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 Atrazine contamination is a pressing global concern, with over 70,000 tons applied 
annually, leading to persistent pollution in soils and groundwater. Conventional 
remediation approaches are often costly, disruptive, and inefficient, prompting interest 
in microbial consortia as a sustainable and ecologically sound alternative. This review 
aims to critically assess recent advances in the use of microbial consortia for atrazine 
bioremediation, focusing on their degradation mechanisms, key microbial players, 
design strategies, field performance, and practical implementation challenges. A 
comprehensive literature review methodology was employed, analyzing peer-reviewed 
studies on microbial pathways, consortium design, optimization techniques, and 
regulatory frameworks. The review also evaluates field trials conducted across various 
agro-ecological zones. Findings indicate that microbial consortia consistently 
outperform single strains, achieving 70–95% atrazine degradation under optimal 
conditions. Synergistic interactions among degraders (e.g., Pseudomonas, 
Arthrobacter) and supporting taxa (e.g., Bacillus, Rhizobium) enhance both 
degradation rates and stability. Advanced tools such as omics technologies, machine 
learning, and synthetic biology have enabled rational consortium engineering. 
However, field deployment remains constrained by environmental variability, scalability 
issues, and regulatory bottlenecks. Economic analysis reveals consortium-based 
methods are significantly cheaper ($50–150/m³) than conventional approaches ($300–
800/m³), making them economically attractive for large-scale remediation. This review 
concludes that microbial consortia offer a viable and cost-effective strategy for atrazine 
remediation, particularly in agricultural soils. Their success depends on integrating 
biological insights with engineering, economic, and regulatory considerations. 
Consortium-based bioremediation holds significant promise for sustainable agriculture, 
environmental protection, and reducing chemical input reliance. Future efforts should 
focus on optimizing strain combinations, enhancing field resilience, and developing 
standardized application protocols for widespread adoption. 
 

Keywords: Atrazine, Bioaugmentation, Biotechnology, Environment, Microbial 
consortia, Remediation 

 

1. Introduction 
Atrazine (2-chloro-4-ethylamino-6-isopropylamino-

1,3,5-triazine) is a widely used herbicide, especially in 
maize and sorghum cultivation, with over 70,000 tons 
applied annually worldwide [1, 2]. Its popularity stems from 
its broad-spectrum weed control and cost-effectiveness. 
However, atrazine’s chemical stability and persistence 
(half-lives of 30-200 days in soil) cause significant soil and 
groundwater contamination, detected in 60-90% of 
agricultural watersheds in North America and Europe, 
posing risks to non-target organisms and potentially human 
health [3, 4]. Conventional remediation methods like soil 
excavation, incineration, and chemical treatment are often 
costly and environmentally disruptive [5]. Microbial 
degradation offers a sustainable alternative, utilizing soil 
bacteria to mineralize atrazine [2]. While single-strain 

biodegradation has been studied, limitations such as 
metabolic bottlenecks and environmental stress sensitivity 
have restricted field success rates to about 40-60% [6]. 

Despite growing interest in microbial consortia, 
critical knowledge gaps remain. There’s insufficient 
understanding of how consortium composition and stability 
affect degradation efficiency under field conditions. 
Economic feasibility analyses comparing consortia with 
conventional methods are scarce. Furthermore, 
standardized protocols for consortium design, application, 
and monitoring are undeveloped. These gaps are 
interconnected; for instance, poor field stability impacts 
economic viability, and a lack of standardized protocols 
hinders both application and economic comparison. 
Addressing these requires an interdisciplinary approach 
involving microbiology, ecology, environmental 
engineering, economics, and regulatory science. 

mailto:aliyu.zayyad@mau.edu.ng


Aliyu, Z. D.: Microbial consortia for the bioremediation of atrazine-contaminated soils: Advances, challenges, and prospects 

www.sajsetjournal.com.ng Page 280 

2. Atrazine degradation: Mechanisms, 
genetic pathways, and transfer 
Atrazine biodegradation involves complex enzymatic 

processes mediated by genes in the atz and trz operons 
[6]. The pathway begins with hydrolytic dehalogenation by 
AtzA or TrzN enzymes, cleaving the chloro group to 
produce hydroxyatrazine, often the rate-limiting step (Km 
values 15-45 µM) [7]. Subsequent deamination reactions 
by AtzB and AtzC enzymes produce cyanuric acid. 

