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Abstract This study synthesizes research findings on the use of Digital Twin architectures, machine learning models, genetic
engineering, and automated control systems to optimize SynComs for CEA. Key findings include the effective use of Digital Twin
and reinforcement learning models to improve crop management, the importance of breeding and genetic engineering in developing
crops suited for controlled environments, and the deployment of advanced automation systems to enhance precision in environmental
control. This study also highlights the significant improvements in energy efficiency through technological advancements in lighting
and climate control. The implications of these findings for researchers, policymakers, and industry stakeholders are discussed,
emphasizing the need for interdisciplinary collaboration and continued research to fully realize the potential of SynComs in CEA.
This study calls for supportive policies, investment in state-of-the-art technologies, and collaborative efforts to drive innovation and
sustainability in controlled environment agriculture.
Keywords Synthetic microbial communities (SynComs); Controlled environment agriculture (CEA); Genetic engineering;
Automated control systems; Energy efficiency

Introduction
Controlled Environment Agriculture (CEA) represents a revolutionary approach to agricultural production,
characterized by its ability to optimize resource use, minimize spatial requirements, and significantly enhance
yield outputs. By leveraging advanced technologies, CEA systems create ideal growing conditions for crops,
irrespective of external environmental factors. This method encompasses various setups, including greenhouses,
vertical farms, and plant factories, each designed to maintain precise control over environmental parameters such
as temperature, humidity, light, and nutrient supply (Ojo and Zahid, 2022).

Engineered synthetic microbial communities (SynComs) have emerged as a pivotal innovation within CEA,
offering substantial benefits in terms of plant health, growth, and productivity. SynComs are meticulously
designed consortia of microorganisms that interact synergistically to promote plant growth, enhance nutrient
uptake, and protect against pathogens. The integration of SynComs into CEA systems can lead to more resilient
and efficient agricultural practices, ultimately contributing to sustainable food production (Amitrano et al., 2020).

The objective of this study is to provide a comprehensive analysis of the current state of optimizing engineered
SynComs for Controlled Environment Agriculture (CEA). By synthesizing findings from multiple studies, this
study aims to identify key trends, challenges, and opportunities in the field, offering a forward-looking perspective
on the commercialization potential of SynComs in CEA. It will delve into the theoretical foundations of SynComs,
evaluate their practical applications, and propose strategies to overcome existing commercialization barriers. This
study is significant for guiding future research, informing policy decisions, and fostering innovation in sustainable
agriculture, ultimately contributing to the achievement of efficient agricultural systems through advanced
biotechnological solutions.
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1 Theoretical Foundations of Engineered SynComs
1.1 Definition and principles of SynComs
Synthetic microbial communities (SynComs) are carefully designed consortia of microorganisms that are
assembled to perform specific functions beneficial to plant health and productivity. These communities are not
randomly assembled but are structured based on ecological theories and principles to ensure stability and
functionality under various environmental conditions (Shayanthan et al., 2022; Martins et al., 2023). SynComs
aim to mimic natural microbial communities by incorporating multiple taxa that can interact synergistically to
enhance plant growth, nutrient acquisition, and stress resilience (Souza et al., 2020; Sai et al., 2022).

1.2 Mechanisms of microbial interactions in SynComs
Microbial interactions within SynComs are complex and multifaceted, involving various mechanisms such as
competition, mutualism, and commensalism. These interactions can influence the overall stability and
functionality of the SynCom. For instance, microbial biofilm formation, production of secondary metabolites, and
induction of plant resistance are critical traits that contribute to the effectiveness of SynComs (Martins et al.,
2023). Additionally, microbial interactions can modulate plant signaling networks, such as nitrogen and
phosphorus pathways, which are crucial for nutrient acquisition and growth (Wang et al., 2021). Understanding
these interactions is essential for designing SynComs that can consistently perform under different environmental
conditions (Pradhan et al., 2022; Fonseca-García et al., 2023).

1.3 Genetic and synthetic biology approaches for engineering SynComs
Advances in genetic and synthetic biology have significantly contributed to the development of SynComs.
Techniques such as next-generation sequencing (NGS) and machine learning are employed to identify and select
microbial strains with desirable traits (Shayanthan et al., 2022; Wang et al., 2023). Genetic engineering allows for
the modification of microbial genomes to enhance specific functions, such as nutrient solubilization or stress
tolerance. Synthetic biology approaches enable the construction of microbial consortia with defined compositions
and functions, ensuring that the SynCom can perform reliably in controlled environment agriculture (CEA)
settings (Souza et al., 2020; Armanhi et al., 2021). These approaches also facilitate the study of microbial
community dynamics and the development of strategies to maintain SynCom stability and functionality over time
(Sai et al., 2022).

