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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
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Epigenetic modifications of chromatin by
DNA methylation and histone acetylation

<« acetylation |

histone modifications

:
< deacstylation |

model of the basic epigenetic modifications nucleosome AC

chromosome ____Jf

chromatin
{complex of DNA
and histones)
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condensed chromatin M - silent {condensed) chromatin
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open chromatin
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DNA | sthyiate DNA (methylated) cytosine 5-methylcytosine

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 gpen and accessible euchromatin vs deacetylation
promoting the formation of compact and inaccessible heterochromatin
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Bacteria manipulate host gene
expression during infection, |
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Bacteria evolved many strategies to survive and persist within host cells
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Bacteria manipulate host gene
expression during infection, I
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mRNA degradation

mRNA stabilisation

(1) initiation

(12) elongation

(13) protein activation

(14) protein degradation
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M. tuberculosis

Leishmania
L. pneumophila

L. pneumophila
P. aeruginosa

E. coli
S. flexneri
S. typhimurum

B. abortus
L. monocyctogenes
L. pneumophila

0202Z “|e 319 Jauzuaqg



Bacteria, small Eukaryotes and Viruses
influencing host via epigenetic attack

Takahashi, 2014

Microbe Factor Effect on the host
Listeria monocytogenes LntA Inhibition of binding of a chromatin silencing complex to the
promoters of interferon-stimulated genes
Increase in IL-8 gene expression by inducing histone modifications
through activation of MAPK signaling pathway
LLO Dephosphorylation of histone H3 through induction of K™ efflux
Chlamydia trachomatis NUE Methylation of histones
Legionella pneumophila RomA Methylation of histones (H3K14 trimethylation)
Flagellin Increase in IL-8 gene expression by inducing histone modifications
through activation of a signaling cascade
Helicobacter pylori Silencing selected promoters by inducing DNA methylation
Induction of histone modifications
Regulation of miRNA expression
Bacteroides vulgatus Induction of histone modifications through a signaling cascade
Wolbachia Interference with genetic imprinting by altering methylation patterns
Bifidobacterium breve, Decrease in LPS-induced IL-17 and IL-23 production by suppressing
Lactobacillus rhamnosus GG histone acetylation
Porphyromonas gingivalis Reactivate latent HIV-1 integrated in the host genome as proviral
DNA copies by butyrate-meditated HDAC inhibition
Influenza virus NS1 Suppression of antiviral protein production by hijacking a transcription
elongation factor through a region similar to H3 histone tail
Epstein—Barr virus LMP1 Silencing of E-cadherin promoter by upregulating Dnmt1, 3A,
3B through the INK-AP-1 pathway
Human adenovirus El1A Up-regulation of Dnmt1 by activation of E2F
Activation of Dnmt] by associating with Dnmt1
Hepatitis B virus pX (HBXx) Silencing of tumor suppressor genes by up-regulating Dnmt1

HIV

Early expressed
proteins

through the cyclin D1-CDK4/6-pRb-E2F1 and p38 MAPK pathways

Silencing of IFN-y promoter by up-regulating Dnmt1 through the
AP-1 pathway




Influences of environmental factors on histone
acetylation and methylation via microbiome
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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 a-ketoglutarate
(aKG), 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?

Latent herpesvirus
confers resistance to
bacterial infection
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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



Epigenetics in Bacteria

Bacterial DNA modifications

Methylation Phosphorothioation
R-M systems t Orphan methyltransferases DND systems
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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
I) Orphan methyltransferases
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Definitions, |

- 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, Il

- 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

14



Definitions, lli

- 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

15



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

16



Formation of subpopulations controlled
by Dam-dependent methylation (phase-
variation): OpvAB in Salmonella

When the phage
challenge ceases,

OpvABOFF cells
produced by phase

variation will survive,

and virulence will be
regained
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Sanchez-Romero & Casadesus, 2020

Box 1| The epigenomes of eukaryotes and bacteria

* |In eukaryotes, epigenetic modification of the genome involves DNA methylation’
and histone modification®. Bacteria lack histones, and epigenetic control relies on
DNA methylation only®.

