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Milioni di anni

L’evoluzione e’ un processo lento? Dipende…



10 giorni

1x 10X 100X 1000X 100x 10x 1x

Concentrazione di antibioticiBaym et al. Science, 2016

L’evoluzione e’ un processo lento? Dipende…



Ogni 20 minuti

Da 1 a un miliardo in 10 ore

Cosa determina l’orologio evolutivo?

Richard Lenski, Michigan State,https://the-ltee.org/about/

Equivalente a 2 milioni di anni umani

• Il tempo generazionale



L’evoluzione puo’ essere osservata una volta, poi 
un’altra, poi un’altra… in modo da capirne le regole!



1943 – L’esperimento di Luria e Delbrück

Le mutazioni che danno resistenza sono?

•Indotte: 
Occorrono come risultato di uno stress

• Spontanee: 
Occurrono a caso e inevitabilmente e sono
selezionate dallo stress

Luria, Salvador E., and Max Delbrück. Genetics 28.6 (1943): 491.



Intorno a 100 colture secondarie

Trasferite in un piatto che contiene l’agente
selettivo

L’esperimento di Luria e Delbrück



Trasferite in un piatto che contiene l’agente
selettivo

Indotte

Spontanee

Cosa predicono le due ipotesi?

Spontanee

Indotte



Indotte

Cosa dicono i dati sperimentali?

Spontanee

MUTATIONS OF BACTERIA 50.5 

However, in all but one case the experimental ratio is greater than the value 
calculated from the theory-that is, the variability is even greater than pre- 
dicted. 

TABLE 3 
Distribution of the numbers of resistant bacteria in series of similar cdfures. 

EXPERIMENT NO. 22 23 

Number of cultures I O 0  87 
Volume of cultures, cc .2*  .2*  

Volume of samples, cc -05 . 2  

Resistant 
bacteria 
0 

I 

2 

3 
4 
5 
6- IO 

21- 50 
51- IO0 

201- 500 

501-roo0 

11- 20 

101- 200 

Number o j  
cultures 

57 

5 

3 

7 

2 0  

2 

I 

2 

2 

0 

0 

0 

I 

Resistant 
bacteria 
0 

I 

2 

3 
4 
5 
6- IO 

21- 50 
51- I00 

201- 500 

501-1000 

11- 20 

101- 200 

Number of 
cultures 

29 
I7 

4 
3 
3 

5 
6 
7 
5 

4 

2 

2 

0 

Average per sample IO. I 2  

Average per culture 40.48 
Variance (corrected for sampling) 6270 

Bacteria per culture 
Mutation rate 
Standard deviation exp. 

Average i calc. 

2 . 8 X  IO* 

2 . 3 X  IO-* 

7.8 
1.5 

28.6 

28.6 
6431 

2.4 Xro* 

2.8 
1.5 

2.37 x 1 0 6  

* Cultures in synthetic medium. 

A part of this discrepancy may be accounted for by the fact that the 
time to,  mutations occurring prior to which were disregarded by the theory, 
was chosen in such a manner that on the average one mutation would occur 
prior to time to. This mutation, if it occurs, will of course tend to increase the 
variance, and in some of the experiments the high value of the experimental 
variance can be traced directly to one exceptional culture in which a mutation 
had evidently occurred several generations prior to time t o .  Unfortunately, 
there is no general criterion by which one might eliminate such cultures from 
the statistical analysis, because, in a culture with an exceptionally high count 
of resistant bacteria, these do not necessarily stem from one exceptionally 
early mutation, but may also be due to an exceptionally large number of 
mutations after time to. 

There may also be other reasons why the observed variances are higher than 
the expected ones. First of all, the simplifying assumption that the mutation 

Spontanee!



Quando la crescita non e’ esponenziale?

In colonie e biofilms

Nei tumori

Negli organismi multicellulari



Il caso piu’ semplice: una colonia batterica

Grazie a Somenath Bakshi,
Engineering, Cambridge

Solo le cellule 
vicino al bordo
possono crescere
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Fusco et al., Nat. Comm., 2016

Il caso piu’ semplice: una colonia batterica



Crescita al bordo e’ l’unico ingrediente necessario
Eden model

Bubbles

Sectors



La maggioranza delle mutazioni sono quiescienti
all’interno della colonia

Concentrazione di antibiotico

Experiment

0

5

10

15

C
ol

. d
ia

m
et

er
 (

m
m

)

