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School overview & practical 
information

Daniel Garza



Goal of the School: provide a broad overview of how 
advanced computational methods, including artificial 

intelligence, are  used in microbiome science

New ways to make sense of large microbiome datasets

New models to predict and explain 
microbiome dynamics

New approaches to engineering 
microbial systems for targeted 
functions or desired community 
states

Omics 
tools

Machine 
learning

Artificial 
intelligence



Program: research talks & tutorials

New ways to make sense of large microbiome datasets



Program: research talks & tutorials

New computational models to predict and 
explain microbiome dynamics



Program: research talks & tutorials

New approaches to engineering microbial systems for targeted functions 
or desired community states



Participants

48 registrations



General Information

Program/Speakers/Participants:
https://ai-microbiome-school.onrender.com/

Slides and materials will be later organized in the “Tutorial 
& Slides” section of the website.

Most of the code will be available in the GitHub repository:
https://github.com/danielriosgarza/AiSchool.git

https://ai-microbiome-school.onrender.com/
https://github.com/danielriosgarza/AiSchool.git


IFB Cluster

https://ondemand.cluster.france-bioinformatique.fr

https://ondemand.cluster.france-bioinformatique.fr/










git clone https://github.com/danielriosgarza/AiSchool.git









Go to: shared/home/<tp user name>/ 
AiSchool/content/DanielGarza/notebooks/pip_install.ipynb





Run “play button” or “shift + enter”



Open and run the notebook “test_install.ipynb

Wait a min… if you see the plots, you are all set to go.



Controlling complex microbiomes 
with computational intelligence: 
physical and virtual prototypes

Daniel Garza



Microbiome engineering is the rational control of microbial 
ecosystems to make a desired collective function emerge and 
persist.

control 
knobs

emergent 
system-level 

function

However, there are some important 
problems…



Problem #1: microbiomes are difficult to predict

One way uncover a system’s dynamics is to model it. But classical modeling assumes that 
parameters are fixed and identifiable. 

1. Microbes are interacting in 
space and time.

A B C

A -1.00 0.00 -0.05

B -0.10 -1.00 0.00

C 0.00 0.20 -1.00

2. By identifying their 
interactions (and growth 
rates), we can derive an 
interactions matrix

3. Allowing us to predict their 
temporal dynamics

For example, the generalized Lotka–Volterra model, widely used in ecology, is built on 
the premise that growth rates and interaction strengths are fixed and can be  uniquely 
identified.



Interactions emerge from local, context-specific dynamics

ISME J. 2023

Initially predicted to compete for 
pyruvate and glucose

Adding mucin beads is predicted to 
create positive interactions

BT Degrades mucin

Both feed on mucin 
degradation products

Environmental factors lead to 
multiple modes of interactions



Problem #2: Controlling complex systems requires different 
control principles

Simple thermostat (outside 
temperature assumed lower)

Collective fanning, 
clustering, and heat sharing 
maintain brood temperature

Broods need a temperature of 
360C to become healthy adults

Rodriguez-Vasquez et al. 2024

sensor

heater

exchanges



Microbiome engineering is the rational control of microbial 
ecosystems to make a desired collective function emerge and 
persist.

control 
knobs

emergent 
system-level 

function They require fundamentally 
different control principles.

Engineering microbiomes means 
engineering a complex system.

Complex systems are difficult to 
predict because their dynamics 
emerge from local, context-
specific interactions.



Open-loop control strategy

Reactor that is set to stably operate 
“optimal” conditions

Most microbiome biotechnologies are insufficient to control 
complex systems — fundamental ingredients are missing

Missing ingredient #1: feedback control seen from the 
microbiome’s perspective, not just the environment’s.

Local dynamics shift; the system drifts 
away despite a correct start



Feedback control means sensing the system and acting to keep it 
on course
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Feedback control means sensing the system and acting to keep it 
on course

Adapts to changes and reaches 
otherwise unreachable states



ac
tu

at
o

r
se

n
so

r

Missing ingredient #2: computational intelligence

“The global capacity to act 
purposefully, to think rationally, and 
to deal effectively with one's 
environment“ – David Weschler

Controlling complex systems by 
synchronizing local interactions into 
the correct group-level behavior is a 

classical problem of intelligence



Computational intelligence is an agent's ability to achieve goals 
in many environments

Agent-Environment loop



The environment: presentint the microbiome (physical 
entity) to the agent (digital entity)

Prototype that 
directly couples 
trained agents with 
living microbiomes to 
control them in real 
time.



The environment: presentint the microbiome (physical 
entity) to the agent (digital entity)



The environment: presentint the microbiome (physical 
entity) to the agent (digital entity)



The environment: presentint the microbiome (physical 
entity) to the agent (digital entity)



Prototype that 
directly couples 
trained agents with 
living microbiomes to 
control them in real 
time.

The environment: presentint the microbiome (physical 
entity) to the agent (digital entity)



Making microbiomes computable and visible to the computer

1. Build a multi-omics map to 
reveal system structure

2. Formulate mathematical 
models that enable forward 
simulation



Another way to represent the environment is through a kinetic 
model

Reactor
- Volume
- control “pulses” 

(temperature, pH, stirring…) 

Microbiome
- Microbial subpopulations 
- Growth functions 

Metabolome
- Added in the media
- Consumed and 

produced by microbes

Nat. Comm. 2025
Accepted in Sep. 23/2025



Example of a kinetic model applied to a consortium of three gut 
bacteria

Nat. Comm. 2025
Accepted in Sep. 23/2025

Bacteroides thetaiotaomicron (Bt)

Primary fermenter

Roseburia intestinalis (Ri)

Butyrate producer

Blautia hydrogenotrophica (Bh)

Acetogen



Growth Nutrient uptake

pH

Metabolic by-products



Next we predict the model’s phase plane—an open-loop controller

Nat. Comm. 2025
Accepted in Sep. 23/2025



Doing better with an artificially intelligent closed-loop 
controller?

Agent-Environment loop



Example: controlling butyrate production

The model significantly 
improves over the open-loop 
controller (dashed line)

It learns a creative strategy: decreasing 
continuous feed while increasing periodic 

feed.

Four actuators:
1) Continuous feed.
2) Perioding feed 

(serial dilution).
3) Stirring.
4) Temperature.



Example: how butyrate is maximized

The solution keeps a 
small population of the 
acetogen (Blautia 
hydrogenotrophica) 
feeding on trehalose, 
while producing acetate 
that the butyrate 
producer (Roseburia
intestinalis) can use to 
make more butyrate.

When feeding on 
trehalose, the acetogen 
does not compete with for 
the other carbon sources 
(glucose and pyruvate)



1) Microbiomes are complex system that are difficult to predict and control

3) Essentially, the challenge of closed-loop microbiome control is the challenge 
of developing intelligent agents capable of interpreting the current state and 
finding actions to move the system towards desired states.  

Summary

2) We need intelligent feedback controllers to move them towards desired 
states, which are often far from their natural equilibrium. 



Practical task: Use the kinetic model 
to compare a random controller with a 
trained controller


