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What we use:

- Genome-scale metabolic modeling

- NGS data analysis

- Dynamic and stochastic modelling of microbial 
communities

What we study:

- Cell-to-cell communication, i.e. Quorum Sensing

- Microbial metabolism

- Microbial communities dyamics



Aim of the talk: to introduce and discuss a 
further level of complexity for ICAComP people 


(you are welcome).




Bottery et al. 2020, ISME J

The response of bacteria to antimicrobials is 
significantly affected by the presence of other 

interacting microbes.
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Negative interactions contrast AMR



Selection for antimicrobial resistance is reduced when embedded in a natural 
microbial community

The community increased the fitness costs 
reflected by reduced growth rates that are 

associated with resistance in the absence of 
antibiotics.

Klümper et al. 2019, ISME J

43-fold increase in MSC in the presence 
of the community
 mutant

susceptible



Negative interactions rule the system Nope, positive interactions are common

Negative interactions contrast AMR Nope, negative interactions facilitate AMR



Competitive interactions facilitate resistance development against antimicrobials.

The enhanced tolerance in duo-species conditions could 
expand the number of viable mutants, i.e., certain 

mutations might only provide sufficient resistance and 
enable growth in duo-species conditions.

Antimicrobial treatment reduced the level of competition and 
therefore caused a subset of species to bloom. The result was a 
lower percentage inhibition of these species in the multispecies 

biofilm compared to the mono-culture biofilms (increased 
tolerance).  

Tolerance Resistance 

vs. 

Hans and Steenackers 2018, ISME J Svet et al. 2023, Appl Environ Microbiol



Microbial communities and AMR: friends or foes?

Do microbial communities hamper or facilitate the emergence and spread 
of AMR and/or related phenotypes?

Emergence of resistant strains Spreading of resistant mutants

Population size

Microbial interactions

Fitness cost, HGT

A
B

C
D

Effect on resistance-related phenotypes 

(e.g. tolerance and persistence)



Overall, the relative contributions of these 
various mechanisms are expected to be 
highly case specific and will depend on, 

among other factors, the community 
composition and structure, resource 

availability, the resistance mechanism, and 
the antibiotic treatment.

De Wit et al. 2022 Annual Review of Microbiology

How can we study all this?



dxi(t)
dt

= xi(t) ri + ∑
j

Aijxj(t)



dxi(t)
dt

= xi(t) ri + ∑
j

Aijxj(t)

A B C D

A -1 -0.6 0.3 0

B -0.5 -1 0.1 -1

C -0.4 0.2 -1 -0.7

D 0 -0.5 -0.5 -1

A

B

C
D

Sample interaction matrix
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The commonly used generalized Lotka-Volterra model 
can represent interactions among microbes well when 
the environment is complex (with many interaction 
mediators) and low-nutrient.

Dedrick  et al. 2023, mSystems
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A new species arrives

An antibiotic is administered Intrinsic/extrinsic noise

(perturbations)

Low n. of species (5 in this case)

Next two 

study-cases



Key concept: Microbe-microbe 
interactions represent an additional 

factor affecting the mode, tempo and 
success of persisters awakening. 
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Case-study n. 1


Fisher et al. 2017, Nat Rev Mic
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α * eβ*t

A
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P

αA,B

αB,A

αA,C
αC,A

αB,C
αC,B

αB,B
αA,A

αC,C

The model: a simple model of 3 interacting species. 
Persisters are a subpopulation of species C and are formed 
stochastically


Alonso-Vásquez et al. 2025, Comput. Struct. Biotechnol. J.


Key assumptions:

- C is the focal species

- P are persisters cells stochastically generated from C

- P cells resuscitate following ABX treatment (rate according to Fang and Allison 2023)

- A and B are not sensitive to the ABX, C is.
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The model: a simple model of 3 interacting species. 
Persisters are a subpopulation of species C and are formed 
stochastically


Alonso-Vásquez et al. 2025, Comput. Struct. Biotechnol. J.
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Chemical equations



xi 2xi
μi

xi ∅δ

C P
γ

C ∅
ξ

P C
α * eβ*t

xi + xj 2xi + xj
αi,j

γ

α * eβ*t

A
B

C

P

αA,B

αB,A

αA,C
αC,A

αB,C
αC,B

αB,B
αA,A

αC,C ·C = μCC + αA,CCA + αB,CCB + αC,CC2 − δC − γC − ξC

·C = αreseβtP + ρμCC + αA,CCA + αB,CCB + αC,CC2 − δC − γC
·P = γC − δP − αreseβtP

