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Gene expression 

Operon and its regulation 

Diverse environmental stresses 

Sensing the environment 

Motility
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Epigenetics 
Persistence-Tollerance-Resistance
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Epigenetics
• The word “epigenetics” was originally coined by Conrad Waddington in 1942, referring 

to  how genotypes give rise to phenotypes during development

• Now we refer as the study of phenomena and mechanisms that cause chromosome-  
bound, heritable changes to gene expression that are not dependent on changes 
to  DNA sequence (Deans and Maggert 2015)

•
In Humans, gene expression is regulated prior to transcriptional initiation by the 
chemical  modification of DNA or the histone proteins that together form chromatin

Takahashi, 2014
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Epigenetic modifications of chromatin by  
DNA methylation and histone acetylation

• Methyl group transfer to cytosine — >  5-methylcytosine (m5C) pairs with guanosine  m5C 
has different interactions with regulatory proteins
Chromatin structure depends on net charge of core histones
Acetyl groups promoting formation of open and accessible euchromatin vs deacetylation
promoting the formation of compact and inaccessible heterochromatin

•

•

Vilcinskas, 2015
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Bacteria manipulate host gene  
expression during infection, I

Bacteria evolved many strategies to survive and persist within host cells

D
enzner et al., 2020
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Bacteria manipulate host gene  
expression during infection, II

D
enzner et al., 2020
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Bacteria, small Eukaryotes and Viruses  
influencing host via epigenetic attack
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Influences of environmental factors on histone  
acetylation and methylation via microbiome

9Dai et al., 2020

S-adenosylmethionine (SAM) and  
acetyl-CoA, that are used by  
histone methyltransferases 
(HMTs)  and histone 
acetyltransferases  (HATs)

The activity of histone  
demethylases (HDMs) is  
supported by α-ketoglutarate  
(αKG), which can be derived 
from  dietary glutamine, and is 
inhibited  by the limited oxygen 
availability  during hypoxia 

Ketone bodies and short-chain  
fatty acids (SCFAs) such as  
acetate, propionate and 
butyrate  can provide acyl-CoA 
precursors  for histone acylation, 
while also  directly inhibiting the 
activity of  histone deacetylases 
(HDACs)



Why is important to consider  
epigenetics?

To fully understand the  
microbial interactions 
in  human health and  
disease — >  new  
medicine and societal  
norms

To fully understand the  
microbial interactions 
at  the microscale in 
our  world — >  
modeling and  
protecting environment

Watson & Søreide, 2017 10



11

There are two broad classes of bacterial DNA modifications: 
A) Methylation of adenines and cytosines 
B) Phosphorothioation of the DNA backbone, where a nonbridging oxygen gets replaced by sulfur

Bacterial DNA methylation is mediated by enzymes belonging to:
I) Restriction-modification (R-M) systems 
II) Orphan methyltransferases

Epigenetics in Bacteria 



Definitions, I

• Epigenome: complete record of all chemical modifications to DNA

• Epigenome with the epitranscriptome (chemical modifications of 
RNA)  and epiproteome (chemical modifications of proteins), makes 
up the  epi-ome

• Methylome: complete record of all methyl modifications to either 
DNA,  RNA, or proteins in a particular cell or organism
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Definitions, II
• DNA methyltransferase (MT-ases): family of enzymes that catalyze  

the transfer of a methyl group from an S-adenosyl-Lmethionine  
(AdoMet) donor to DNA

• Restriction-modification (R-M) systems almost ubiquitous in  
prokaryotes

• R-M consist of a DNA methyltransferase that methylates a specific  
target sequence in the host genome and a cognate restriction  
endonuclease that cleaves unmethylated or inappropriately 
methylated  targets from exogenous DNA 

R-M system recognises “self” from “non-self” —> defence mechanism

13
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Definitions, III
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Orphan or solitary methyltransferase doesn’t have the cognate 
restriction endonuclease 

Orphan methyltranseferases are conserved as other genes at the 
genus level 

Possibly origin from R-M system with gene loss 

Methyl-directed mismatch DNA repair and regulation of chromosomal 
replication  

Cell cycle regulation

•

•

•

•

•



A second derivative in epigenetics:  
increase in diversity of adaptive strategies

