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The world is heading toward an antimicrobial resistance (AMR) 
catastrophe that no single therapeutic class can avert alone. 

The most comprehensive epidemiological analysis to date estimates that 
drug-resistant bacterial infections will directly cause 39 million deaths 

between 2025 and 2050 — three every minute — and will be indirectly 
associated with a further 169 million deaths over the same period 

Lancet 2024; 404: 1199–226



Death rate attributable to AMR, all ages, 2021

Lancet 2024; 404: 1199–226



Lancet 2024; 404: 1199–226

Death rate attributable to AMR, all ages, 2050
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The classic parameters of resistance genetics are not community-
independent. The microbial community is not the background 
against which resistance evolves. It is an active determinant of 

resistance dynamics.



Research question
Does the microbiota structure hamper/facilitate/is neutral to the emergence 

and spread of AMR and/or related phenotypes?



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?



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



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 


Sampling and 

taxonomic profiling

Palleja  et al. 2018, Nat. Mic.



Main outcomes
1. Microbial diversity 2. Resistome dynamics

Initial richness = 140
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To do this, we need  two things:


1. A way to generate communities with desired properties


2. A way to simulate their dynamics and the emergence/spreading of 
AMR.



To do this, we need  two things:


1. A way to generate communities with desired properties


2. A way to simulate their dynamics and the emergence/spreading of 
AMR.



Parametric synthetic community framework: 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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Parametric synthetic community framework, in practice



To do this, we need  two things:


1. A way to generate communities with desired properties


2. A way to simulate their dynamics and the emergence/spreading of 
AMR.



dxi(t)
dt

= xi(t) ri + ∑
j

Aijxj(t)

Generalized Lotka-Volterra model
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Aijxj(t)

Generalized Lotka-Volterra model



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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Time

Dynamic prediction

Dedrick  et al. 2023, mSystems



Scaling up the models: replicating in silico complex communities dynamics

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
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Scaling up the models: replicating in silico complex communities dynamics



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 evolutionpharmacokinetic model

dABX =
Emax * Cabx

EC50 + Cabx
;

Accounting for [antibiotic] and killing rate

Scaling up the models: replicating in silico complex communities dynamics
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AMR evolution
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Antibiotic treatment Antibiotic treatment Antibiotic treatment 

Study-case 1, Liu et al. 2022 Study-case 2, Anthony et al. 2022 Study-case 3, Palleja et al. 2018

Model fi
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Simulations highlights: 

- same n. of species as in the study

- same n. of antibiotics doses

- same sampling points

- same simulation length

Model fi
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1. Set up the communities

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

2. Run the model for each of them

Parametric synthetic community framework 





1 1.5 2 2.5 3
Initial H

0

0.2

0.4

0.6

0.8

1

C
om

m
un

ity
 fr

ac
tio

n

During treatment R/N
p = 1.66e-02
R2 = 0.89

1 1.5 2 2.5 3
Initial H

0

0.2

0.4

0.6

0.8

1

C
om

m
un

ity
 fr

ac
tio

n

Following treatment R/N
p = 2.42e-02
R2 = 0.86

1 1.5 2 2.5 3
Initial H

0

0.2

0.4

0.6

0.8

C
om

m
un

ity
 fr

ac
tio

n

End-point R/N
p = 8.08e-02
R2 = 0.69



1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

D
iv

er
si

ty
 (H

)

Initial H=1

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Initial H=1

R/N
S/N

1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

D
iv

er
si

ty
 (H

)

Initial H=1.5

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Initial H=1.5

R/N
S/N

1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

D
iv

er
si

ty
 (H

)

Initial H=2

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Initial H=2

R/N
S/N

1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

D
iv

er
si

ty
 (H

)

Initial H=2.5

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Initial H=2.5

R/N
S/N

1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

D
iv

er
si

ty
 (H

)

Initial H=3

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Initial H=3

R/N
S/N

Antibiotics exposure



1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

D
iv

er
si

ty
 (H

)