·A = μAA + αA,BAB + αC,AAC + αA,AA2 − δA

·B = μBB + αB,ABA + αC,BBC + αB,BB2 − δB

·C = μCC + αA,CCA + αB,CCB + αC,CC2 − δC − γC

·P = γC − δP

Deterministic model

The model: a simple model of 4 interacting species. 
Persisters are a subpopulation of species C and are formed 
stochastically


Alonso-Vásquez et al. 2025, Comput. Struct. Biotechnol. J.


Chemical equations



Different interaction matrices


Different end-points
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Alonso-Vásquez et al. 2025, Comput. Struct. Biotechnol. J.




Different interaction matrices


Different end-points
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Same interaction matrices


Different initial-points


Same end-point

A B

C

P

αA,B

αB,A

αA,C
αC,A

αB,C
αC,B

α * eβ*t

γ

Alonso-Vásquez et al. 2025, Comput. Struct. Biotechnol. J.




tstart = 12 tend = 18

Species C  reaches a very low 
level of abundance

A B

C

P

αA,B

αB,A

αA,C
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αB,C
αC,B

α * eβ*t

γ

Alonso-Vásquez et al. 2025, Comput. Struct. Biotechnol. J.




tstart = 12 tend = 18

Species C  reaches a very low 
level of abundance
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Alonso-Vásquez et al. 2025, Comput. Struct. Biotechnol. J.




tstart = 12 tend = 18

Species C  reaches a very low 
level of abundance

Ecological interactions may 
determine persisters 

resuscitation
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Communities with 
pathogen

Communities without 
pathogen
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Testing many (i.e. 105) interaction matrices
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Alonso-Vásquez et al. 2025, Comput. Struct. Biotechnol. J.




Can random fluctuations counteract 
the effect of social interaction?

A B

C

P
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γ

Alonso-Vásquez et al. 2025, Comput. Struct. Biotechnol. J.




Can random fluctuations counteract 
the effect of social interaction?

d
dt

P(x, t) = ∑
y≠x

T(x |y)P(y, t) − T(y |x)P(x, t)
General Master Equation

T1(nA + 1 |nA) = μA ⋅ nA

T2(nB + 1 |nB) = μB ⋅ nB

T3(nC + 1 |nC) = μC ⋅ nC

T4(nA − 1 |nA, nB) =
αB,A

V
⋅ nA ⋅ nB

T5(nA − 1 |nA, nC) =
αC,A

V
⋅ nA ⋅ nC

T6(nB − 1 |nB, nA) =
αA,B

V
⋅ nB ⋅ nA

T7(nB − 1 |nB, nC) =
αC,B

V
⋅ nB ⋅ nC

T8(nC − 1 |nC, nA) =
αA,C

V
⋅ nC ⋅ nA

T9(nC − 1 |nC, nB) =
αB,C

V
⋅ nC ⋅ nB

T10(nC − 1,nP + 1 |nC, nP) = γ ⋅ nC

T11(nA − 1 |nA) = δ ⋅ nA

T12(nB − 1 |nB) = δ ⋅ nB

T13(nC − 1 |nC) = δ ⋅ nC

T14(nC − 1 |nC) = ξ ⋅ nC

T15(nP − 1 |nP) = δ ⋅ nP

T16(nC + 1,nP − 1 |nC, nP) = αreseβt ⋅ nP

T17(nA − 1 |nA) =
αA,A

V
⋅ nA ⋅ (nA − 1)

T18(nB − 1 |nB) =
αB,B

V
⋅ nB ⋅ (nB − 1)

T19(nC − 1 |nC) =
αC,C

V
⋅ nC ⋅ (nC − 1)

A B

C

P

αA,B

αB,A

αA,C
αC,A

αB,C
αC,B

α * eβ*t

γ

Alonso-Vásquez et al. 2025, Comput. Struct. Biotechnol. J.




Deterministic

Stochastic

Alonso-Vásquez et al. 2025, Comput. Struct. Biotechnol. J.


Models benchmark

Without antibiotics

With antibiotics



Can the pathogen reappear in the community only because of the fluctuations?