By integrating ecological principles, microbial interactions, and advanced genetic tools, the theoretical
foundations of engineered SynComs provide a robust framework for optimizing their application in CEA. This
study aims to explore these foundations in detail, highlighting the potential and challenges of SynComs from
theory to commercialization.

2 SynComs in Controlled Environment Agriculture
2.1 Role of SynComs in enhancing plant growth and health in CEA
Synthetic microbial communities (SynComs) play a crucial role in enhancing plant growth and health within
controlled environment agriculture (CEA) systems. SynComs are engineered consortia of microbes designed to
produce specific beneficial functions for plants, such as promoting growth, improving nutrient acquisition, and
enhancing resistance to environmental stressors. These communities are not randomly assembled; instead, they
are structured based on ecological theories and machine learning insights to ensure stability and effectiveness
(Souza et al., 2020; Marín et al., 2021; Martins et al., 2023). For instance, SynComs have been shown to
significantly improve plant health by forming biofilms, producing secondary metabolites, and inducing plant
resistance mechanisms (Martins et al., 2023). Additionally, SynComs can be tailored to thrive under specific
environmental conditions, making them particularly suitable for the controlled settings of CEA (Marín et al.,
2021).

2.2 Examples of SynCom applications in hydroponics, aquaponics, and vertical farming
SynComs have been successfully applied in various CEA systems, including hydroponics, aquaponics, and
vertical farming (Figure 1). In hydroponic systems, SynComs have been used to enhance nutrient uptake and plant



International Journal of Horticulture, 2024, Vol.14, No.3, 195-206
http://hortherbpublisher.com/index.php/ijh

197

growth. For example, a study demonstrated that SynComs constructed from root-associated microbes significantly
promoted soybean growth and nutrient acquisition, leading to increased yields (Wang et al., 2021). In aquaponics,
SynComs can be integrated with recirculating aquaculture systems (RAS) to repurpose nutrient-dense effluents as
naturally derived nutrient solutions for hydroponic vegetable production, thereby creating a circular bioeconomy
(Tetreault et al., 2023). Vertical farming, which often relies on LED lighting and precise environmental controls,
can also benefit from SynComs. These microbial communities can be designed to optimize plant health and
productivity under the unique conditions of vertical farms (Niu and Masabni, 2018; Alrajhi et al., 2023).

Figure 1 Schematic representation of the growth-promotional and defensive functions provided by beneficial bacteria, including
participation in the rhizophagy cycle (Adopted from Chiaranunt and White, 2023)
Image caption: The host plant (labeled in green) breaks down soil bacteria with ROS, allowing for endophytism and transfer of
nutrients and phytohormones; Following this, nutrient-starved bacteria are expelled via root hairs, where they can restore their cell
walls; In soil, bacteria resume nutrient scavenging, which includes phosphate and potassium solubilization, nitrogen fixation, and
iron sequestration; Nutrient-loaded bacteria (labeled in blue) are subsequently attracted back to the host plant via root exudates,
where they are degraded by ROS and nutrient transfer can occur again; Throughout this cycle, beneficial bacteria may also
participate in pathogen control through competition, antibiosis, and priming of the host plant’s resistance (Adopted from Chiaranunt
and White, 2023)
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2.3 Comparative analysis of SynComs versus traditional microbial inoculants
When comparing SynComs to traditional microbial inoculants, several advantages become apparent. Traditional
inoculants typically consist of single or a few microbial strains selected for specific beneficial traits. However,
these inoculants often fail to establish stable and effective microbial communities in the plant rhizosphere, leading
to inconsistent results (Souza et al., 2020; Martins et al., 2023). In contrast, SynComs are designed using a more
holistic approach that considers the complex interactions between multiple microbial species, plants, and the
environment. This results in more stable and resilient microbial communities that can better withstand
environmental stressors and provide consistent benefits to plants (Souza et al., 2020; Marín et al., 2021; Martins et
al., 2023). Additionally, SynComs can be tailored to target specific plant phenotypes and functions, making them
more versatile and effective than traditional inoculants (Souza et al., 2020; Martins et al., 2023). For instance,
SynComs have been shown to regulate nutrient signaling networks at the transcriptional level, leading to enhanced
growth pathways and improved plant performance (Wang et al., 2021).