Initial H=1

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Initial H=1

R/N
S/N

1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

D
iv

er
si

ty
 (H

)

Initial H=1.5

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Initial H=1.5

R/N
S/N

1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

D
iv

er
si

ty
 (H

)

Initial H=2

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Initial H=2

R/N
S/N

1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

D
iv

er
si

ty
 (H

)

Initial H=2.5

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Initial H=2.5

R/N
S/N

1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

D
iv

er
si

ty
 (H

)

Initial H=3

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Initial H=3

R/N
S/N



1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

D
iv

er
si

ty
 (H

)

Initial H=1

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Initial H=1

R/N
S/N

1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

D
iv

er
si

ty
 (H

)

Initial H=1.5

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Initial H=1.5

R/N
S/N

1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

D
iv

er
si

ty
 (H

)

Initial H=2

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Initial H=2

R/N
S/N

1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

D
iv

er
si

ty
 (H

)

Initial H=2.5

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Initial H=2.5

R/N
S/N

1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

D
iv

er
si

ty
 (H

)

Initial H=3

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Initial H=3

R/N
S/N Di

ve
rs

ity



1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

Sh
an

no
n 

in
de

x

Fraction of NI=0.1

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Fraction of NI=0.1

R/N
S/N

1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

Sh
an

no
n 

in
de

x

Fraction of NI=0.3

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Fraction of NI=0.3

R/N
S/N

1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

Sh
an

no
n 

in
de

x

Fraction of NI=0.5

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Fraction of NI=0.5

R/N
S/N

1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

Sh
an

no
n 

in
de

x

Fraction of NI=0.7

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Fraction of NI=0.7

R/N
S/N

1 11 21 30 31 32 33 34 44 54 64 74 84 94 10
4

11
4

12
4

13
4

14
4

15
4

16
4

17
4

18
4

19
4

Time (days)

0

1

2

3

Sh
an

no
n 

in
de

x

Fraction of NI=0.9

0 50 100 150 200
Time (days)

0

0.5

1

C
om

m
un

ity
 fr

ac
tio

n

Fraction of NI=0.9

R/N
S/N Co

m
pe

tit
io

n



Community structure seems to affect the emergence, spreading and 
maintenance of AMR. Does this depend on the antibiotic treatment?
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During ABX treatment
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How should a microbiota be to contrast the emergence and spreading gf AMR 
most of the times?

Community AMR robustness map

Most robust
NI=90%  H=2.0
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Take home messages
Microbial community dynamic modeling is a solid alternative to classical sample and 
sequence approaches.  

When augmented with other features (pharmacokinetics and evolution), gLV models can 
provide reliable predictions on coarse-grained metrics like Shannon diversity

Negative interactions, not diversity, seem to play a major role in determining the faith of 
AMR in a microbial community and, in particular, to reduce it on the short term.

Microbiota-based predictions on the emergence, spreading and maintenance of AMR 
can inform on the optimal antibiotic dose to optimize the treatment.
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Key concept: Microbe-microbe 
interactions represent an additional 

factor affecting the mode, tempo and 
success of persisters awakening. 
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The model: a simple model of 3 interacting species. 
Persisters are a subpopulation of species C and are formed 
stochastically
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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. 
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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
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Different interaction matrices


Different end-points
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Different interaction matrices


Different end-points
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tstart = 12 tend = 18

Species C  reaches a very low 
level of abundance
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tstart = 12 tend = 18

Species C  reaches a very low 
level of abundance
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tstart = 12 tend = 18

Species C  reaches a very low 
level of abundance

Ecological interactions may 
determine persisters 

resuscitation
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Can random fluctuations counteract 
the effect of social interaction?
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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) =
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V
⋅ nA ⋅ nB
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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?
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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 
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2. Kept matrices (i.e. communities) where 
species C < 1% in the deterministic model

3. Simulated stochastically 100 communities for each 
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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.
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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



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

p = 0.003
p = 2.055e-06

Resistant species at community steady-state Area Under the resistant to rensitive Curve
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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.