* In eukaryotes, de novo and maintenance forms of DNA methylation are performed
by separate enzymes’. Bacterial DNA methyltransferases have both de novo and
maintenance activities’’.

* |n eukaryotes, two main mechanisms exist to erase DNA methylation marks: active
demethylation by dedicated proteins (Tet enzymes), and passive demethylation by
the hindrance of DNA methylase activity upon DNA replication™. In bacteria, DNA
demethylation is usually passive®, and the relevance of active demethylation by
DNA repair remains to be evaluated®.

* In both bacteria and eukaryotes, transcriptional repression by DNA methylation is
common™’. Transcriptional activation of bacterial genes under DNA methylation
control often involves demethylation (partial or complete, single- or double-stranded)
of promoters or regulatory regions®’/##20:54158,

* The methylated base typically involved in the control of eukaryotic transcription is
C°-methyl-cytosine’, whereas in bacteria it is often N°-methyl-adenine’'*. However,
direct control of bacterial transcription by C*>-methyl-cytosine has been demonstrated
recently’’®. Transcriptional control by N*-methyl-cytosine may also exist'*".

* |In multicellular eukaryotes, the DNA methylation pattern of the genome is
reprogrammed during gametogenesis and during early embryonic development”.
In bacteria, reprogramming does not occur, and the DNA methylation pattern can be
transmitted unaltered across generations. However, the acquisition and loss of DNA
methyltransferase genes*' and recombinational shuffling of DNA methyltransferase
domains®’***** can produce novel methylation patterns in bacterial genomes.

* In both bacteria and eukaryotes, DNA methylation controls the formation of phenotypic
variants of genetically identical cells. However, DNA methylation-dependent formation
of bacterial cell lineages can show programmed reversion (phase variation)>"*****,



Microbial interactions: Quorum
sensing, biofilm, symbioses
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https:/www.ted.com/talks/
bonnie_bassler_how_bacteria_talk?
utm_campaign=tedspread&utm_medium=referral&utm_sourc
e=tedcomshare

20



Quorum Sensing, |

Quorum sensing (QS) is a process
of bacterial cell-to-cell chemical
communhnication

Production, detection, response to
extracellular signalling molecules:
autoinducers (Als)

Quorum sensing allows groups of
bacteria to synchronously alter
behaviour in response to changes
in the population abundance and
species composition of the vicinal
community

“Quorum” means “sufficient
numbers”
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Quorum Sensing, |l

QS is global regulatory control
QS present in Gram -, Gram + and Archaea

Many Bacteria respond to the presence in their
surroundings of other cells of their own species,
and in some species, regulatory pathways are
controlled by the cell abundance of their own
kind

QS is regulatory mechanism that assesses
population abundance —> successful coordinate
expression at population level (not necessarily
entire population)
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Quorum Sensing, Il

Examples are: bioluminescence, virulence factor production, secondary metabolite
production, competence for DNA uptake, biofilm formation, species composition

Autoinducer (Al) is species specific and freely diffuse in & out
Diverse chemical structure

Constitutively expressed

Same bacterium can have diverse Als

Al reaches high concentrations inside the cell only if many cells are nearby, each making
same Al

In cytoplasm, Al binds to a specific transcriptional activator protein or a sensor
kinase of a two-component system —> triggering transcription of specific genes
Oligopeptide Al-1 Al-2 CAlI-1 DPO

Alpeooy  coodl mgwa

C4-HSL 30C12-HSL PQS 1QS

"“r‘é VMM a;("w Q”OA Mukherjee & Bassler, 2019
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Gram - & Gram +

&
Target Genes

Luxl is Al synthase

LuxR is Al cytoplasmic receptor &
transcriptional activator
luxICDABE operon

Gene transcription

Induction of more Al production

Ng & Bassler, 2009

Histidine Kinase

PO,

NN
S @ Response Regulator

Precursor Peptide

5 Target Genes

Autoinducer Peptide Gene

e Peptide binding to membrane-bound
receptor

e Autophosphorylation activity

e P to cognate response regulator (RR)

e RR —> DNA-binging factors

e (Gene transcription

e |Induction of more Al production
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Al-1  Al-2 CAI-1 DPO