Day 1

Day 4

Day 8

[Chloramphenicol] (ȝg/ml)
0 5 10 20

c

0 0.2 0.4 0.6 0.8
Wild type death rate G

0

2

4

F
in

al
 p

op
. s

iz
e 

(x
10

5 )

0

0.5

1

E
sc

ap
e 

pr
ob

ab
ili

ty
 

w/o Mutants
w/Mutants

b SimulationSimulation

0 0.05 0.1 0.15
Cost of resistance s

0

0.02

0.04

0.06

0.08

P
ro

po
rt

io
n 

of
 s

ec
to

rs

0.92

0.94

0.96

0.98

1

P
ro

po
rt

io
n 

of
 b

ub
bl

es

Bubbles
Sectors

a

G=0 G=0.4 G=0.6s=0 s=0.08 s=0.16 [Cm]=0 [Cm]=10 [Cm]=20



Le colonie sono dei biofilm? Si’ e no

L’obiettivo e’ 
la sopravvivenza

L’obiettivo e’ 
la crescita



Spesso hanno effetti indesiderabili

National Biofilms Innovation Centre



Ma possono anche essere utili

Simpson, et al. 2018



Il biofilm e’ una risposta allo stress

Sauer et al., 2022



Cosa rende un biofilm un vero biofilm?
1. Differenziazione
2. Matrice extracellulare

Qin, Y.; Angelini, L.L.; Chai, Y. (2022)



Le conseguenze della matrice

Cairns et al, 2014



L’emergenza di un 
sistema vascolare

Wilking et al. PNAS 110 (2012) 



Resistente

Suscettibile

Experiment
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Conseguenze per la resistenza
e la creazione di vie di fuga

Krishnan et al, 2023



La fuga e’ riproducibile



Ma non avviene senza matrice o senza cellule mobili

Controllo
Mancanza di 
matrice all’esterno

Mancanza di 
motilita’ all’interno

Differenziazione necessaria



Di cosa ho parlato

MUTATIONS OF BACTERIA 50.5 

However, in all but one case the experimental ratio is greater than the value 
calculated from the theory-that is, the variability is even greater than pre- 
dicted. 

TABLE 3 
Distribution of the numbers of resistant bacteria in series of similar cdfures. 

EXPERIMENT NO. 22 23 

Number of cultures I O 0  87 
Volume of cultures, cc .2*  .2*  

Volume of samples, cc -05 . 2  

Resistant 
bacteria 
0 

I 

2 

3 
4 
5 
6- IO 

21- 50 
51- IO0 

201- 500 

501-roo0 

11- 20 

101- 200 

Number o j  
cultures 

57 

5 

3 

7 

2 0  

2 

I 

2 

2 

0 

0 

0 

I 

Resistant 
bacteria 
0 

I 

2 

3 
4 
5 
6- IO 

21- 50 
51- I00 

201- 500 

501-1000 

11- 20 

101- 200 

Number of 
cultures 

29 
I7 

4 
3 
3 

5 
6 
7 
5 

4 

2 

2 

0 

Average per sample IO. I 2  

Average per culture 40.48 
Variance (corrected for sampling) 6270 

Bacteria per culture 
Mutation rate 
Standard deviation exp. 

Average i calc. 

2 . 8 X  IO* 

2 . 3 X  IO-* 

7.8 
1.5 

28.6 

28.6 
6431 

2.4 Xro* 

2.8 
1.5 

2.37 x 1 0 6  

* Cultures in synthetic medium. 

A part of this discrepancy may be accounted for by the fact that the 
time to,  mutations occurring prior to which were disregarded by the theory, 
was chosen in such a manner that on the average one mutation would occur 
prior to time to. This mutation, if it occurs, will of course tend to increase the 
variance, and in some of the experiments the high value of the experimental 
variance can be traced directly to one exceptional culture in which a mutation 
had evidently occurred several generations prior to time t o .  Unfortunately, 
there is no general criterion by which one might eliminate such cultures from 
the statistical analysis, because, in a culture with an exceptionally high count 
of resistant bacteria, these do not necessarily stem from one exceptionally 
early mutation, but may also be due to an exceptionally large number of 
mutations after time to. 

There may also be other reasons why the observed variances are higher than 
the expected ones. First of all, the simplifying assumption that the mutation 

Usare batteri e modelli per 
capire fenomeni biologici

Come la crescita spaziale
genera una particolare

distribuzione di resistenza

Come la differenziazione
tipica dei biofilm permette

loro di trovare sempre una via 
di fuga
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