In summary, SynComs offer a promising alternative to traditional microbial inoculants in CEA by providing more
stable, resilient, and effective microbial communities that enhance plant growth and health. Their applications in
hydroponics, aquaponics, and vertical farming demonstrate their versatility and potential to revolutionize plant
production in controlled environments.

3 Optimization Strategies for SynComs in CEA
3.1 Selection and engineering of microbial strains for specific agricultural goals
The selection and engineering of microbial strains are critical for optimizing synthetic microbial communities
(SynComs) in controlled environment agriculture (CEA). The primary goal is to identify and utilize microbial
strains that can enhance plant health, growth, and resilience. This involves selecting microbes with beneficial
traits such as biofilm formation, production of secondary metabolites, and the ability to induce plant resistance
(Martins et al., 2023). Additionally, computational methods, including machine learning and artificial intelligence,
can be employed to screen and identify beneficial microbes, ensuring the best combination of strains for desired
plant phenotypes (Souza et al., 2020). The use of functional screening to construct SynComs has shown promising
results in improving nutrient acquisition and crop yield, as demonstrated in soybean plants (Wang et al., 2021).

3.2 Optimization of SynCom composition and diversity
Optimizing the composition and diversity of SynComs is essential for their stability and effectiveness in CEA
systems. Studies have shown that well-structured microbial assemblages are more likely to thrive under
environmental stressors compared to single microbial activities or taxonomies (Martins et al., 2023). The diversity
of SynComs can be maintained by adjusting the starting composition ratios and using low-nutrient media to
support the growth of individual organisms (Coker et al., 2022). Additionally, the use of model synthetic
communities, such as those developed for the rhizosphere, can provide reproducible and stable systems for
research and application in CEA (Coker et al., 2022). The functional assembly of root-associated microbial
consortia has also been shown to improve nutrient efficiency and yield in crops like soybean (Wang et al., 2021).

3.3 Techniques for monitoring and managing SynComs in CEA systems
Effective monitoring and management of SynComs in CEA systems are crucial for their success. Proximal sensors
and non-destructive technologies can be used to monitor plant growth, yield, and water consumption, providing
real-time data for managing SynComs (Amitrano et al., 2020). Deep learning (DL) methods have also been
applied to CEA for crop monitoring, detecting biotic and abiotic stresses, and predicting crop growth (Ojo and
Zahid, 2022). Additionally, digital twin (DT) architectures can optimize productivity by simulating and
controlling crop microclimates and management strategies (Chaux et al., 2021). Proper water management is
another critical factor, as it influences the availability of nutrients, plant physiological processes, and microbial
communities within the rhizosphere (Tan et al., 2021). By integrating these advanced monitoring and management
techniques, CEA systems can achieve better yields and quality crops while maintaining the stability and
effectiveness of SynComs.
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4 Performance Evaluation of Engineered SynComs
4.1 Criteria and metrics for assessing SynCom performance
The performance of engineered synthetic microbial communities (SynComs) in controlled environment
agriculture (CEA) can be evaluated using several criteria and metrics. Key performance indicators include crop
yield, disease resistance, nutrient acquisition, and overall plant health. For instance, the application of SynComs
has been shown to significantly enhance nutrient efficiency and crop yield in soybean, with yield increases of up
to 36.1% observed in field trials (Wang et al., 2021). Additionally, the ability of SynComs to promote plant
growth under nutrient-deficient conditions is a critical metric, as demonstrated by the improved nutrient
acquisition and growth in soybean plants (Wang et al., 2021). Other important metrics include the stability and
prevalence of beneficial microbial traits throughout plant development, which are essential for ensuring the
long-term effectiveness of SynComs (Souza et al., 2020).

4.2 Case studies of SynCom implementation in CEA
Several case studies highlight the successful implementation of SynComs in CEA systems. For example, a study
on the functional assembly of root-associated microbial consortia in soybean demonstrated significant
improvements in plant growth and nutrient acquisition under both nutrient-deficient and sufficient conditions
(Wang et al., 2021). This study underscores the potential of SynComs to enhance crop performance in controlled
environments. Another case study focused on the design of SynComs for improved crop resiliency, emphasizing
the importance of selecting microbial strains with robust colonization abilities and specific beneficial functions for
plants (Souza et al., 2020). These case studies illustrate the practical applications of SynComs in enhancing crop
productivity and resilience in CEA systems.