Complete mineralization to CO₂, ammonia, and other 
products requires additional enzymes (AtzD, AtzE, AtzF) 
[6]. The atzGHI gene cluster can enhance degradation 
capacity [8]. 

Fungal metabolism, though less understood, also 
contributes significantly to atrazine degradation via 
oxidative-hydrolytic mechanisms involving enzymes like 
laccases and peroxidases. This suggests fungi offer 
alternative or complementary bioremediation strategies. 

Degradation effectiveness also depends on enzyme type 
and activity (especially exoenzymes) and the 
environmental adaptability of microbial strains. Some 
strains show high degradation efficiency across wide 
temperature and pH ranges, partly due to elevated 
exoenzyme ratios facilitating direct contaminant interaction 
and alleviating pollutant stress. This highlights the 
importance of enzyme kinetics and microbial physiology 
alongside genetic potential. 

Atrazine degradation genes are often plasmid-borne, 
facilitating horizontal gene transfer (HGT) among diverse 
bacteria [9]. This mobility impacts consortium stability and 
function, with laboratory transfer frequencies of 10⁻⁴ to 

10⁻² per recipient cell, though field rates are poorly 
characterized [10]. Genomic analyses show considerable 
diversity in atz gene organization, offering opportunities for 
engineering optimized consortia [11]. 

 

 
Figure 1: Proposed biodegradation pathway of atrazine (ATR) and its transformation products 

 
Atrazine undergoes dealkylation to form 

deethylatrazine (DEA) and deisopropylatrazine (DIA), or 
hydroxylation to yield hydroxyatrazine (HA). Further 
transformations include the formation of deethylhydroxya-
trazine (DEHA) and deisopropylhydroxyatrazine (DIHA). 
These metabolic intermediates are critical markers in 
assessing microbial degradation activity and environmental 
detoxification processes [4]. 
 

3. Microbial players in atrazine 
biodegradation 

3.1 Primary degrader and supporting taxa 
Bacterial genera consistently linked to atrazine 

degradation include Pseudomonas, Arthrobacter, Bacillus, 
Agrobacterium, Nocardioides, and Bradyrhizobium [7, 12]. 
Pseudomonas species offer metabolic versatility and 

rhizosphere colonization, valuable for root zone 
applications [13]. Pseudomonas sp. strain ADP degrades 

0.8-1.2 mg atrazine g⁻¹ dry weight h⁻¹ optimally and 
produces biosurfactants enhancing bioavailability. 
Arthrobacter species excel in nutrient-poor, stressful 
environments, contributing to initial atrazine hydrolysis [9]. 
Arthrobacter aurescens TC1 shows broad s-triazine 
substrate specificity. Nocardioides and Bradyrhizobium are 
important for mineralization in soils with extended herbicide 
exposure, often harboring unique gene variants (Table 1) 
[14].  

Successful consortia also require supporting taxa 
that facilitate primary degraders through nutrient cycling, 
pH regulation, and growth promotion. This creates a 
conducive microenvironment for degradation. Bacillus 
species aid phosphate solubilization and produce plant 
growth-promoting substances [15].  
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Table 1: Key Microbial Players in Atrazine Bioremediation Consortia [14, 15, 16] 

Genus/Species 
Role (Primary 
Degrader/ 
Supporting) 

Key Metabolic 
Capability/Function 

Ecological 
Advantage/Specific 
Contribution 

Example Strain 
(if applicable) 

Quantitative 
Performance Data 
(e.g., degradation 
rates, stress 
tolerance) 

Pseudomonas Primary 
Degrader 

Atrazine mineralization, 
biosurfactant production 

Metabolic versatility, 
rhizosphere colonization 

Pseudomonas 
sp. strain ADP 

0.8-1.2 mg atrazine 
g⁻¹ dry weight h⁻¹ 

(optimal) 

Arthrobacter Primary 
Degrader 

Initial atrazine 
hydrolysis, s-triazine 
degradation 

Stress tolerance 
(desiccation, temperature, 
low-nutrient) 

Arthrobacter 
aurescens TC1 

Broad substrate 
specificity for s-
triazines 

Nocardioides Primary 
Degrader 

Atrazine mineralization 
(unique gene variants) 

Enhanced degradation 
under specific conditions, 
persistence in exposed soils 

  

