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Editorial on the Research Topic
 Microbial co-cultures: a new era of synthetic biology and metabolic engineering




This special issue explores the field of microbial engineering consortia and its potential applications in agriculture, industrial, and environmental restoration. Microbial consortia are communities of diverse groups of microorganisms that collaborate to achieve collective goals. By harnessing symbiotic interactions and synergistic behaviors, scientists aim to unlock various applications beyond what single organisms can accomplish. In the realm of agriculture, microbial consortia hold tremendous promise. They can enhance nutrient availability, suppress diseases, improve soil health, promote plant growth, manage abiotic stress, increase crop productivity, and support sustainable farming methods. However, further research is needed to optimize consortia composition, stability, and functionality for multiple crops' productivity, environmental sustainability, and cost-effectiveness concerns. Microbial consortia also show immense potential for ecological restoration and revitalization. They can be utilized for bioremediation of contaminated sites, restoration of soil health, wastewater treatment, ecological restoration, climate change mitigation, and environmental health assessment. However, similar to agricultural applications, further research is necessary to optimize their application in specific contexts. This special issue features cutting-edge research articles and reviews that delve into various aspects of microbial engineering consortia. The articles cover topics such as industrial enzyme production, plant growth promotion under stress conditions, utilizing CO2 as a feedstock for chemical manufacturing, understanding community dynamics and phenotypes, function-driven co-cultures for tobacco quality improvement, desiccation-tolerant bacteria for crop resilience, artificial plant-bacteria systems, biocontrol of crop diseases, and the development of nano-pesticides. Additionally, the issue explores using bacterial biosensors for environmental pollution detection and creating synthetic consortia for the sustainable production of ethylene and isoprene. Overall, this special issue provides insights into the exciting and rapidly advancing field of microbial engineering consortia and highlights the potential applications, challenges, and prospects in agricultural fields.

Synthetic biology has emerged as a transformative field, revolutionizing the way we approach complex biological systems. Synthetic biology aims to design, construct, and manipulate biological components to create novel functionalities and address real-world challenges (Andrianantoandro et al., 2006; Liang et al., 2022). Over the years, researchers made remarkable progress in engineering individual microorganisms to perform specific tasks. However, the true potential of synthetic biology lies in the collaborative efforts of microbial consortia–a new frontier that holds immense promise in various domains (Brenner et al., 2008; Ben Said and Or, 2017).

In this special issue, we delve into the exciting world of engineering microbial consortia and explore its potential applications, challenges, and prospects in agriculture and the environment. Microbial consortia refer to communities of diverse microorganisms that interact and work together to achieve collective objectives. By harnessing symbiotic interactions and synergistic behaviors, scientists' main aim is to unlock a range of applications that go beyond what single organisms can achieve (Hays et al., 2015; Liu et al., 2023).

Indeed, microbial consortia hold tremendous promise in agriculture. The use of these communities of microorganisms can revolutionize agricultural practices by improving nutrient availability (Yadav et al., 2014; Shukla et al., 2020; Vishwakarma et al., 2020; Jaiswal et al., 2022b; Islam et al., 2023); disease suppression (Sarma et al., 2015; Gómez Expósito et al., 2017; Dheeman et al., 2023); soil health (Khan et al., 2023; Nabi, 2023); plant growth promotion (Verma et al., 2014a, 2023; Méndez-Bravo et al., 2023); crop protection (Jaiswal et al., 2022a); management abiotic stress (Krishna et al., 2022; Prajapati et al., 2022; Hett et al., 2023; Mahreen et al., 2023); sustainable crop productivity (Singh et al., 2016; Mukherjee et al., 2022; Kaushal et al., 2023; Paravar et al., 2023), and promoting sustainable farming methods (Jha et al., 2013; Kong et al., 2018; Gehlot et al., 2021). It is worth noting that engineering microbial consortia for agricultural applications is still in its early stages. Further research is needed to optimize consortia composition, stability, and functionality for multiple crops under different environments and agroclimatic regions. Additionally, the scalability and cost-effectiveness of implementing microbial consortia in agricultural systems need consideration.