MTases can generate phenotypic lineages, which enables division  of labour in 
a community or prepares the community for future changes in the environment 
(bet-hedging)

Bistability: the state existing in a clonal population with different  phenotypes

Phase variation: a strategy to generate phenotypic diversity in a bacterial 
population in the absence of selection. It involves reversible, high-frequency ON/
OFF switching of gene expression, showing programmed reversion

Due to genetic rearrangements, DNA MTase can generate a distinct  methylation 
pattern in genome —> which results in different gene  expression profiles and 
produces lineages with different (virulence, antibiotic “tolerance and persistence”)  
capacities
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Shortening of the O-  
antigen renders the 
OpvABON lineage  
avirulent but resistant 
to  bacteriophages

When the phage  
challenge ceases, 
OpvABOFF cells  
produced by phase  
variation will  survive, 
and  virulence will be  
regained

16

Formation of subpopulations controlled  
by Dam-dependent methylation (phase-  
variation): OpvAB in Salmonella
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256 shades of grey:  
Antibiotic vs. Microbe

18

N
iu et al., 2024

?



Antibiotic: 
Bacteriostatic vs. Bactericidal, I

19

• The most common measure of the level of resistance is the minimum inhibitory 

concentration (MIC), which is the lowest concentration of the antibiotic required to 

prevent the replication of the bacteria

• A higher MIC corresponds with a higher level of resistance

“Bacteriostatic” means that the agent prevents the growth of bacteria (i.e., it keeps 
them in the stationary phase of growth)

“Bactericidal” means that it kills bacteria, not by inhibiting the targets, but by 
corrupting them, leading to toxic products



Antibiotic: 
Bacteriostatic vs. Bactericidal, II

Baquero and Levin, 2020
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Antibiotic treatment failure is a 
substantial problem in modern medicine

21

Resistance, heteroresistance, tolerance and persistence

Bakkeren et al., 2020



Tolerance     Persistence
N

iu et al., 2024

• Bacterial persister cells represent a subpopulation of cells that can survive intensive antibiotic 
treatment without being resistant

• Biphasic curve: not all bacteria in a clonal culture are killed at the same rate, no increase in the 
MIC

• Progeny is susceptible to antibiotic
22



Bakkeren et al., 2020
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Persistence dynamics

• Persister bacteria cannot replicate in the presence of the drug any better than 
the non- persister cells but are killed at a lower rate than the susceptible 
population from which they arose 

• dormancy, reduced metabolism and ATP levels



Genes and pathways involved in persister formation or survival

Bakkeren et al., 2020
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Disinfectants and antiseptics

Generalmente il termine 
disinfettante indica un 
prodotto da utilizzare su 
oggetti inanimati, il 
termine antisettico indica 
un prodotto da utilizzare 
sui tessuti vivent

Maillard and Pascoe, 2024
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Maillard and Pascoe, 2024
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Maillard and Pascoe, 2024
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Maillard and Pascoe, 2024
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Reversible events: release of intracellular 
potassium (1), which causes a depletion of the 
membrane potential and loss of proton motive force 
(PMF) necessary for ATP biosynthesis (2)

This leads to an arrest of active transport (3), 
normal metabolic processes (4) and replication 
(5)

Irreversible damage: changes to cytosolic pH (6), 
which cascades into disruption of enzymatic 
function and coagulation of intracellular material 
(7). If the cytoplasmic membrane becomes 
significantly damaged, cytoplasmic constituents 
including proteins, nucleotides, pentoses and other 
ions may be lost from the cell (8)

EDTA disrupts the outer membrane of Gram-negative 
bacteria, potentiating biocidal effects
H2O2, hydrogen peroxide; K+, potassium ion; PAA, 
peracetic acid; PO4 3−, phosphate; QACs, 
quaternary ammonium compounds

Maillard and Pascoe, 2024

Mechanisms of action



Microbial response to disinfectants and antiseptics

Maillard and Pascoe, 2024
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