Individual vs Group behaviour
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Individual vs Group behaviour

Low cell density

Al-1  Al-2 CAI-1 DPO

* At low cell density, the receptors
are kinases that transfer phosphate
to LuxO via LuxU

oQgao
LuxN
: e Phospho-LuxO, with 054, activates
L transcription of genes encoding
c @ regulatory small RNAs (sRNAs)
5 e Narmn)
In Vibrio So @x0) ®+c* * The sRNAs, called Qrr1-5 (Quorum
S & Response Regulator -
83 1 o Regulatory RN,_A), with the Hfq
oS sRNA chaperone, activate or repress
ngsRNAs translation of target mRNAs
+ Hfq || )[]E ]E
/ \’ —. e They activate and repress translation
Transcription factor AphA LQ:T) R of the low and high cell density
diidoalbabavisng master regulators, AphA and LuxR,
respectively
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Individual vs Group behaviour

High cell density

e At high cell density, Als bind
their receptors and phospho-
flow through the circuit reverses

Al-1 Al-2 CAI-1 DPO

A A A A 10
'''' QieTatecact ‘ereteciney dieigsgnace grergscara . DO | | aee seeees
:
: . ! N ARIAAALAX ' o & ‘ AN A L A i ! | | AA :7l AAAN
< slelele el el el el

 AphA is no longer activated, and
LuxR is no longer repressed

@
Response Regulator e Al-1, Al-2, CAI-1 and DPO,
corresponding receptors
function as phosphatase

In Vibrio

e Instead of AphA, LuxR or HapR is
produced, which mediates group
Group behaviours behaviors

07 Mukherjee & Bassler, 2019



INTRA-SPECIES
COMMUNICATION

Intra-species QS by Al-2

LuxS product DPD spontaneously
undergoes cyclization and hydration
reactions in solution to form R-THMF
(detected by Salmonella Typhimurium)
and S-THMF

S-THMF in presence of boron, reacts to
form S-THMF-borate (detected by Vibrio
harvey)

Regulates: motility, biofilm, virulence,
siderophores, enzyme,
bioluminescence

Vibrio
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HO CH
HO" bo
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+B(OH),” H.O OH O
~-2H,0

HO. ,OH
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oS C.).CH3
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INTRA-INTER SPECIES
COMMUNICATION

Table 1. Functions regulated by Al-2 signal*

Species

Functions regulated by Al-2

Al-2 receptor

References

Actinobacillus pleuropneumoniae

Actinomyces naeslundii
and Streptococcus oralis

Aggregatibacter
actinomycetemcomitans

Bacillus cereus

Borrelia burgdorferi

Escherichia coli EHEC

Escherichia coli K12

Haemophilus influenzae
strain 86-028NP

Helicobacter pylori

Moraxella catarrhalis
Mycobacterium avium

Pseudomonas aeruginosa

Pereira et al., 2012

Biofilm formation®, adherence to
host cells and growth in iron-limited
medium

Mutualistic biofilm formation

Biofilm formation

Biofilm formation®

Increased expression of the outer
surface lipoprotein VIsE'

Chemotaxis towards Al-2, motility
and Hela cell attachment

Biofilm formation and motility"
Al-2 incorporation and chemotaxis towards
Al-2

Al-2 incorporation and biofilm formation
Motility
Biofilm formation and antibiotic resistance®

Biofilm formation®

Virulence factor production

29

Unknown

Unknown

LsrB and RbsB

LsrB*

Unknown

LsrB*

LsrB*
LsrB

RbsB

Unknown

Unknown

Unknown

Unknown

Li et al. (2011)

Rickard et al. (2006)

Shao et al. (2007a,b)

Auger et al. (2006)
Babb et al. (2005)

Bansal et al. (2008)

Xavier & Bassler (2005a),
Gonzalez Barrios et al.
(2006), Hegde et al. (2011)

Armbruster et al. (2011)