4.3 Analysis of factors influencing SynCom effectiveness in controlled environments
The effectiveness of SynComs in controlled environments is influenced by several factors, including the
composition of the microbial community, environmental conditions, and the specific crop being cultivated. The
selection of microbial strains with beneficial traits, such as nutrient acquisition and disease resistance, is crucial
for the success of SynComs (Souza et al., 2020). Additionally, environmental factors such as light spectra,
temperature, and humidity can impact the performance of SynComs. For instance, the use of different LED light
spectra has been shown to affect the growth, yield, and nutritional value of lettuce in CEA systems (Alrajhi et al.,
2023). Furthermore, the integration of advanced technologies, such as digital twin architectures, can optimize the
productivity of CEA systems by simulating and controlling crop microclimate and management strategies (Chaux
et al., 2021). Overall, a comprehensive understanding of these factors is essential for optimizing the performance
of SynComs in controlled environments.

5 From Laboratory to Field: Scaling Up SynComs
5.1 Challenges in scaling up SynComs from laboratory to commercial CEA systems
Scaling up synthetic microbial communities (SynComs) from laboratory settings to commercial controlled
environment agriculture (CEA) systems presents several challenges. One of the primary issues is the complexity
of maintaining the stability and functionality of SynComs in diverse and dynamic field conditions. Laboratory
conditions are highly controlled, whereas commercial CEA systems are subject to variations in environmental
factors such as temperature, humidity, and light, which can affect microbial community dynamics and
plant-microbe interactions (Wang et al., 2021; Pradhan et al., 2022). Additionally, the economic feasibility of
producing and applying SynComs at a large scale is a significant hurdle. The cost of isolating, screening, and
maintaining beneficial microbial strains can be prohibitive, and there is a need for cost-effective production
methods that can be scaled up without compromising the efficacy of the SynComs (Wang et al., 2021; Pradhan et
al., 2022). Furthermore, regulatory and safety concerns must be addressed to ensure that the introduction of
SynComs into commercial agriculture does not pose risks to human health or the environment (Pradhan et al.,
2022).

5.2 Strategies for large-scale production and deployment of SynComs
To overcome the challenges associated with scaling up SynComs, several strategies can be employed. One
approach is the development of robust production systems that can generate large quantities of microbial
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inoculants efficiently. This includes optimizing fermentation processes and developing formulations that enhance
the shelf-life and stability of SynComs under various storage and application conditions (Wang et al., 2021).
Another strategy involves the use of advanced biotechnological tools, such as omics technologies and machine
learning, to design and optimize SynComs for specific crops and environmental conditions (Figure 2) (Pradhan et
al., 2022). These tools can help identify key microbial traits and interactions that are critical for enhancing plant
growth and resilience, thereby enabling the creation of more effective SynComs. Additionally, integrating
SynComs with other sustainable agricultural practices, such as precision agriculture and digital twin technologies,
can enhance their deployment and monitoring in commercial CEA systems (Chaux et al., 2021; Ojo and Zahid,
2022). This integration can facilitate real-time adjustments to environmental conditions and microbial applications,
ensuring optimal performance of SynComs in the field.