Bradyrhizobium Primary 
Degrader 

Atrazine mineralization 
(unique gene variants) 

Enhanced degradation 
under specific conditions, 
persistence in exposed soils 

  

Bacillus Supporting Phosphate solubilization, 
plant growth promotion 

Enhances rhizosphere 
colonization, nutrient 
availability 

  

Rhizobium Supporting Nitrogen fixation Supports consortium growth 
in nitrogen-limited soils 

  

Mycorrhizal 
Fungi 

Supporting Nutrient and water 
acquisition 

Enhances plant-associated 
remediation systems 

  

 
Rhizobium species fix nitrogen, supporting growth in 

nitrogen-limited soils, while mycorrhizal fungi enhance 
nutrient and water acquisition [16]. These supporting 
functions are vital for sustained primary degrader activity. 
This view elevates consortia from simple organism 
collections to “ecosystem engineering,” where synergistic 
interactions create stable, efficient micro-ecosystems for 
degradation. 

Recent studies show introduced consortium 
members can synergistically interact with native microbial 
populations. While competition is a challenge, introduced 
strains can enhance beneficial indigenous populations. For 
example, P. ureafaciens ZY inoculation increased other 
atrazine-degrading genera like Streptomyces and Bacillus. 
This suggests bioaugmentation can stimulate existing 
native degraders, shifting from a purely competitive view to 
one acknowledging mutualistic enhancement. 

 

4. Design, optimization, and formulation of 
microbial consortia 
Effective microbial consortia development has shifted 

from empirical discovery to rational, data-driven, 
engineered design. 
 

4.1 Consortium design and advanced 
optimization principles 
Consortium design must consider metabolic 

complementarity, ecological compatibility, environmental 
resilience, and genetic stability [17]. Well-designed 
consortia achieve 1.5-3-fold higher degradation rates and 
enhanced stability compared to single strains [18]. 
Metabolic complementarity involves selecting strains with 
complementary catabolic pathways to eliminate 
bottlenecks, for example, combining high AtzA activity 
strains with efficient ring-cleavage strains. Mathematical 
modeling like flux balance analysis can predict optimal 

strain ratios [19]. Ecological compatibility is assessed via 
co-cultivation assays and competition experiments to 
ensure stable coexistence and potential synergy [20]. 
Omics-based (genomics, transcriptomics, metabolomics) 
consortium engineering enables rational design based on 
molecular understanding [21]. However, challenges exist, 
particularly for commercial use, as multi-omics studies 
show communities often include unculturable species, 
complicating optimization and risk assessment. Biases in 
DNA extraction can also affect abundance measurements. 
These complexities are critical for practical application. 

Machine learning algorithms (random forest, neural 
networks, SVMs) predict optimal consortium compositions 
based on environmental parameters and strain 
characteristics [22]. AI-driven approaches can also 
dynamically adjust bioremediation parameters (inoculation 
rates, nutrient supply, and oxygen) in real-time, enabling 
continuous optimization and adaptive systems [22].  

Synthetic biology (e.g., CRISPR gene editing) 
engineers consortia with enhanced degradation, stress 
tolerance, and controlled population dynamics [23]. 
However, maintaining stability and ensuring biocontain-
ment are critical. Microbial co-cultures face challenges like 
competitive exclusion and phage susceptibility. Engineered 
microbe deployment risks unintended environmental DNA 
release. Sophisticated biocontainment (metabolic 
dependencies, kill switches) is being developed to mitigate 
these risks, requiring focus on long-term stability and 
preventing undesirable ecological impacts. 
 

4.2 Formulation and delivery technologies 
Advanced formulation (encapsulation, immobilization, 

slow-release systems) enhances consortium stability and 
field performance [24]. Alginate-based encapsulation 
protects against environmental stress and allows controlled 
release. Biochar-based carriers improve soil structure, 
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water retention, and carbon sequestration. This shift to 
rational, engineered design signifies a paradigm shift 
towards more predictable and scalable bioremediation. 
 

5. Environmental factors influencing 
consortium performance and mitigation 
The effectiveness of microbial consortia is profoundly 

influenced by environmental factors as can be seen in 
Table 2. 
 

5.1 Physicochemical properties, 
bioavailability, and biotic interactions 
Optimal atrazine degradation typically occurs at pH 

6.5-8.0, with 40-60% rate reduction outside this range (pH 
<5.5 or >9.0), necessitating soil amendments [2]. 

