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1. Problem of Antimicrobial Resistance (AMR)

AMR in numbers



1. Problem of Antimicrobial Resistance (AMR)

AMR in ItalyAMR abroad



1. Problem of Antimicrobial Resistance (AMR)
The One Health Approach

Up to 5 degrees 
of magnitude

ITALY



1. Problem of Antimicrobial Resistance (AMR)
The One Health Approach



1. Problem of Antimicrobial Resistance (AMR)

“Center for Innovative Phage 
Applications and Therapeutics”, first 
phage therapy center in US

Geeta Ram et al., Nature 
Biotechnology, 2018.

P. Piewngam et al., Nature, 2018.



1. Problem of Antimicrobial Resistance (AMR)

First Strategy

Second Strategy



First Strategy

Engineer bacteriophages for 
the delivery of CRISPRi 

system to inhibit AMR genes 

1. Antimicrobial Resistance Mechanisms

Engineer bacteria to 
destroy Quorum 

Sensing 
communication

Second Strategy



2. Phage-Mediated CRISPRi System

Transduction



2. Phage-Mediated CRISPRi System

CRISPRi system



2. Phage-Mediated CRISPRi System

Transcriptional 
repression



2. Phage-Mediated CRISPRi System

CRISPRi 
system

Target DNA

Mutations

Transit compartmental model

CONTRIBUTION

Develop a mathematical 
model of the phage-

mediated CRISPRi 
system, with specific 

focus on the mutations 
dynamics

[2] S. Letrari, C. Cimolato, et al., 2023 International Conference on Microbiome Engineering [1] M. Bellato, C. Cimolato, S. Letrari, L. Schenato, BBCC 2024



3. Antimicrobial Resistance Mechanisms



3. Quorum Sensing in Gram Negative bacteria

Bacterial density

Extracellular Signal Molecules

QS-regulated processes:
• Biofilm formation
• Horizontal gene transfer
• Production of extracellular 

polysaccharides, enzymes, 
antibiotics, etc. 

Low cell density High cell density 



3. A control perspective



3. A control perspective

Cruise control system

80

90

10

90



3. Modelling of the Plant



3. From biology to mathematical models

Kinetic reactions Dynamic model

Conservation of mass

Biology

Mechanical derivation (Systems Biology, MS class DEI)



3. Single feedback QS system
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3. Single feedback QS system



3. Single feedback QS system

Reactions 

Conservation of mass 

Model

I



3. Single feedback QS system

Model

Reactions 

Conservation of mass 



3. Single feedback QS system

Quasi steady state approximation

Conservation of mass
Simplified model

I



3. Equilibria Analysis

Threshold cell density ρLow cell density ρ High cell density ρ

where

Degradation

Synthesis

Degradation

DegradationSynthesis

Synthesis

ρ = cell density 

 intr. autoinducer
synthase
2  = receptor



3. Bifurcation Diagram

Range of 
Hysteresis

where

Small ρ

NO QS

High ρ      QS activation

ρ [cells/mL]

ρ = cell density 

RESULTS

 Bistability

 Hysteretic behavior

- History dependent 
- Disturbance rejection
- Robustness



3. Two interlocked Feedbacks



3. Double-feedback Model

Model 

Reactions 

Conservation of mass 



3. Equilibrium analysis

Threshold cell densityLow cell density High cell density

 intr. autoinducer
synthase
2  = receptor



3. Bifurcation Diagram

First model

Second model

C. Cimolato, G. Selvaggio, L. Marchetti, G. Giordano, L. Schenato, M. Bellato, IEEE TMBMSC (under review).

RESULTS

 Robustness increases 
due to enhance of the 
range of hysteresis

 Maximum steady state 
value increases

 Early activation of QS 



3. From Systems to “Feedback Control”

Non feasible region  Feasible region  

C. Cimolato, G. Selvaggio, L. Marchetti, G. Giordano, L. Schenato, M. Bellato, IEEE TMBMSC (under review).



4. QS Inhibition: Actuators 
Extracellular Signal Molecule 

Degradation
Receptor Sequestration

CRISPRi RNAi

C. Cimolato, G. Selvaggio, L. Marchetti, G. Giordano, L. Schenato, M. Bellato, IEEE TMBMSC (under review).



4. QS Inhibition 

Increase of degradation rate of 
extracellular autoinducer

1. Extracellular Signal Molecule Degradation



Decrease the association rate among 
the receptor and the autoinducer

2. Receptor Sequestration

4. QS Inhibition



4. QS Inhibition

Reduce 

3. Synthase synthesis reduction - CRISPRi 



4. QS Inhibition

Reduce the synthesis rate of 
synthase

4. Post-transcriptional interference - RNAi



4. Sensitivity analysis – Single Feedback



4. Sensitivity analysis – Double Feedback



4. QS Inhibition
In

hi
bi

tio
n 

st
ra

te
gi

es
 

1. Extracellular 
autoinducer 
degradation

3. Synthase 
synthesis reduction 

CRISPRi

2. AHL binding 
inhibition via 
antagonistic 
compounds

Single-feedback Double-feedback

3. Post-
transcriptional 

interference - RNAi

CONTRIBUTION

Comprehensive, 
model-driven evaluation 

of QS inhibition 
strategies to identify 

optimal QQ approaches

C. Cimolato, G. Selvaggio, L. Marchetti, G. Giordano, L. Schenato, M. Bellato, IEEE TMBMSC (under review).



5. From simulation to experiments

Systems biology
Synthetic biology

TestDesign

Build

Test

Learn

Design



5. Engineering QS bacterial strains: Sensor



5. Engineering QS bacterial strains



5. Future Perspectives

Systems biology
Synthetic biology

TestDesign

Build

Test

Learn

Design
At Khammash Lab



6. Future Perspectives

  Feedback control on the QS communication system



6. Summarizing

CONTRIBUTION

1. Model of the phage-mediated 
CRISPRi system with mutations 
dynamics.

2. Model-driven evaluation of QS 
inhibition strategies

3. First experimental validation 
of the hysteretic behavior of 
QS as function of bacterial cell 
density
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