44 

 

Synechocystis sp. 

PCC6803 

Dark anoxic, ME-ox, 

∆ackA, +ddh, NaHCO3, 

26.6 g/L (3 days 

photoautotrophic 

0.185 g/L/h 

(0-144 h) 

This study 
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37°C growth and 3 days 

fermentation) 
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Supplementary Table S1. Primers used in this study. 
Primer Sequence (5′ to 3′) 

Slr0721-Fw AGGAAACAGACCCATATGGTTAGCCTCACCCCCAATC
CGAG 

Slr0721-Rv CTGTAACCTGCAGGTCGACCTATTGACCGGCCACCCCT
TCA 

Slr0721Del-Fw TTCCGCATGCCGAAGATCCGGAAAAGGT 
Slr0721Del-Rv TTAAGATATCAAAAACTTGGGCCGGGGC 
Slr0721-Fw2 TGAGTGCGCCGGGGGTAGTGACCAAGG 
Kan-Fw TATTCTGGGCCCTTTGCTTCATCGCTCGAG 
Kan-Rv TATCAAGGGCCCATCCAATGTGAGGTTAAC 
Slr1556-Fw AAACCCAAGGGTTAACTTAATGGGGACAGATTACTTG

GTAAGTTAAAG 
Slr1556-Rv AAGGAATTATAACCATATGAAAATCGCTTTTTTTAGCA

GTAAAGCC 
Slr0168-Fw ATGGCACCGATGCGGAATCCCAACAGATTGCCTTTGAC 
Slr0168-Rv CACGTTGGGTCCCAAGTTTGTGCTGTGGCTGATGCCAT 
Sll1299-Fw TCAGCATTGATACCACTATGGGCTTCAC 
Sll1299-Rv GACAGCCCAGAGACTCCGAGCAAACCGGA 

 
 
Supplementary Fig. S1. Targeted gene disruption by homologous recombination. (A) The CT, 
ME-ox, ∆ME strains were separately created from the parental strain Synechocystis 6803 GT by 
homologous recombination. The ackA gene was deleted from the genome of the ME-ox strain, and 
then the ddh gene was introduced to the resulting ME-ox/∆ackA strain, yielding the 
ME-ox/∆ackA/ddh-ox strain. Integration or disruption was confirmed by PCR, and the positions of 
the primer-annealing sites for PCR are indicated by arrows. Abbreviations: Km

r, kanamycin 
resistance gene; Ptrc, trc promoter; PpsbA2, psbA2 promoter; Chlr, chloramphenicol resistance gene. 
(B) PCR analysis of the DNA region containing each gene cassette in the parental GT strain and 
each recombinant strain. The sizes of PCR fragments obtained from the corresponding primer pairs 
are shown in (A). DNA size markers are shown in lane M. 



 
 

Fig S1. Targeted gene disruption by homologous recombination. 
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