Degradation rates are temperature-dependent (Q₁₀ values 
2.0-3.5 for 10-35°C), optimal at 25-30°C, with significant 
reduction below 15°C or above 40°C; seasonal variations 
can cause 3-5-fold rate differences [4]. Soil moisture of 50-
70% of field capacity is optimal; stress below 30% limits 
activity, while >90% (waterlogged) inhibits aerobic 
pathways [25].  

Soil organic matter (3-6% optimal) positively 
correlates with consortium establishment, providing 
carbon, improving structure, and reducing atrazine sorption 
[26]. Nutrient limitations (N, P) can constrain growth. Strain 
adaptability to environmental variability is crucial; selecting 
or engineering consortia tolerant to broader conditions can 
mitigate fluctuating factors. 

Atrazine sorption to soil (Kd 0.5−5.0 L/kg) limits 
biodegradation, influenced by clay, organic matter, and pH 
[4]. Bioavailability enhancement (surfactants, amendments) 
can increase degradation rates 2-4 fold. Introduced 
consortia must compete with indigenous microbes; 
successful establishment often requires 10⁶−10⁷ cells/g 
soil [25]. Quorum sensing (e.g., acyl-homoserine lactone 
signaling) influences stability and coordinated degradation 
[27].  

Significant negative impacts from deviations from 
optimal conditions (e.g., 40-60% pH-related rate reduction, 
3-5-fold temperature differences) show environmental 
variability is the dominant challenge translating lab success 
to field applications. Overcoming this requires robust 
predictive models, real-time monitoring, adaptive 
management, stress-tolerant strains, or advanced 
formulations. 

 

Table 2: Critical environmental factors influencing atrazine bioremediation by microbial consortia 
Environmental Factor Optimal 

Range/Condition 
Observed Impact Outside Optimal 
Range 

Strategies to Mitigate Negative 
Impacts 

pH 6.5-8.0 40-60% reduction below pH 5.5 or 
above pH 9.0 

Soil amendments (e.g., liming) 

Temperature 25-30°C (Q₁₀ 2.0-3.5 for 

10−35°C) 

3-5-fold differences seasonally; 
significant reduction <15°C or >40°C 

Timing applications, heat-tolerant 
strains, protective formulations 

Moisture 50-70% of field capacity Severe limitation <30%; inhibition of 
aerobic pathways >90% 

Irrigation, moisture retention 
strategies (e.g., biochar), timing 

Organic Matter 3-6% Reduced consortium establishment, 
persistence, and atrazine sorption 

Organic matter amendments, biochar 
addition 

Nutrient Availability Adequate N and P Constrained consortium growth and 
activity 

Nutrient supplementation 

Bioavailability/Sorption Low sorption (K_d 0.5-5.0 
L/kg) 

Major limitation to biodegradation Surfactant addition, soil amendments, 
rhizosphere modification 

Biotic Interactions Low competition from 
native microbes 

Requires high inoculation rates 
(10⁶−10⁷ cells/g soil) for establishment 

Pre-treatment approaches, selective 
soil amendments 

 

6. Economic feasibility, cost-benefit 
analysis, and scalability 

Economic feasibility is critical for widespread 
adoption. Consortium-based bioremediation costs ($50-
150/m³) are substantially lower than excavation/disposal 
($300-800/m³) or chemical treatment ($200-500/m³) [28]. 
This cost difference is a powerful driver for bioremediation. 
Cost components include lab development ($10,000-
25,000/site), inoculum production ($15-30/m³), field 
application/monitoring ($20-40/m³), and long-term 
monitoring ($10-15/m³) as in Table 3. 

Beyond direct costs, benefits include preserved soil 
productivity, reduced groundwater contamination liability, 
and potential carbon credits [29]. Economic modeling 
suggests net present values of $200-400/hectare for 
moderately contaminated soils over 10 years. These 
indirect benefits strengthen the economic case. 
Bioremediation, especially in-situ, also saves transport 
costs and uses harmless microorganisms, reducing 

logistical complexity and secondary environmental 
disruptions [4, 29]. 

Scalability challenges include site-specific 
consortium optimization, regulatory approvals, and limited 
commercial inoculum production capacity. Standardized 
formulations and streamlined regulatory pathways could 
cut costs by 30-50% and accelerate adoption [29]. 

