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Introduction 
Microalgae are diverse photosynthetic microorganisms thriving across aquatic habitats and responsible for most 
oceanic carbon fixation. Their fast growth and capacity to absorb CO2 make them promising agents for carbon 
sequestration and conversion into valuable biomass for biotech and sustainable production (Skifa et al., 2025). In 
natural and engineered systems, microalgae coexist with bacteria, engaging in interactions ranging from 
cooperation to competition that can be species-specific or broad. However, despite substantial investment in 
algae-based technologies, the microbial ecology and mechanistic bases of algal–bacterial communities remain 
poorly characterized, especially under conditions relevant to these biotechnologies (Daly et al., 2022). By 
exploiting a novel integrative computational approach, this study aims to identify metabolic interactions between 
microalgae and bacteria and to understand how these relationships can be manipulated to enhance autotrophic 
biomass accumulation on dissolved CO2 and liquid digestate from anaerobic digestion (AD). 
Materials and methods 
This study was conducted on a pilot-scale raceway pond located in Bresso, Italy, whose microbial community is 
dominated by green algae (Figure 1A), and fed with liquid digestate originating from a wastewater treatment 
plant. In a first experiment, biological sampling was performed longitudinally over the course of 16 days during 
which alkalinity was increased from 2 to 2.85 g/L (as CaCO3). In a second experiment, the pond suspension was 
inoculated into four photobioreactors, two of which were subjected to CO2 injection through a liquid-gas transfer 
system and two were used as controls. Biological samples were used for DNA and RNA extraction as done 
previously (Zampieri et al., 2025) followed by sequencing, bioinformatic analysis and genome-scale metabolic 
modelling, implemented in a newly designed workflow. DNA sequences were used to reconstruct species-level 
metagenome-assembled genomes (MAGs) of both eukaryotic and prokaryotic microorganisms and determine 
their taxonomic affiliation, their replication rate, and their contribution to total biomass. RNA sequences were 
exploited for gene prediction in microalgae and for characterising functional activity across the community. 
Obtained annotations were the input to genome-scale metabolic model (GEM) reconstruction, realised through 
two ad hoc approaches for eukaryotic and prokaryotic species. Steady-state microbial community GEMs were 
then defined by integrating biochemical data collected in the pond and photobioreactors with gene expression, 
obtaining condition-specific estimates of metabolic activity reflecting tested cultivation settings through flux 
balance analysis (FBA) and related techniques (Zampieri et al., 2025; Sanguineti et al., 2025). Through 
community GEMs, we finally simulated the effect of bioaugmentation on algae biomass accumulation rate, using 
a range of selected nitrogen-fixing bacterial isolates. 
Results and discussion 
Bioinformatic analysis produced 59 high-quality prokaryotic MAGs and three high-quality eukaryotic MAGs, 
representing over 70% of genomic content in the microbial community. Increased alkalinity caused a shift in the 
microbial community composition, where the dominant algal species became an unknown Trebouxiophyceae sp., 
while the subsequent increase in CO2 concentration had a minor impact on the microbial community structure. 
Computational models of microbial community metabolism were reconstructed including the three algal and 13 
main bacterial species, accounting for 80-90% of the system biomass and 8,985-21,850 biochemical reactions 
depending on the condition. FBA-predicted biomass accumulation rates for bacteria correlated positively with 
DNA replication rates estimated from metagenomic sequencing data, confirming that the models correctly 
captured metabolic processes driving biomass accumulation (Figure 1B). 
​ Starting from established models, metabolic interaction networks were built for every condition, tracing 
carbon and nitrogen dependencies across the microbial community. At high alkalinity and high CO2, 
Trebouxiophyceae sp. engages in more numerous interactions for carbon and nitrogen exchange with other algae 
and bacteria than in the control. Another algae, Chlorellaceae sp., emerges as the main metabolic partner, 
followed by bacterial species such as Phycisphaerales sp. and Cyanobacteriia sp. (Figure 1C), collectively 



 
 

providing ammonia together with different amino acids, nucleic acids, and fatty acids. Based on an inferred 
nitrogen bottleneck, we tested in silico the effect of bioaugmentation performed by introducing exogenous 
bacterial species capable of nitrogen fixation. Several isolated strains available in microbial culture banks were 
considered, such as Azotobacter vinelandii, Azospirillum brasilense, and Klebsiella variicola, some of which are 
employed in agriculture. Simulations generally indicate increased biomass production for the dominant algae 
species, even with low prevalence of administered strains, associated with the exchange of nitrogen compounds 
from exogenous strains to algae (Figure 1D). 
​ These results thus suggest that operational parameters have a profound impact on community composition 
and activity, and that Trebouxiophyceae sp. is the species with the greatest biomass development capability 
under relevant conditions for biological CO2 fixation. Computational models show good agreement with external 
data and identify both reasonable and non-obvious metabolic interactions among algae and bacteria  (Daly et al., 
2022), suggesting that exogenous provision of nitrogen fixers could enhance productivity. 
Conclusions 
Overall, our results provide insights into community metabolism under algal autotrophic growth with waste CO2 
and suggest potential isolates that could be concretely used to increase biomass production. More broadly, this 
study is the first, to the best of our knowledge, to apply genome-centric multi-omics and genome-scale 
modelling for the optimisation of algal cultivation, demonstrating the potential of the approach for gaining 
mechanistic understanding useful to engineering the process toward different metabolic end products. 
 

 
Figure 1: A) Schematic diagram of the considered algae cultivation system and the study design. B) 
Relationships between predicted bacterial growth rates and DNA replication rates estimated from metagenomics 
data. C) Carbon and nitrogen exchange among algal (green) and bacterial species (blue) in the high-alkalinity 
condition. D) Simulated effect of bioaugmentation with a multi-strain inoculum of nitrogen-fixing bacteria on 
the growth rate of algal species, expressed as percent increase with respect to that in observed communities. 
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