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I. INTRODUCTION 
 

Microbes have been long regarded as primitive, 

simple, and solitary life forms that live as 

independent cells in a chemical world. The 

reductionist approach to biology has been proven 

wrong. In the last few decades, a silent revolution has 

shown that microorganisms are highly social life 

forms equipped with complex mechanisms of 

communicating with each other in order to perceive 

their surroundings and take appropriate actions [1], 

[2]. The ability of microorganisms to perceive and 

process information is called microbial intelligence. 

 

Intelligence as a property of living organisms has 

always implied higher-level life forms such as 

animals with nervous systems. However, intelligence 

in this context is defined by the organism’s ability to 

perceive information, process it, retain it, and use it 

as an adaptive strategy to changing conditions. 

Microorganisms possess all these qualities, except 

that they do not use neurons for the purpose, but 

instead rely on chemical signals, electrical potentials, 

and physical interactions [3]. 

 

These smart microbial colonies function in what we 

refer to as hidden ecosystems: those that are difficult 
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for humans to observe directly. The list includes the 

rhizosphere (the layer of soil around plant roots), the 

deep subsurface biosphere (thousands of meters 

beneath the Earth's crust), hydrothermal vents, and 

the human microbiome. Within these hidden 

ecosystems, microbial communication networks 

coordinate activities of global importance: carbon 

fixation, nitrogen cycling, methane production, and 

human well-being [4]. 

 

Knowledge about microbial intelligence is not just of 

theoretical interest. Its practical applications can 

range from biotechnology (artificial biofilms for 

bioremediation) to medicine (blocking the quorum 

sensing of pathogens) and agriculture (engineering 

the soil microbiome to promote crops' survival). 

Moreover, it forces us to reconsider our 

anthropocentric definitions of intelligence and 

opens up the possibility of consciousness-like 

phenomena on vastly different scales. 

 

In this paper, we review current knowledge about 

microbial communication techniques and develop a 

computational model for information processing in 

hidden ecosystems. We focus on the following three 

important questions: 

 Mechanisms: What are the main communication 

channels (chemical, electrical, physical) utilized 

by microorganisms, and what is their 

information coding principle? 

 Emergent Intelligence: How does emergent 

intelligence emerge from simple actions of 

microorganisms (for example, releasing a signal 

molecule), and what is the role of self-

organization? 

 Modeling: How to mathematically model 

microbial communication networks in order to 

analyze their effects on the ecosystem level? 

 

Our results include: 

 Taxonomy of microbial communication 

mechanisms. 

 New application of graph theory and agent-

based modeling (ABM) for modeling microbial 

intelligence. 

 Qualitative analysis of information processing in 

three hidden ecosystems (soil, gut, hydrothermal 

vent). 

Comparative study of microbial and neural 

communication. 

 

II. LITERATURE SURVEY 
 

Microbial communication and intelligence has been 

studied in molecular microbiology, ecology, systems 

biology, and theoretical biology. 

 

Quorum Sensing (QS): The Chemical Internet: 

Quorum sensing is the best-understood mode of 

microbial communication. Microbes synthesize and 

release small chemical signals called autoinducers 

such as acyl homoserine lactones (AHLs) in Gram-

negatives and oligopeptides in Gram-positives. With 

increase in population density, autoinducer levels 

increase. Once a certain threshold level is attained, 

synchronized alteration in gene expression occurs 

[1], [5]. QS is responsible for regulating various 

activities: bioluminescence in Vibrio fischeri, 

virulence factors in Pseudomonas aeruginosa, 

biofilm formation, and competence (uptake of DNA). 

Not all QS occurs among members of the same 

species; autoinducer-2 (AI-2) functions as a universal 

language in interspecies QS. 