30

1. Explored 105 interaction matrices

2. Kept matrices (i.e. communities) where 
species C < 1% in the deterministic model

3. Simulated stochastically 100 communities for each 

Alonso-Vásquez et al. 2025, Comput. Struct. Biotechnol. J.




31

1. Explored 105 interaction matrices

2. Kept matrices (i.e. communities) where 
species C < 1% in the deterministic model

3. Simulated stochastically 100 communities for each 

Alonso-Vásquez et al. 2025, Comput. Struct. Biotechnol. J.


Can the pathogen reappear in the community only because of the fluctuations?



Conclusions 1/2

In some cases, the pathogen species could resuscitate and eventually dominate the community 

following ABX treatment, a scenario that was never observed using the deterministic model but that 

is known to occur seldom during real microbial infections eradication.

Our findings highlight the role of population size fluctuations (and 

hence the cellular mechanisms that account for them) in determining 

the success of microbial infections and, more in general, in the 

resilience of microbial populations following a stressful perturbation.

32

Link to the paper
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(perturbations)

Low n. of species (5 in this case)



Time (days)D0 D4 D8 D42 D180D1 D2 D3

Antibiotic ‘cocktail’: 

-500 mg meropenem,

-500 mg vancomycin 

- 40 mg gentamicin

Sampling and 

taxonomic profiling

Sampling and 

taxonomic profiling

Sampling and 

taxonomic profiling

Sampling and 

taxonomic profiling

Gut microbiota in 12 healthy men over a 6-month period 
following a 4-day intervention with a cocktail of 3 last-
resort antibiotics

Antibiotic treatment 


Case-study n. 2


Sampling and 

taxonomic profiling

Palleja  et al. 2018, Nat. Mic.



Main outcomes (in our opinion)

1. Microbial diversity 2. Resistome dynamics (delay)
Initial richness = 140



Scaling up the models: replicating in silico complex communities dynamics

Model parameters and assumptions 

- n. species = 140

- mutation rate = 10-7


- HGT rate = 10-7


- ABX = as in Palleja et al. 2018

- random noise introduced for mutation, growth and ABX killing rates

Introducing a reverse ecology approach

dxiR(t)
dt

= xiR(t) ri + ∑
j

Aijxj(t) − (dxiR
+ dABX)xiR(t) +

n

∑
j=1

PHGT,ij xjR xiS + μiηixS,i

dxiS(t)
dt

= xiS(t) ri + ∑
j

Aijxj(t) − (dxiS
+ dABX)xiS(t) −

n

∑
j=1

PHGT,ij xjR xiS − μiηixS,i

AMR evolution

HGT Mutation



“Reverse ecology” approach: Microbial interactions are not derived from the structure and the time course of the community. The 
structure of the community is defined first and the the interactions are HGT rates are derived from it (Dirichlet function).
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2. Find the species distribution that satisfies 
that diversity index (Dirichlet distribution*)

3. Compute ANI 
distribution (within a given 

interval)

4. Compute genomic distances
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1. Fix a given diversity index (e.g. Shannon)
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* The Dirichlet distribution:multivariate 
generalization of the beta distribution.

H′￼

5. Output n. 1

6. Output n. 2

The Dirichlet distribution of order  with parameters 


(with K>2)  has a probability density function given by

α1, . . . , αK
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Community dynamics, including mutations and HGT of AMR

mutation_rate = 1e-7;
HGTrate  =1e-5;

“Delayed” AMR

Microbial diversity matched

No AMR evo and spreading considered

pre-ABX 

equilibrium



The impact of interactions on the control of AMR

AUC

p = 4.097e-07
p = 0.000476
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Conclusions 2/2
Microbial community dynamic modeling can be expanded to “real size” communities and 
reproduce realistic dynamics. 


Using a “reverse ecology” approach, we can test the impact of diversity (and related features 
such as HGT) on key aspects such as AMR evolution and spreading, under different scenarios.

More in general…

We stress the i) necessity of experimental data (e.g. abundance data and/or evolutionary rates) 
to parametrize the models and ii) the need for including microbial interactions (i.e. the 
microbiota composition and structure ) when considering the possible outcomes of 
antimicrobial strategies. 


Treatment optimization strategies could be designed based on parametrized and personalized 
microbial community models.
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