Figure 2 Proposed technical flow for artificial construction of a synthetic microbial community (SynCom) to augment plant fitness
and productivity (Adopted from Trivedi et al., 2021)
Image caption: Microbiomes from sites with disease suppression or better plant performance are characterized using multiomics
techniques; The beneficial microbiome is selected through construction of an interaction network and potential key microbes are
identified based on structural properties and/or functional modules; Individual microbial members are cultured using high-throughput
platforms and characterized through genomic, metabolic and physiological analysis; The isolates are screened first for beneficial
traits and then in binary microbe-microbe and in plant-microbiome interactions using microfluidics-based platforms; Desirable
functions for microbes destined for inclusion in SynComs may be improved through synthetic biology; SynComs with different
complexities are designed through predictive modeling that evaluates trait redundancy, dominance, modularity, interactions and
assembly; SynComs are further validated for their plant growth promotion abilities in the glasshouse or using standardized fabricated
ecosystems or microfluidic platforms for reproducible interrogation of beneficial traits; The most promising SynComs are applied to
fields where a variety of sensors mounted on unmanned aerial vehicles coupled with mobile DNA sequencers will allow automated
monitoring of the plant response and microbial community structures; Integration of microbiome-phenome-environment datasets will
be used to forecast microbial dynamics and enable scaleup of SynCom application in smart farming systems (Adopted from Trivedi
et al., 2021)
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5.3 Case studies of successful commercialization efforts
Several case studies highlight the successful commercialization of SynComs in CEA systems. For instance, a
study on the application of root-associated SynComs in soybean demonstrated significant improvements in
nutrient acquisition and yield under both nutrient-deficient and sufficient conditions. Field trials revealed that the
application of SynComs led to yield increases of up to 36.1%, showcasing the potential of these microbial
communities to enhance crop productivity in commercial settings (Wang et al., 2021) (Figure 3). Another example
is the use of digital twin architectures in CEA systems to optimize productivity and resource use. By simulating
crop growth and environmental conditions, digital twins can help fine-tune the application of SynComs, ensuring
that they perform effectively under varying conditions (Chaux et al., 2021). These case studies underscore the
importance of integrating advanced technologies and robust production methods to achieve successful
commercialization of SynComs in CEA systems.

Figure 3 Field application of SynComs in different sites (Adopted from Wang et al., 2021)
Image caption: (A) Yield performance, bar = 10 cm; (B, D) Pod number; (C, E) Seed weight; Soybean plants with or without
SynCom application were grown in field site II (A-C) and III (D, E); Different letters indicate significant differences among different
treatments in Duncan′s multiple comparisons test; Among the three SynComs, SynCom1 exhibited the highest and most stable
promotion effects on soybean yield, as reflected by increases of 43.4% and 32.1% in pod number, and 23.3% and 36.1% in seed
weight at site II and site III, respectively, in comparison with uninoculated control plants (Adopted from Wang et al., 2021)

6 Regulatory and Safety Considerations
6.1 Regulatory frameworks governing the use of SynComs in agriculture
The use of synthetic microbial communities (SynComs) in agriculture is subject to various regulatory frameworks
that ensure their safe and effective application. Regulatory bodies such as the Environmental Protection Agency
(EPA) in the United States and the European Food Safety Authority (EFSA) in Europe have established guidelines
for the approval and monitoring of microbial inoculants. These frameworks typically require comprehensive risk
assessments, including the evaluation of potential environmental impacts and human health risks associated with
the release of SynComs into agricultural settings (Dsouza et al., 2021; Martins et al., 2023). Additionally,
international standards such as those set by the International Organization for Standardization (ISO) provide
guidelines for the safe handling and application of microbial products in agriculture (Martins et al., 2023).
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6.2 Safety and risk assessment protocols for SynComs
Safety and risk assessment protocols for SynComs involve a multi-faceted approach to ensure that these microbial
communities do not pose any harm to plants, animals, humans, or the environment. Key components of these
protocols include microbial characterization, ecological impact assessment, toxicological studies and field trials.
Researchers identify and characterize in detail the microbial strains used in SynComs, including their genetic
makeup, metabolic capabilities, and pathogenicity potential (Souza et al., 2020; Martins et al., 2023); evaluate the
potential impacts of SynComs on native microbial communities and overall ecosystem health, which includes
studying the potential for horizontal gene transfer and the stability of microbial populations over time (Dsouza et
al., 2021; Martins et al., 2023); conduct toxicological assessments to identify any adverse effects on non-target
organisms, including beneficial insects, soil animals, and humans (Souza et al., 2020; Martins et al., 2023); and
implement controlled field trials to monitor the performance and safety of SynComs under real agricultural
conditions. These trials help in understanding the long-term impacts and efficacy of SynComs in enhancing crop
health and yield (Dsouza et al., 2021; Martins et al., 2023).