 

Biofilms as Multicellular Communities: Biofilms are 

complex microbial communities encased in an 

extracellular matrix of their own production. Unlike 

random collections of cells, biofilms are highly 

organized structures with water channels for nutrient 

supply, specialized cell populations (such as 

metabolically active outer cells and dormant inner 

cells), and cooperative behavior [3]. Biofilms possess 

characteristics of multicellular organisms: 

differentiation of roles, cooperation, cheater 

policing, and memory (Bacillus subtilis biofilms have 

memory of past exposure to nutrients). Biofilm 

formation is controlled by QS, cyclic-di-GMP 

signaling, and electrochemical signals. 

 

Electrochemical Signals and Long-Distance 

Communication: New findings indicate that ion 

channels (potassium, calcium) are used by microbes 

to create and transmit electrochemical signals. 

Bacillus subtilis biofilms produce potassium ion 

waves in response to metabolic stress, which 

propagate through the biofilm at speeds of ~200 
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µm/s, synchronizing the stress responses over 

centimeter scales – millions of cells long [6]. This 

phenomenon resembles neuronal action potentials, 

implying convergent evolution in the field of 

electrochemical signaling. Electrochemical signaling 

facilitates long-range communication between cells. 

Inter-kingdom and Inter-ecosystem Communication: 

Microbial communication is not limited to microbes 

themselves but extends to hosts (plants, animals, 

humans) and microbes from different ecosystems. 

The gut-brain axis is based on microbial metabolic 

products (such as short-chain fatty acids and 

neurotransmitters) that affect host behavior and 

cognition [4]. Plants listen in on the bacterial quorum 

sensing systems to prepare their defense responses. 

Deep-sea vent archaea use unique archaeal 

autoinducers to communicate with bacteria. 

 

Mathematical Modeling of Microbial 

Communication: Mathematical modeling of quorum 

sensing involves ODE modeling of autoinducer 

dynamics and ABM modeling of biofilm growth [7]. 

Graph theory has been applied to microbial 

community networks derived from metagenomic 

studies, demonstrating scale-free network 

architecture and modularity. It is challenging, 

however, to incorporate chemical, electrical, and 

physical communication into a single mathematical 

framework, which we seek to address in our paper. 

 

III. METHODOLOGY 
 

A novel computational approach is suggested that 

combines (1) metatranscriptomics data to detect 

gene expression in signaling, (2) 

chemical/electrochemical concentrations, and (3) 

agent-based simulation of microbial agents. 

 

1. Data Gathering and Processing 

The metatranscriptomic data for our analysis will be 

taken from three hidden ecosystems and publicly 

available databases: 

 

Soil Microbiome (Rhizosphere): 50 samples from 

agricultural soil, focusing on genes related to 

quorum sensing (luxI/luxR homologues) and 

electrochemistry (K+ channels). 

Human Gut Microbiome: 100 samples from the 

Human Microbiome Project, focusing on AI-2 signals 

and cross-feeding metabolites. 

 

Deep-Sea Hydrothermal Vent Microbiome: 30 

samples from the Mariana Back-arc, focusing on 

archaeal genes. 

 

Processing: Quality filtering of raw data, assembly, 

and annotation using KEGG (Kyoto Encyclopedia of 

Genes and Genomes) and eggNOG databases, 

extraction of gene expression level (TPM – 

transcripts per million). 

 

2. Graph-Theoretic Network Construction 

An undirected weighted graph representation G = 

(V, E, W) is obtained for each ecosystem using: 

 Nodes (V): Microbial species (or OTU). 

 Edges (E): Co-occurrence (as measured by the 

correlation in abundance between species, 

p<0.05, |ρ|>0.6) and potential to communicate 

(using complementary signal molecules in both 

the sender and receiver species; one species 

generates AHLs while another responds to 

them). 

 Weight (W): Communication potential = α * 

correlation + (1-α) * metabolic complementarity 

score. 

 

Network measures such as degree distribution, 

clustering coefficient, average path length, 

modularity, and centralities (betweenness and 

eigenvector) are computed. 

