13C-Metabolic flux analysis of cyanobacterial photo-fermentation
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 Photo-biorefineries always face great challenges in the supply of adequate light and CO2. Tubular or flat-plate photo-bioreactors with optimal light conditions are very costly to scale up. Meanwhile, continuous pumping enriched CO2 into algal culture consumes large amounts of utility. To overcome these problems, photo-fermentation demonstrates great advantages. By supplying algal culture with organic carbon substrates (such as sugar), photo-biorefineries can significantly alleviate the light and CO2 limitations. In contrast to heterotrophic fermentation, photomixotrophic growth maintains significant CO2 fixation and harvests a large amount of light energy (ATP/NADPH) for cell maintenance and biosynthesis. Therefore, photomixotrophic conditions always give higher product yields from organic feedstock. In this study, we used the integrated analysis of 13C-fluxomics and transcriptomics to investigate the cyanobacterial glucose metabolism under two photo-fermentation conditions.
First of all, we cultured cyanobacterium Synechocystis sp. PCC 6803 under light and carbon (glucose and bicarbonate) sufficient conditions. Via 13C-isotopic tracing of free metabolite labeling and 13C-MFA of pseudo-steady state metabolism, we delineate the central metabolism during photo-fermentation: 1) the relative flux of CO2 fixation is six times higher than that of glucose uptake; 2) the oxidative pentose phosphate pathway is low (<2%), but this flux is enhanced when light became limited; 3) the in vivo flux through the TCA cycle reactions (α-ketoglutarate → succinate) is minimal, and the transformation of α-ketoglutarate to succinate is observed only when additional glutamate is supplied in the culture medium; 4) high flux through malic enzyme serves as a main route for pyruvate synthesis.
We also explored the photoheterotrophic metabolism by blocking photosystems II using 3-(3,4-Dichlorophenyl)-1,1-dimethylurea (DCMU), which inhibits O2 evolution and linear electron transportation. An enhanced glucose uptake flux was observed compared to that under photomixotrophic conditions.  A unique cyclic glucose catabolism pathway forms, including the oxidative pentose phosphate (OPP) pathway and the reversed glucose-6-phosphate isomerase (PGI) reaction. This metabolic cycle serves as an alternative NADPH source to photosystem II by oxidizing glucose. Unlike the phototrophic condition when CO2 fixation is completely blocked by DCMU, CO2 fixation through RuBisCO and anaplerotic pathway remains high activity to re-fix CO2 for biomass synthesis under photoheterotrophic condition, though the complete Calvin cycle is not functional. 13C-MFA also indicates that glucose metabolism did not have a net production of ATPs. Instead, the photosystem I activity is up-regulated and provide ATPs together with oxidative phosphorylation to support all the cell activities. The observed regulation of related pathways is further confirmed at transcriptional level using RNA-Seq.
 Our 13C-MFA results improve the understanding of the versatile metabolism in cyanobacteria and shed light on the photo-fermentation for photo-biorefineries.