Rader et al. (2007),
Shen et al. (2010),
Rader et al. (2011)

Armbruster et al. (2010)
Geier et al. (2008)

Duan et al. (2003)



INTRA-INTER SPECIES

Salmonella enterica
ssp. enterica serovar
Typhimurium

Sinorhizobium meliloti

Staphyloccocus aureus

Staphylococcus epidermidis

Streptococcus anginosus

Streptococcus intermedius

Streptococcus gordonii

Streptococcus
gordonii and
Streptococcus oralis

Streptococcus pneumoniae

Pathogenicity island 1 gene expression
and invasion into eukaryotic cells

Al-2 incorporation
Al-2 incorporation

Capsular polysaccharide gene expression
and survival rate in human blood and
macrophages

Expression of phenol-soluble modulin
peptides, acetoin dehydrogenase,
gluconokinase, bacterial apoptosis
protein LrgB, nitrite extrusion protein
and fructose PTS system subunit

Susceptibility to antibiotics

Haemolytic activity, biofilm
formation and susceptibility to antibiotics

Biofilm formation

Mutualistic biofilm formation

Biofilm formation

COMMUNICATION

LsrB*

LsrB
LsrB

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Taga et al. (2001, 2003),
Miller et al. (2004),
Choi et al. (2007, 2012)

Pereira et al. (2008)
Zhao et al. (2010)

Li et al. (2008)

Ahmed et al. (2007)

Ahmed et al. (2008, 2009)

Saenz et al. (2012)

Saenz et al. (2012)

Vidal et al. (2011)

Pereira et al., 2012

30



Table 1. Continued

INTRA-INTER SPECIES

COMMUNICATION

Species

Functions regulated by Al-2

Al-2 receptor

References

Vibrio cholerae

Vibrio harveyi

Biofilms, protease and virulence
factor production, and competence

Bioluminescence, colony morphology,
siderophore production, biofilm formation,
type lll secretion and metalloprotease
production

LuxP

LuxP

Jobling & Holmes (1997),
Miller et al. (2002),

Zhu et al. (2002), Hammer &
Bassler (2003), Antonova &
Hammer (2011)

Bassler et al. (1993, 1994),
Lilley & Bassler (2000), Chen

et al. (2002), Mok et al. (2003),
Henke & Bassler (2004a, b),
Waters & Bassler (2006)

Pereira et al., 2012
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QS and the host microbiota, |

e Quorum sensing can control
the species composition of
the gut microbiota

e Disruption of the normal
microbiota composition by
antibiotic treatment leads to a
reduction in Al-2-producing
bacteria (and Al-2 levels),
resulting in dysbiosis

32
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QS and the host microbiota, Il

e Gut commmensal bacterium
Blautia obeum can produce the
DPQO autoinducer, and DPO is
speculated to inhibit
colonization by Vibrio cholerae,
possibly providing protection
against this pathogen

Communication between
mammalian epithelial cells and
bacteria: epithelial cells release
an Al-2 mimic in response to
bacteria, and this Al-2 mimic is
detected by bacterial colonizers
—> modulation bacterial
gquorum sensing

Gut epithelium

33
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QS in the microenvironment

Microtracer beads

e Residence time of Als is
key for QS

e Flow conditions interferes
with QS —> washing off Al

e Biofilm vs free-living
microbes

e Other microbes can
respond/ produce INTRA-
SPECIES Als

e Host can produce Als

Kim et al., 2016
No flow

Staphylococcus aureus: Red,
QS-off cells (costitutive plasmid),

Flow networks with crevices or pores: the small intestine of mice (image courtesy of A. Ismail) (i), tooth cavities (image Ye”OW’ QS'On Ce”S (QS ContrOI
courtesy of W. Lee) (ii), corrugated industrial pipes (iii) and cracks in rocks (iv) plasm|d)

Scale bars, 120 yum, 10 mm, 2 cm and 5 cm 34



lux operon in Aliivibrio fischeri

(old name Vibrio fischeri)