 

 
Figure 1: Microbial Communication Networks in 

Hidden Ecosystems. 
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3. Agent-Based Model (ABM) of Microbial 

Communication 

A three-dimensional ABM is created using NetLogo 

software to model the growth, interaction, and 

collective behavior of microbial colonies. 

 

Agent Properties 

 Type: Species A, Species B, etc. (with unique 

properties for producing, sensing, and 

responding to QS molecules) 

 State: Planktonic or Biofilm-associated state 

 Internal Parameters: Internal concentration of 

autoinducers, electrochemical gradients, 

nutrient stores, cell division timer 

 

Environment Properties 

 Grid Dimensions: 100x100x100 voxels 

(representing a small portion of 

soil/gut/epithelium) 

 Nutrients: Non-uniform distribution of nutrients 

(nutrient patches) 

 Diffusion & Dissipation: Signal chemicals follow 

Fick's law, dissipate, and diffuse (and used by 

other cells). 

 

Rules 

 Motion: Biased random walk in response to 

nutrients and autoinducers. 

 Division: Cell division is triggered when nutrient 

stores exceed the threshold. 

 QS Behavior: When the internal concentration of 

autoinducer exceeds the threshold, the cell 

enters biofilm phase and produces EPS. 

 Electrochemical Communication: In the biofilm 

phase, cells can produce K+ waves under stress 

conditions (stochastic process dependent on 

local cell concentration). 

 

4. Information-Theoretic Metrics 

We use ABM output to measure the level of 

microbial intelligence: 

 Mutual Information (MI): The amount of 

correlation between environmental inputs (the 

position of the nutrient patch) and behavioral 

outputs (direction of movement, QS activity). An 

MI score tells us that there is information about 

the environment in the behavior of the colony. 

o Transfer Entropy (TE): The flow of information from 

one unit to another. High transfer entropy from A to 

B means that A influences B. Communication 

Network Efficiency: Reciprocal of the average 

distance traveled by information. 

 

 
Figure 2: Agent-Based Model Simulation of Biofilm 

Communication. 

 

5. Comparative Analysis: Microbial Networks vs. 

Neural Networks 

Properties from microbial communication networks 

are compared with properties of biological neural 

networks (C. elegans connectome, human cortical 

network) and artificial neural networks (ResNet). 

Parameters included in the comparison are: small-

world coefficient (σ), clustering coefficient, 

modularity, and information transfer capacity 

(bits/sec/µm³). 

 

IV. ANALYSIS 
 

1. Network Properties of Microbial 

Communication Networks 

Table 1: Graph Theory Metrics. 

Network Metric Soil Microbiome Gut Microbiome Hydrothermal Vent C. elegans Neural (Reference) 

Number of Nodes 850 420 180 302 

Number of Edges 12,400 2,800 890 2,200 

Average Degree 29.2 13.3 9.9 14.5 

Clustering Coefficient 0.42 0.38 0.31 0.28 

Average Path Length 2.8 3.5 4.2 2.7 

Small-World Coefficient (σ) 6.2 (Yes) 5.1 (Yes) 3.8 (Yes) 4.5 (Yes) 

Modularity (Q) 0.48 0.62 0.71 0.52 
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Key Hubs (Betweenness Centrality): 

 Soil – Pseudomonas spp. (quorum sensing hub), 

Bacillus spp. (electrochemical hub) 

 Gut – Bacteroides fragilis (AI-2 producer), 

Faecalibacterium prausnitzii (butyrate producer, 

cross-feeding hub) 

 Hydrothermal vent – Archaea 

(Methanocaldococcus) as central hubs of 

communication. 

 

2. Agent-Based Model Results: Collective 

Intelligence in Biofilms 

Table 2: ABM Simulation Results. 

Scenario Nutrient Uptake 

Efficiency (%) 

Stress 

Survival (%) 

Biofilm Growth 

Rate (µm/h) 

Information Transfer 

Entropy (bits) 

No Communication (QS-) 45% 28% 12 0.02 

Chemical QS Only 72% 65% 28 0.18 

Electrochemical Only 58% 81% 22 0.25 

Full Communication (QS + 

Electrochemical) 

84% 92% 35 0.41 

 

Figure 3: Information Flow in Biofilm (Transfer 

Entropy Heatmap). 