In addition, one more area where microbial consortia have immense potential for environmental restoration and revitalization (Verma et al., 2014b; Abhilash et al., 2016; Pankaj and Pandey, 2022; Singh et al., 2023). The complex interactions within these communities can be harnessed to address ecological challenges and restore ecosystems (Liang et al., 2022). Researchers explore the study in which microbial consortia show promise in environmental revival: bioremediation of contaminated sites (Jaiswal et al., 2019; Zhang et al., 2020; Li et al., 2023; Wu et al., 2023); restoration of Soil Health (Lebrun et al., 2021); wastewater Treatment (Mazzucotelli et al., 2014; Heredia et al., 2022); ecological restoration (Singh et al., 2023); climate change mitigation (Hamilton et al., 2016; Silverstein et al., 2023) and monitoring and environmental health assessment (Bhatia et al., 2018; Chandran et al., 2020). The field of engineering microbial consortia for environmental revival is still evolving, and further research is needed to optimize their application in specific contexts.

However, in this special issue, we have a collection of 13 cutting-edge research articles and two review articles that shed light on the diverse aspects of engineering microbial consortia and their functional attributes for agricultural productivity and environmental & industrial sustainability.


Engineering microbial consortia: sustainable agriculture

The engineering of microbial consortiums for sustainable agriculture has great promise for increasing yields while reducing negative environmental effects. These coalitions can enhance nutrient cycling, disease control, soil health, and plant resilience by harnessing the strength of microbial interactions. However, the full potential of microbial consortia in attaining sustainable and resilient agricultural systems relies on further study and innovation in this sector. Furthermore, the widespread use of engineered microbial consortia in sustainable agriculture still faces obstacles like scaling up from laboratory to field conditions, ensuring stability and persistence of the consortia, and addressing regulatory and ethical considerations. In this Research Topic, the following articles collection addresses the current need for research to promote sustainable agriculture.

Gupta et al. claimed that integrated and balanced nutrient management inspired the trial. Organic manures with N2-fixing, P-, and K-solubilizing microbial inoculants improved the crop growth, root development, and soil health. The study's findings may help to manage crop wastes and animal bio-products by encouraging microbial consortia and organic manure-based agro-industries, vital to microbial inoculants and integrated nutrient management (INM). Thus, the study would sustain agricultural growth by producing high-quality crops, sustaining agro-biodiversity, and making soils healthy, fertile, and productive.

Zeyad et al. observed that applying Streptomyces araujoniae strains (TN11 and TN19) individually and as a consortium reduces wilt severity in chickpea plants. Reduction in disease development was supported by the production of antifungal metabolites at a higher level by S araujoniae strains. The results on disease development, plant growth parameters, physiological and biochemical parameters, and gene expression studies suggest that the consortium of TN11 and TN19 can act as an efficient biocontrol tool against chickpea wilt caused by Fusarium oxysporum f. sp. ciceris (Foc).

Mageshwaran et al. recorded that the bacterial endophytes had biocontrol capability. Three promising isolates inhibited all three soil-borne fungal infections (R. solani, S. rolfsii, and F. oxysporum f.sp. ciceri) in-vitro. Bacillus subtilis strains TRO4 and CLO5-treated chickpea seeds increased plant development and reduced complex wilt disease incidence in the in-planta assay. This study explores chickpea plant complex wilt disease management with possible endophytes. Eco-friendly wilt disease management would improve plant and soil health.

Shahid et al. studied that natural and human-induced stresses affect crop plant growth and yield. Plant stress hormone ethylene can hinder growth and survival. However, ACC deaminase, an enzyme that decreases ethylene levels, can reduce stress and increase crop yield. According to the researchers, plant growth-promoting rhizobacteria (PGPR) with ACC deaminase activity enhance plant growth under unfavorable conditions like salt stress, water deprivation, extreme temperatures, waterlogging, heavy metals, pesticides, and organic pollutants. They also used molecular biotechnology and omics methods like proteomics, transcriptomics, metagenomics, and NGS to find and characterize stress-tolerant PGPR strains that produce ACC deaminase. These microorganisms can help crops flourish and tolerate harsh environmental conditions.