6.3 Ethical considerations and public perception
The deployment of SynComs in agriculture raises several ethical considerations and public perception issues that
need to be addressed to ensure widespread acceptance and responsible use. Ethical considerations include
transparency and informed consent, ensuring that farmers and consumers are fully informed about the nature and
benefits of SynComs, as well as any potential risks. This involves transparent communication and obtaining
informed consent from stakeholders (Gan et al., 2022; Martins et al., 2023); Equity and access, addressing
concerns related to the equitable distribution of benefits derived from SynComs, which includes ensuring that
smallholder farmers and marginalized communities have access to these technologies and can benefit from their
application (Gan et al., 2022; Martins et al., 2023); Environmental justice, considering the potential environmental
impacts of SynComs and ensuring that their use does not disproportionately affect vulnerable ecosystems or
communities (Gan et al., 2022; Martins et al., 2023). Public perception plays a crucial role in the acceptance and
adoption of SynComs in agriculture. Studies have shown that consumer perceptions of new agricultural
technologies are influenced by factors such as perceived benefits, safety, and environmental impact (Gan et al.,
2022). Therefore, it is essential to engage with the public through education and outreach programs to build trust
and address any concerns related to the use of SynComs in agriculture (Gan et al., 2022).

7 Economic Viability and Market Potential
7.1 Cost-benefit analysis of SynCom use in CEA
The economic viability of using synthetic microbial communities (SynComs) in controlled environment
agriculture (CEA) is a critical factor for their adoption. Studies have shown that SynComs can significantly
enhance plant growth and nutrient acquisition, leading to increased crop yields. For instance, the application of
SynComs in soybean cultivation resulted in yield increases of up to 36.1% in field trials, demonstrating their
potential to improve economic returns for farmers (Wang et al., 2021). Additionally, the robust optimization of
CEA systems under market uncertainty has been shown to improve long-term economic performance, validating
the economic viability of multi-mode CEA production (Cetegen and Stuber, 2021). The integration of advanced
technologies such as Digital Twins (DT) can further optimize productivity and resource consumption, potentially
reducing operational costs and enhancing profitability (Chaux et al., 2021).

7.2 Market trends and potential for SynCom-based products
The market for SynCom-based products in CEA is poised for growth, driven by the increasing demand for
sustainable and efficient agricultural practices. The shift towards urban and controlled-environment agriculture is
supported by the need to meet food security and environmental sustainability goals (Cowan et al., 2022). The
adoption of artificial intelligence and deep learning technologies in CEA, such as computer vision for real-time
monitoring and autonomous cultivation, is expected to further drive market expansion (Ojo and Zahid, 2022; Luo
et al., 2022). The potential for SynComs to enhance nutrient efficiency and crop yields positions them as valuable
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inputs in the CEA market, which is increasingly focused on high-tech solutions like indoor vertical farming and
hydroponics (Niu and Masabni, 2018).

7.3 Business models for SynCom commercialization
Several business models can be explored for the commercialization of SynComs in CEA. One approach is the
direct sale of SynCom products to CEA operators, leveraging the demonstrated benefits of increased yields and
nutrient efficiency (Wang et al., 2021). Another model involves the integration of SynComs into comprehensive
CEA solutions, including advanced climate control and crop management systems, to offer a bundled package that
maximizes productivity and sustainability (Chaux et al., 2021; Lu et al., 2023). Additionally, partnerships with
technology providers and agricultural input companies can facilitate the distribution and adoption of SynComs,
ensuring that they reach a broader market. The development of subscription-based services for continuous supply
and support of SynCom applications could also provide a steady revenue stream while ensuring optimal
performance for end-users.

By addressing the economic viability, market potential, and viable business models, the adoption of SynComs in
CEA can be effectively strategized to ensure successful commercialization and widespread use.

8 Future Directions and Perspectives
8.1 Emerging technologies and innovations in SynCom engineering
The field of Synthetic Community (SynCom) engineering is rapidly evolving, with several emerging technologies
poised to revolutionize Controlled Environment Agriculture (CEA). One significant advancement is the
development of Digital Twin (DT) architectures, which enable the simulation and optimization of crop
microclimates and management strategies, thereby enhancing productivity and resource efficiency (Chaux et al.,
2021). Additionally, the integration of circadian rhythm entrainment using dynamic LED cues has shown promise
in improving crop yield and sustainability by synchronizing environmental cues with the natural rhythms of plants
(Marie et al., 2022). Advances in bio-automation systems are also noteworthy, as they offer innovative solutions
for plant growth in extreme environments, such as space, which could have applications in terrestrial CEA as well
(Barreto et al., 2023).