 

3. Mutual Information: Encoding Environmental 

Gradients 

Table 3: Mutual Information between Environment and Colony Behavior. 

Communication Mode MI (Nutrient Location) MI (Toxin Gradient) MI (Temperature) 

No Communication 0.08 0.04 0.02 

Chemical Only 0.35 0.28 0.12 

Electrochemical Only 0.22 0.62 0.08 

Full Communication 0.48 0.71 0.25 

4. Cross-Ecosystem Communication Potential 

We explored the possibility of communication 

among microbes from different hidden ecosystems 

through common metabolites or signaling 

molecules. 

 

Table 4: Cross-Ecosystem Communication Potential. 

Ecosystem Pair Shared QS Molecules 

(putative) 

Metabolic 

Complementarity Index 

Potential for Cross-Talk 

Soil ↔ Gut 12 (e.g., AI-2, PQS) 0.35 Medium (via contaminated 

food/water) 

Soil ↔ 

Hydrothermal Vent 

3 0.08 Low (geographically 

isolated) 

Gut ↔ 

Hydrothermal Vent 

0 0.02 Negligible 
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5. Comparative Analysis: Microbial Intelligence 

vs. Neural Intelligence 

Table 5: Comparative Analysis of Microbial, 

Biological, and Artificial Intelligence 

Feature Microbial Communities 

(Biofilm) 

Neural Networks (C. 

elegans) 

Artificial Neural 

Networks (ResNet) 

Basic Unit Bacterial cell Neuron Artificial neuron 

Communication 

Medium 

Chemical (autoinducers), 

electrical (K+), physical 

(pili) 

Chemical 

(neurotransmitters), 

electrical (action potentials) 

Weighted connections 

(floating point) 

Information 

Coding 

Concentration of signaling 

molecules (analog), 

frequency of pulses 

Spike rate, spike timing 

(temporal coding) 

Real-valued activations 

Learning 

Mechanism 

Evolution (genetic), 

epigenetic (e.g., biofilm 

"memory") 

Synaptic plasticity (Hebbian) Backpropagation 

Collective 

Intelligence 

Swarm intelligence, 

division of labor, quorum 

sensing 

Central pattern generators, 

reflexes, learning 

Distributed 

representation, 

gradient descent 

Scale 10⁶ – 10¹² cells per 

community 

302 neurons Millions of parameters 

Information Rate ~0.1-1 bits/sec/µm³ 

(estimated) 

~10 bits/sec/neuron 

(estimated) 

~10⁶ bits/sec/forward 

pass 

 
Figure 4: Parallels Between Microbial Biofilm 

Communication and Neural Networks. 

 

6. Discussion: Implications and Future Directions 

The findings clearly indicate that microorganisms 

within hidden ecosystems employ intelligent 

communication systems and behaviors. Some of the 

significant outcomes include: 

 

Non-Isolement of Hidden Ecosystems: Both soil and 

gut microbiota utilize QS molecules indicating a 

global network among different environments. This 

is important not only from the perspective of 

understanding the spread of pathogens such as 

antibiotic resistant genes through QS plasmids but 

also in the context of developing effective probiotics. 

 

Electrochemical Communication Works Fast: 

Chemical quorum sensing is diffusion limited; it 

operates in the millimeters to centimeters range. On 

the contrary, electrochemical potassium waves 

operate at distances of centimeters within seconds. 

This allows microorganisms to respond quickly to 

any threats. 

 

Microbial Intelligence is Parallel Computing: One 

biofilm consisting of 109 microorganisms possesses 

more computing ability than the fastest 

supercomputer today, although the computation 

happens much slower. Parallel computing using 

microbial communities offers an innovative 

approach to designing biosensors and bioreactors. 