Shankar and Prasad observed that desiccation-tolerant plant growth-promoting rhizobacteria (DT-PGPR) may reduce the deleterious effects of water stress on wheat yield and physiology. Under desiccation stress, five DT-PGPR isolates—Enterobacter cloacae BHUAS1, Bacillus cereus BHUAS2, Bacillus megaterium BHUIESDAS3, 4, and 5—grew and promoted plant growth. In a pot experiment with water-stressed wheat plants, inoculation with Enterobacter cloacae BHUAS1, Bacillus cereus BHUAS2, and Bacillus megaterium BHUIESDAS3 improved growth, chlorophyll and carotenoid content, antioxidant enzyme activity, and oxidative stress markers. These DT-PGPR strains may boost wheat growth and yield under water stress.



Engineering microbial consortia: industrial application

The versatility and potential of engineered microbial consortia in various industrial applications. Researchers and engineers can develop innovative solutions for sustainable production (biofuel production, biodegradable plastic production, antibiotics, enzymes, and bioactive compounds), waste management, and resource utilization by leveraging the interactions and synergies among microorganisms. Continued research and technological advancements in this field promise to unlock further opportunities for industrial applications of microbial consortia. Under this Research Topic, the following collected articles have to address research industrial applications by harnessing the multi-facility potential of microbial consortia.

Benito-Vaquerizo et al. explored using one-carbon (C1) compounds, particularly CO2, as a sustainable feedstock for producing valuable chemicals. They demonstrated that acetogens, microorganisms capable of utilizing CO2/H2 gas mixtures, can convert these substrates into ethanol and acetate. A wider range of products, including butyrate, can be obtained by co-cultivating acetogens with solventogens, which produce medium-chain fatty acids (MCFA) and alcohols. Their study employed metabolic modeling to design a co-culture of specific microbial species, and experimental validation confirmed the feasibility and potential of utilizing such microbial consortia to produce chemicals from renewable resources.

Lobo-Moreira et al. stated that the industrial microalgae-fungi consortia use hinders research. Science explored fungi's involvement in microalgae study. Database searches found 1,452 publications from 1950 to 2020, rising sharply after 2006. Chinese writers and organizations topped publications rankings in China, the US, and Germany. Microalgae-fungi consortia focused on biodiesel, lipid accumulation, anaerobic digestion, and biogas upgrading. Industrial-scale microalgae-based biofuel biorefineries still need work. Microalgae-fungi applications for greenhouse gas abatement are intriguing ideas.

Pawar et al. provides a comprehensive overview of the expanding use of microbial enzymes to replace chemical processes in industrial applications. Due to their versatility and alkaline stability, proteases, especially fungi-derived ones, are used in many sectors. Fungi have a wider range of proteases and are safer for industrial application than bacterial alkaline proteases. This study discusses the classification, generation, and usage of alkaline proteases from diverse fungi, emphasizing more research on alkaline-tolerant and alkaliphilic fungi and their biotechnological potential.

Wu et al. conducted a study to address the need for improved quality in flue-cured tobacco (FCT) by developing a function-driven co-culture of microorganisms. They identified Bacillus kochii SC, which reduces tobacco irritation, and Filobasidium magnum F7, which enhances aroma and flavor. Co-cultivating these strains at a specific ratio significantly improved FCT quality within just 2 days, surpassing the efficiency and cost of the traditional spontaneous aging process that takes over 2 years. The study demonstrated the effectiveness of the function-driven co-culture in achieving desired tobacco quality and suggested its potential application in the tobacco industry through bioaugmentation.



Engineering microbial consortia: environmental application

It provides innovative solutions to a variety of environmental problems. These consortia can help rehabilitate damaged areas, sustainable waste management, and ecological restoration by using the collective capacities of various microorganisms.

