Development of An Engineered Cyanobacterial Bio-refinery for D-lactate production
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Engineered photo-biorefineries have the capability to convert CO2 into many diverse biofuels and value-added chemicals. Recently, we engineered Synechocystis sp. PCC 6803 for D-lactic acid production using a mutated glycerol dehydrogenase, GlyDH*.  D-lactic acid is an important precursor for the production of polylactic acid (used as biodegradable plastics), as well as in food and pharmaceutical industries. Codon optimization and cofactor balancing (NADH) through the heterologous expression of a soluble transhydrogenase from Pseudomonas aeruginosa were used to improve D-lactic acid productivity (by 2~3 folds). As Synechocystis 6803 is capable of mixotrophic growth, the strain was grown with different additional carbon sources such as glucose, pyruvate, and acetate. Amongst these, only acetate was found to enhance the productivity under photomixotrophic growth. 13C–metabolite analysis was employed to explain this observed enhancement of lactate synthesis in the presence of acetate by two complementary mechanisms. First, acetate serves as an additional carbon source for synthesizing several biomass building blocks, such as fatty acids, leucine, and glutamate, thus redirecting the extra carbon flux from CO2 to lactate. Second, acetate may limit the pyruvate decarboxylation reaction by reducing the CoA pool by the formation of acetyl-CoA so that the availability of pyruvate for lactate synthesis can be improved.
         To obtain cheap nutrients and acetate to promote cyanobacterial cultivation, we tested the use of effluent from the anaerobic digestion (AD) of municipal wastes. The effluents from AD processes contain nitrogen (N), phosphorus (P), and other nutrients, which may reduce algal medium costs. In addition, chemical or pH inhibition of methanogenesis during anaerobic digestion can accumulate acetate (up to 10 g/L). Therefore, we investigated D-lactate production from an engineered cyanobacterial strain using AD effluents as a possible avenue to reduce production expenses. Results from our study indicated that: 1) a 1:4 volume ratio of AD effluents and BG-11 media was optimal  for Synechocystis 6803 growth and  also reduced the need for additional nitrate and phosphate in BG-11 by 50%; 2) acetate-rich AD effluents enhanced D-lactate synthesis by ~40%; and 3) control of culture pH (>8) is crucial for D-lactate secretion (a free diffusion process), and neutral growth condition is deleterious to the engineered strain. Finally, using the mixture of acetate-rich AD effluent and BG-11 medium, the engineered cyanobacteria accumulated over 1.2 g/L D-lactate in a 20-day culture period. 
Our study also highlights some of the challenges in utilizing wastewater for the biosynthesis of chemicals from engineered cyanobacteria, including: 1) the dark matters in the effluents limited the amount of wastewater supplemented into the culture medium; 2) the wastewater needed to be sterilized to avoid microbial contaminations; 3) the engineered cyanobacterial strain was more sensitive to the growth conditions than wild type strain (e.g., pHs). Although there are still many roadblocks for development of effective photobiorefinery, integrating waste water treatment with a cyanobacterial bioprocess not only achieves economical synthesis of a commodity chemical and decouple this production from the price of sugar, but also benefits waste management (i.e., strip wastewater of soluble C/N/P and reduces the emissions of greenhouse gas CH4 and CO2).