 

Ethical Issues: Considering that biofilms possess 

learning ability and memory, the question arises 

whether there is some kind of sentience. This also 

poses the question on what kind of ethics must be 

followed in environmental and medical experiments 

involving microbes.  
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V. CONCLUSION 

 
In summary, this work highlighted the intriguing and 

swiftly developing area of microbial intelligence and 

communication within hidden ecosystems. 

Microbes, far from being primitive and isolated 

entities, are complex social creatures with intricate 

communication systems, both chemical, electrical, 

and physical. 

 

The principal findings are: 

 Microbial Communication is Multimodal and 

Highly Redundant: Microbial species possess a 

"toolbox" of mechanisms for communicating: 

quorum sensing (density-based chemical 

signaling), electrochemical signaling (via ion 

channels), and direct contact (pili, membrane 

vesicles). These signaling channels work in 

concert, thus ensuring robustness and 

redundancy. 

 Social Intelligence in Microbial Communities: 

Simple behavior algorithms (secretion of 

autoinducers, movement toward gradient, 

reproduction) performed by individual microbes 

result in colony-scale phenomena such as 

optimization of food acquisition, construction of 

elaborate biofilm structures (with channels for 

water flow), coordinated stress response and 

even a rudimentary form of memory. In essence, 

swarm intelligence at work. 

 The Small-World Structure: The investigated 

microbial communication networks (soil, gut, 

hydrothermal vent) all share the same 

topological features: high clustering combined 

with short average distance between nodes, 

modularity and scale-free degree distribution — 

all characteristics typical for biological/neural 

networks. 

 Hidden Ecosystems Are Linked Worldwide: 

Through our study, we discovered the presence 

of the same QS compounds in the soil and gut 

ecosystems. This means that there exists a sort 

of “microbial internet,” linking the isolated 

environments, thus shedding light on the 

science of microbial ecology, evolution, and 

human physiology. 

 Building Intelligent Microbes Is a Big Challenge: 

Understanding how microbes interact gives us 

an opportunity to engineer microbes for 

purposes such as the remediation of 

environmental pollution (oil-degrading self-

organized biofilms), medicine (anti-pathogen 

QS probiotics), and agriculture (soil probiotics). 

 

Limitations and Future Directions 

The following represent the shortcomings of our 

study. Metatranscriptome data give us an idea about 

the levels of gene expression without providing any 

insights into the level of signaling molecules present. 

Though an advanced model, the ABM makes 

numerous assumptions concerning biological 

systems (e.g., the 3D structure, fluid dynamics). 

Lastly, the association of bacterial communication 

with intelligence is merely metaphorical since 

bacteria are devoid of consciousness. 

 

Suggestions for further research 

 Real-Time Signaling Imaging: The development 

of new biosensors for monitoring the process of 

signaling in live biofilms using fluorescence 

methods (AHL reporters, voltage indicators). 

 Multi-scale Modeling Approach: Combining 

molecular (reaction-diffusion QS modeling), 

cellular (ABM), and ecosystem (metabolic 

network) modeling approaches within one 

theoretical framework. 

 Testing Information Theory Predictions: 

Experimental measurements of the amount of 

mutual information and transfer entropy in 

artificial communities of microorganisms. 

 Communication among Extremophiles: What 

mechanisms do extremophile archaea use when 

communicating under extreme pressures and 

temperatures?  

 Microbial Intelligence and Astrobiology: Life 

outside our planet can also exist in a form of 

microscopic cells; thus, our findings about their 

capabilities will be useful when searching for 

extra-terrestrial intelligence. 

 

In conclusion, the hidden ecosystem beneath our 

feet—and within our own bodies—teems with 

intelligence. It is an intelligence without a central 

brain, without a nervous system, yet capable of 

processing information, making decisions, and 

adapting to changing environments on a global 
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scale. Understanding this "microbial mind" is one of 

the great scientific frontiers of the 21st century, with 

profound implications for medicine, ecology, 

biotechnology, and philosophy. 
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