Acyl homoserine lactones (AHLs)—> light emission in the bobtail squid by Aliivibrio
fischeri (old name Vibrio fischeri)

In the light organ of its symbiotic host squid Euprymna scolopes, Aliivibrio
fischeri may attain 109—1010 cells/cm? and a single cell may emit ~103 photons/s

Light production by luciferase that is encoded by lux operon

\/—‘—-‘\

)

- plfqulOl’\.,

( ® 4~ J[j— Substrate for

— AHI‘ AHL synthesis — Active
LuxR - (autoinducer) Kot
regulator 5 Lux! (enzyme)
(activator) « RNA polymerase a subunit —&

—B subunit
Chromosome RIS - B

Vibrio fischeri

—

" Promoter
\with Jux box

High-level transcription from operon
High concentration of AHL is in cell. lux operon
AHL and LuxR interact. LuxR binds Jux

box for activation. Light is produced.

High population density; high concentration of AHL TODD BRETL UNDERWATER PHOTOGRAPHY
Copyright © 2013 John Wiley & Sons, Inc. All rights reserved.




lux operon In Aliivibrio fischeri

(old name Vibrio fischeri)

o A
,/ Piffusion, =

_— . < e
Vibrio fischeri O Cibstrate for ~
LuxR #~ (autoinducer) il o :;?:; e
regulator « Luxl(enzyme)
(activator) \\ RNA polymerase a subunit _T , _,_ 8 subunit
Chromosome e o |
Promoter
with Jux box had) Tuxg luxe 'uxG
High-level transcription from operon e Y J

High concentration of AHL is in cell.
AHL and LuxR interact. LuxR binds Jux
box for activation. Light is produced.

fux operon

High population density; high concentration of AHL
Copyright © 2013 John Wiley & Sons, Inc. All rights reserved.
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Social cheating & Social policy, |

Mutants evolve naturally within
communities —> social cheating not
sharing energetic costs of
producing molecules

Cooperative behaviours provide a
collective benefit, but are considered
costly for the individual

Bacteria frequently secrete
extracellular biomolecules to
capture nutrients from the
environment, hydrolyze solid nutrient
sources, construct biofilm
communities

Some secreted substances can be
used by non producing cells and are
thus considered to be public goods

Figure 2: Social cheating in QS populations.
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Cooperators
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Social cheating & Social policy, |l

Quorum-sensing-driven co-
regulation of two metabolic
enzymes. One serves as a public
good and the other serves as a
private good, can provide an
incentive that reduces social
cheating and prevents the
collapse of the wild-type population
(not favorable as earlier)

Social policing: A strategy in which
gquorum-sensing bacteria link
production of costly private
goods to production of public
goods to punish non-producers
and thereby prevent emergence of
social cheater (part of the
metabolic pathway is under QS)

Vibrio cholerae

Chitinase and sugars = public goods

@) (o]
@99 @ © o

e (@] oib
Chitinase e 0, :o @o“’o@;’ Chitinase

@)
producer .*° © o 0 o © S04 °© ., non-producer

L

%

¢ G
Qo000
Dilemma: costs of public goods are private and benefits are shared

|

Solutions

Thick bioﬁlry yivection

Chitin

Flow > o

Mukherjee & Bassler, 2019
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Quorum Quenching

e Quenching: host strategy to avoid bacterial infection
e Silencing the communication by chemical interference
e Eukaryotic quorum-quenching mechanisms include:

A. Production of halogenated furanones by the red algae Delisea pulchra that function as QS-
receptor antagonists

B. Mammalian-produced paraoxonases that function as lactonases that hydrolyse Al

@ ™ a b C
Autoinducer

- 3 O Q Q

s < Host factor

5 Or Or

> X

’ < O @
Modification Degradation Sequestration

< J
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Quorum sensing in Gram +

Madigan et al. 2020

QS two-component system

Sporulation —> Endospore formation as response to adverse
conditions (starvation, desiccation, growth-inhibitory temperatures)

DNA competence
Regulation of pathogenicity
Pheromones ComX, competence

Pheromones CSF, sporulation

40



Two-component systems
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Bacillus subtilis:

External signals for sporulation
e desiccation ~ -

o cell density ~ _~SpoDA
e starvation_- - ) |
: Signal from
’G SpollE endospore
activates of;
early
' endospore
: Phosphate genes are
removed by g ’ transcribed.
SpollE. ¢’ Is Inactive

when bound

Sporulation

Madigan et al. 2020

Signal from
mother cell
triggers
synthesis of ¢
in endospore
and pro-cX in
mother cell.