 

7. Regulatory framework, standardization 
needs, and commercialization 
The regulatory framework for microbial inoculants 

varies significantly, posing barriers to commercial 
development. In the US, EPA regulation under FIFRA 
requires extensive safety/efficacy data ($1-5 million, 3-7 
years for approval) [30]. These high costs and long 
timelines are significant commercialization barriers, 
especially for smaller companies, stifling innovation. 
Ambiguity around GMOs and lack of international 
harmonization further complicate investment [30]. 
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Table 3: Economic comparison of atrazine remediation technologies [18, 20] 
Remediation Technology Estimated Cost per 

Cubic Meter (USD) 
Key Cost Components Additional Economic 

Benefits/Drawbacks 

Consortium-based 
Bioremediation 

$50-150 Lab development, inoculum 
production, field application, 
monitoring 

Preserves soil productivity, 
reduced liability, potential carbon 
credits 

Excavation and Disposal $300-800 Excavation, transport, disposal 
fees 

High environmental disruption, 
loss of agricultural land, high 
upfront cost 

Chemical Treatment 
Methods 

$200-500 Chemical reagents, application, 
waste disposal 

Potential for toxic byproduct 
formation, high operational costs 

 
However, the regulatory environment can also 

catalyze market growth. Initiatives like Europe’s Green 
Deal are driving demand for sustainable practices, 
reducing reliance on chemical pesticides. Detailed EU 
approval processes involve multiple stakeholders and can 
take up to 12 months for active substance inclusion alone, 
with further steps for product approval. This multi-layered 
process underscores the complexity and resource 
investment needed for commercialization across regions 
[30, 31]. 

Standardized protocols for consortium 
characterisation, quality control, and performance 
assessment are essential for regulatory acceptance and 
commercial viability. Priorities include: taxonomic/genetic 
characterisation, viability/stability assessment, 
contamination detection, standardized degradation assays, 
field effective-ness evaluation, environmental impact 
assessment, recommended application rates/timing, soil 
preparation protocols, and long-term monitoring 
requirements. Streamlining regulatory pathways is as 
crucial as scientific breakthroughs for widespread adoption 
[33]. 
 

8. Field applications, case studies, and 
challenges 
Real-world field applications offer insights into 

efficacy and challenges, often showing a gap between lab 
and field outcomes. 
 

8.1 Successful field implementations and 
lessons 
A Brazilian study using a Pseudomonas sp. (40%), 

Arthrobacter sp. (35%), and Bacillus sp. (25%) consortium 
on 12 hectares of maize (0.8−2.4 mg/kg atrazine) achieved 
92% degradation in 30 days, maintained soil microbial 
diversity, with no impact on crop yield, at at $85/hectare. 
Success factors included optimal pH (6.8-7.2), adequate 
moisture, and organic matter pre-treatment. A Midwestern 
US trial showed consortium treatment achieved 78% 
degradation (45 days), outperforming single strains (52%), 
with successful establishment >120 days, costing 
120/hectare [31]. An African multi-site study (Kenya, 
Ghana, Nigeria, South Africa, Morocco) using 
standardized, adapted consortia showed variable success 
(58-85% degradation), with soil pH and organic matter as 
primary predictors; arid sites needed moisture retention, 
and heat-tolerant strains were essential in equatorial 
regions [32]. 
 

8.2 Field application challenges and data-
driven optimization 
Environmental variability significantly impacts 

consortium performance (temperature, moisture, soil 
heterogeneity), requiring adaptive management (e.g., 
adjusting composition/timing) [26]. There’s a move towards 
data-driven optimization using “omics” and computational 
modeling. High-throughput sequencing and metabolic 
modeling in field experiments describe how treatments 
alter microbial communities and functional performance, 
shifting from empirical trial-and-error to predictive 
approaches for tailoring strategies [26]. Competition with 
native microbes is a major challenge; pre-treatment 
(selective amendments, native community modification) 
shows promise. Long-term persistence and genetic stability 
are concerns; HGT can lead to loss of degradative genes. 
Research focuses on engineering stability and monitoring 
protocols. Variable field success highlights a “last mile” 
problem: bridging the lab-to-field gap [26, 30]. 
 