8.2 Integration of SynComs with advanced CEA technologies (e.g., IoT, AI)
The integration of SynComs with advanced CEA technologies, such as the Internet of Things (IoT) and Artificial
Intelligence (AI), is a promising direction for future research and development. IoT-enabled sensors and wireless
networks can provide real-time monitoring and control of environmental conditions, which is crucial for
optimizing plant growth and resource use (Shamshiri et al., 2018). AI and computer vision technologies are being
increasingly adopted for autonomous cultivation and harvesting, offering significant improvements in efficiency
and productivity (Luo et al., 2022). Furthermore, the use of robust optimization methodologies can enhance the
economic viability and resilience of CEA systems under market uncertainties, ensuring long-term sustainability
(Cetegen and Stuber, 2021).

8.3 Long-term vision and potential breakthroughs in SynComs for CEA
Looking ahead, the long-term vision for SynComs in CEA includes the development of Integrated System CEA
(ISCEA), which aims to deploy multiple CEA systems in a localized and integrated manner to maximize
efficiency and minimize environmental impact (Cowan et al., 2022). The transition to urban agriculture and plant
factories, supported by advancements in greenhouse automation and energy optimization, represents a significant
potential breakthrough (Shamshiri et al., 2018). Additionally, the focus on energy efficiency, particularly through
improvements in HVAC, lighting, and distributed generation technologies, is expected to play a critical role in
making CEA more sustainable and economically viable (Engler and Krarti, 2021). The continued exploration of
temperature effects and the development of decision support tools for optimizing production conditions will
further enhance the efficiency and effectiveness of CEA systems (Imler, 2020).
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By leveraging these emerging technologies and integrating them with advanced CEA systems, the future of
SynComs in controlled environment agriculture looks promising, with the potential to achieve significant
breakthroughs in productivity, sustainability, and food security.

9 Concluding Remarks
The optimization of engineered synthetic communities (SynComs) for Controlled Environment Agriculture (CEA)
has demonstrated significant potential in enhancing productivity, resource efficiency, and sustainability. Key
findings from the literature highlight several critical areas. Firstly, the application of Digital Twin (DT)
architectures and reinforcement learning models has proven effective in optimizing climate control and crop
management. These technological advancements lead to increased yields and better resource use efficiency, as
shown in studies by Chaux et al. (2021) and Lu et al. (2023). Secondly, advances in crop breeding and genetic
engineering are crucial. Innovations such as breeding new varieties specifically for controlled environments and
employing gene editing technologies are essential for optimizing plant traits to meet the unique demands of CEA.
Folta (2018) underscores the importance of these advancements. Thirdly, the deployment of automation and
intelligent control systems, including IoT-based monitoring, fuzzy logic controllers, and nanotechnology, has
reduced human error and improved precision in environmental controls. This is supported by research from
Vishwakarma et al. (2020). Lastly, significant strides have been made in improving the energy efficiency of CEA
systems. Advances in LED lighting and climate control technologies are critical for reducing operational costs and
minimizing environmental impact, as highlighted by Engler and Krarti (2021).

These findings have several implications for researchers, policymakers, and industry stakeholders. For researchers,
there is a clear need for continued interdisciplinary research in optimizing SynComs for CEA. This study should
focus on areas such as genetic engineering, automated systems, and machine learning applications. Further studies
are necessary to develop and validate new technologies that can be seamlessly integrated into existing CEA
frameworks. For policymakers, supportive policies are essential to encourage the adoption of innovative
technologies in agriculture. This includes funding for research and development, subsidies for sustainable farming
practices, and regulations that facilitate the integration of advanced systems in CEA. For industry stakeholders,
investing in state-of-the-art technologies and practices that enhance productivity and sustainability is crucial for
commercial viability. This involves embracing automation, optimizing energy use, and adopting genetically
engineered crops tailored for controlled environments. Collaboration with research institutions can also drive
innovation and improve competitive advantage.

The optimization of engineered SynComs for CEA represents a promising frontier in agricultural science, but it
requires a collaborative effort across various disciplines. Engineers, biologists, computer scientists, and
agricultural experts must work together to develop integrated solutions that address the complexities of controlled
environment farming. Continued research is essential to refine these technologies, improve their scalability, and
ensure they meet the evolving needs of the agricultural industry. Only through sustained interdisciplinary
collaboration can the full potential of SynComs in CEA be realized, paving the way for a more sustainable and
productive agricultural future.
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