G

Signal from
endospore
activates oX.

Inactive Active Developing
SpolIAA SpollAA to SpolIAB. ol eNdOSpOre e
: ') evnp
( ~
S~ SpollAB '
SpollAA F
binds e "S 4
SpolIAB. released.

Endospore formation as response to adverse conditions (starvation, desiccation, growth-inhibitory temperatures)

Spore germinates when favorable conditions return

Prior to endospore formation, cell divides asymmetrically —> smaller cell develops into the endospore

Mother cell surrounds spore, bursts in the end

Sporulation entails the activity of >500 genes over the course of =10 h

When Spo0A is highly phosphorylated —> sporulation proceeds

Spo0A controls expression of several sporulation-specific genes and sigma factors

Sigma factors in the mother and in developing spores

Sigma factors have different timing and interactions a formation of a mature spore

42



I Competence-Sporulation

>
)
0

>
O
5

. .
®agunnt®

.

Sda | «—  DNA replication blockage
Kipl | Nutrient availability
RapA -

:> Induction of competence (ComA)

% Transition from exponential

L - - .
RapE ¢ . FRIE to stationary phase (o")
RapH || PhrH <7 Induction of competence (ComK)
RapB 47-"— Growth conditions inhibiting sporulation

*

Flywheel (volano) is the Rap system
Sensing two pheromones: ComX and CSF

CSF concentration dictates decision, high —> sporulation

Spo0E

Yisl

YnzD

Activation of
sporulation genes

> Growth conditions inhibiting sporulation
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http://genesdev.cshlp.org/search?author1=Alexander+Y.+Mitrophanov&sortspec=date&submit=Submit

Decision making: competence
vs sporulation, |

B. subtilis monitors its environment via 5 two-
component systems

Adverse conditions—> phosphorylation of several
proteins sporulation factors, culminating with
sporulation factor Spo0OA

B. subtilis with Spo0A-P secrete a toxic protein —>
lyses nearby cells

Cells in the process of sporulation make an antitoxin
protein to protect themselves against the effects of
their own toxic protein

Strategy in which survival of a few (as opposed to all)

cells of the species in a population is a priority and is

facilitated by the sacrifice of other cells of the same
species

Schultz et al., 2019
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Decision making: competence
vs sporulation, Il

Spo0A dynamic (sporulation, response to stimuli) is
linked to ComK dynamic (competence, QS)

| Jz JPUUH

On their path toward sporulation, the individual cells
can opt for the differentiated state of competence,
triggered by ComK (the competence master
regulator) exceeding a certain threshold level

In this state cell can take up exogenous DNA from
lysed cells—> DNA repair and occasionally even as
new genetic information to enable resisting the
encountered stress

Competence is not a permanent genetic state,
after several hours the cell switches back to
vegetative growth on its path toward
sporulation

Schultz et al., 2019
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Biofilm definition

Biofilms can broadly be defined as dynamic self-constructed
accumulations of microorganisms that produce a matrix of
extracellular
biopolymers that is, extracellular polysaccharides (EPSs)

The collective behaviour of bacteria within biofilms promotes
communication and interaction to ensure propagation and survival

Microbial abundance ranging from 108 to 10''cells g~! wet weight
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Wolferen et al., 2019

Biofilm, |

Cells with suspended lifestyle, called planktonic growth vs sessile cells —>
attaching on surfaces and forming biofilm

A biofilm is an attached polysaccharide matrix containing embedded
microbial cells

Some biofilms form multilayered sheets with different organisms present in
the individual layers: microbial mat (phototrophic and chemotrophic bacteria in
hot spring outflows, in marine intertidal regions)