9. Critical evaluation of limitations and 
risks 
A balanced evaluation requires assessing limitations 

and risks. These risks include: 
 

9.1 Technical, environmental, and ecological 
risks 
Incomplete mineralization is a concern; accumulation 

of intermediates like cyanuric acid may pose residual risks, 
with 10-25% of initial atrazine carbon sometimes retained 
in soil organic matter [6]. Consortium performance is highly 
sensitive to stressors (drought, temperature extremes, 
salinity, heavy metals), with 50-80% degradation efficiency 
reduction documented under stress [26]. 

Horizontal gene transfer (HGT) of degradative genes 
to native communities raises questions about long-term 
ecological impacts; field transfer rates and consequences 
are poorly characterized [10]. This uncertainty necessitates 
discussing the precautionary principle. HGT is dual-
natured: beneficial for disseminating degradative 
capabilities, but also a concern. Gene transfer is central to 
realizing synthetic biology benefits and mitigating risks 
from engineered microbe deployment [33]. HGT has driven 
bacterial evolution, including antibiotic resistance spread 
[34]. Risk assessment must consider both beneficial and 
detrimental HGT aspects. 

Limited studies assess impacts on soil ecosystem 
functions (nutrient cycling, plant-microbe interactions). 
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Preliminary data suggest minimal short-term impacts [25]. 
This is supported by studies indicating non-target effects of 
microbial inoculants are often small and transient. 
However, long-term ecological integration and optimization 
require continuous evaluation. Microbial inoculants can 
improve soil health and nutrient cycling, aligning with 
sustainable agriculture, yet challenges in consistent quality, 
application, and adaptation remain [35]. Sustained benefits 
and avoidance of subtle, cumulative impacts necessitate 
ongoing research and rigorous quality control. This 
knowledge gap calls for long-term, multi-site studies before 
broad commercialization. 
 

9.2 Commercial and regulatory risks 
Complex IP landscapes for engineered consortia 

may limit technology transfer and increase costs. Evolving 
regulatory frameworks for GMOs and environmental 
biotechnology create uncertainties for commercial 
development timelines and costs, with requirements 
varying significantly among jurisdictions [35]. 
 

10. Alternative, complementary, and 
integrated remediation technologies 
No single technology is a universal solution; the 

future likely lies in integrated approaches. Combining 
microbial consortia with phytoremediation offers synergistic 
benefits, with plant root exudates enhancing microbial 
activity and consortia improving plant stress tolerance, 
achieving 15-30% higher removal efficiencies than either 
alone [23]. Advanced Oxidation Processes (AOPs) like 
ozonation achieve rapid degradation but at higher costs 
($200-500/m³) and with potential toxic byproduct formation 
[5]. Microbial consortia are more cost-effective and 
environmentally compatible for in-situ application. AOPs 
could be used for initial high concentration reduction, 
followed by bioremediation. Activated carbon and sorption 
technologies effectively remove atrazine from water but 
require material replacement/disposal, less practical for 
large-scale soil remediation than bioremediation. 
There is a growing trend towards integrated remediation as 
a holistic strategy. Recent reviews highlight “plant-microbial 
remediation” and “material-microbial-integrated methods” 
as advanced technologies leveraging synergistic effects 
[36]. This indicates a broader field shift to combining 
biological, physical, and chemical approaches to overcome 
individual technology limitations and achieve more 
comprehensive contaminant removal in complex scenarios. 
 

11. Conclusion 
Microbial consortia offer a robust and sustainable 

strategy for remediating atrazine-contaminated soils. 
Compared to single-strain systems, consortia demonstrate 
superior degradation efficiency, ecological stability, and 
adaptability-especially when engineered using omics tools, 
machine learning, and synthetic biology. 

This review has shown that while lab-scale results 
are promising, translating these successes to the field 
remains challenging. Key barriers include environmental 
variability, lack of standardized protocols, and complex 
regulatory requirements. Nonetheless, consortium-based 

bioremediation is economically viable, with significantly 
lower costs than conventional methods and added benefits 
like soil health preservation and reduced ecological 
disruption. 

Future efforts must prioritize the development of 
field-resilient consortia, standardized application methods, 
and supportive regulatory frameworks. Integrated 
approaches-such as combining microbial and plant-based 
strategies-could further enhance performance and 
reliability. 

In summary, microbial consortia represent a 
transformative tool for sustainable agriculture and 
environmental protection. With targeted research and 
policy alignment, their large-scale application is both 
achievable and impactful. 
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