Barman et al. explained that Bemisia tabaci (whitefly) is a major agricultural pest and plant virus vector. The genetic variation of whiteflies from West Bengal, India, revealed cryptic species. Most endosymbionts were Arsenophonus. Thiamethoxam was the most susceptible pesticide. Insecticide resistance genes were upregulated, and Arsenophonus and Wolbachia titers were linked with resistance. The study implies that symbiont-oriented management could reduce whitefly populations and pesticide resistance.

Cui et al. found that ethylene and isoprene production, necessary for polymers and materials, is inefficient and polluting; thus, generating these compounds from biomass or CO2 is essential for a more sustainable economy. This study created artificial consortia of E. coli strains producing ethylene, isoprene, and sucrose-producing cyanobacteria. In addition, they increased sucrose yields by introducing the sucrose transport gene into cyanobacteria strains, which shuttled carbon and electrons amongst community components. These artificial consortia produced more ethylene and isoprene than E. coli cultures alone, indicating their benefit to platform chemical synthesis.

Danish et al. synthesized silver nanoparticles (Ag-NPs) from Cassia fistula leaf extract and test them as nano-pesticides against main tomato phytopathogens. The synthesized Ag-NPs were spherical using diverse methods with an average diameter of 16 nm. Ag-NPs reduced bacterial and fungal pathogen viability, morphology, and biofilm formation. They also increased phytopathogen-challenged tomato plant growth, physiological indices, and antioxidant enzyme activity. These findings suggest that Cassia fistula leaf extract-synthesized Ag-NPs could be useful and sustainable nano-pesticides in green agriculture for disease management and plant health.

Guo et al. observed that bioavailable lead is essential for forecasting ecological risks and protecting human health from environmental lead pollution. This work develops low-equipment environmental pollution biosensors using bacterial biosensors with visual pigment output signals. Reconstructing Escherichia coli's PbrR-based Pb(II) sensing element's anthocyanin biosynthesis pathway creates a metabolic-engineered biosensor. This biosensor uses colored anthocyanin derivatives as a visual signal and better detect low Pb(II) concentrations than fluorescent protein-based biosensors. The biosensor also has a large linear dose-response range and is unaffected by organic and inorganic water samples. These results show that the metabolic engineering of natural colorants can create visible, sensitive, and cost-effective bacterial biosensors for heavy metal pollution detection.

Astafyeva et al. created an artificial plant-bacteria system utilizing the microalga Micrasterias radians MZCH 672 and Dyadobacter sp. HH091. In pure algal cultures, Bacteroidota phylum member HH091 greatly increased microalga growth. They found HH091 genes linked to the type IX secretion system (T9SS) in transcriptome and genome analysis, which may be involved in the bacterium-microalga interaction. This research will aid symbiotic microalgal–bacteria studies. Additionally, the co-farming of microalgae and bacteria will have favorable commercial and environmental effects on microalgal cultivation.

McClure et al. conducted a comprehensive study on a chitin-degrading synthetic community of soil microbes and examined how it responds to losing key members. They found that the absence of a primary degrader, even if other members can potentially fill the same metabolic niche, led to a collapse in community growth and respiration. The study highlighted that diversity and redundancy alone are insufficient for community resilience; the emerging species must possess the same sharing phenotype and interaction network to support community growth. The findings contribute to our understanding of how keystone species and genomic redundancy changes can impact soil microbiomes and their ability to adapt to a changing climate.

As we embark on this new frontier in synthetic biology, interdisciplinary collaborations, and knowledge sharing will be vital. Engineers, biologists, computer scientists, and ethicists must come together to address the scientific, technical, and ethical challenges that lie ahead. Additionally, interdisciplinary collaborations between biologists, ecologists, and environmental scientists are essential for unlocking the full potential of microbial consortia in environmental restoration. By embracing this innovative approach, we can move toward a more sustainable and environmentally conscious agricultural sector that meets the growing demands for food production while preserving our natural resources. We are excited to present this special issue on Engineering Microbial Consortia, and we hope that the articles published in this issue will inspire researchers, policymakers, and industrial partners to further explore and unlock the potential of complex biological communities for multiple applications. Together, we can harness the power of microbial consortia to address global challenges, improve human health, and pave the way for a more sustainable future.
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