Top view

Side view

3 days 4 days 5 days 6 days 7 days
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Madigan et al. 2018

Biofilm, Il

e Biofilms form in stages: (1) attachment, (2) colonization, (3) development,
(4) dispersal

e Very dynamic, very diverse

Attachment Colonization Development Active Dispersal
(adhesion of (intercellular (more growth and (triggered by
a few motile communication, polysaccharide) environmental
cells to a growth, and factors such as
suitable polysaccharide nutrient availability)
solid surface) formation)
LO
L Water Q 0 f
2 Cell channels | A
o
Polysaccharide
Surface

(a ) 48 H



Biofilm as a heterogeneous microenvironment

Entanglements of macro-

: molecules - participate

Polysaccharides e e to
the biofilm cohesiveness

Proteins
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Water channel ! o O :
b) Internal composition o |
e o / G o ¢ D) o o )

a) Bulk biofilm

 Extracellular polymeric substances (EPS) secreted by the cells dwelling inside (Hall-Stoodley et al., 2004)

* EPS s usually a mixture of polysaccharides, proteins, extracellular DNA (eDNA), and other minor
components

 Matrix proteins (in V.cholerae.: RomA, Bap1, and RbmC) structure networks among polymeric substances
and cells
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Biofilm as a viscoelastic material

a ceiliisse fikie Young'’s modulus Fig. 6 | Different approaches to using biofilms as
engineered materials. a, Production of cellulose
Polycarbonate (red) and incorporation into the extracellular
2.4 GPa , ‘ polymeric substance matrix by Acetobacter xylinum
= — £ —~ % = biofilm leads to anincreased Young’s modulus™?.
C ,mg.ne;*m.-.g;eﬁw}*,_ — l b, Engineered Escherichia colibiofilm through
. — — - the overproduction of CsgA amyloid (dark blue),
b Sreidinaohiis Sillcoresti de. advapcingthe extracelllflar polyr.neric sub.stance ’
and boron carbide matrix and thereby leading to anincrease in Young’s
' VY G —— == 10 GPa modulus®. ¢, Further engineering of the E. coli
. biofilm by functionalization of amyloid nanofibrils
— with Spy-tag (red) and adding Spy-catcher (blue)
- = . =i L S functionalized carbon nanotubes (grey)®.
—
c . o Concrete
Amyloid nanofibrils
B e 0GP ﬁ
: #8%&——Spy-catcher

—Spy-tag

* Rheology is the study of viscoelastic materials: materials that have both solid and liquid properties
(Billings et al., 2015)

% 1) Elastic modulus, which is the stiffness of the biofilm at small deformation;

* 2) Yield strain, which is how much deformation a biofilm can sustain before it fails (Kovach et al., 2017):
flow or attack by grazers;

* 3) The product of the elastic modulus and the yield strain defines the yield stress, which is the minimum
force needed to cause a biofilm to fail

* Absence of matrix proteins can cause structure to swell resulting in an increased yield strain but at the
expense of a highly reduced elastic modulus 50

€202 “le 1@ dijiyd



Mechanical properties of the biofilm matrix

Extracellular Polymeric Substances (EPS)

Hydrogen bonds lonic interactions Electrostatic interactions Hydrophobic interactions Entanglement
| | | |
I | I | I | I |

Hydrophobic
moiety

Polysaccharides

b

Absence of shear stress Low shear stress Increasing shear stress Exceeding a critical shear force
1 | I
| | | || | |

Non- lent bond

— o

P ———
o

- -
,z/ NG

SS%C Vo - o M‘

L.
>

Extent of shear stress

\ 4

Flemming et al., 2023
In the absence of stress, the biofilm structures are undisturbed

At low shear stress, the biofilm can immediately stretch out and spring back when the stress is removed, which is mediated by
intermolecular forces among matrix components —> viscoelastic solid behaviour

As shear increases, the biofilm flows more as bonds begin to break and polymers move past each other, and when the shear stress is
removed the remaining bonds slowly pull the biofilm back but it never regains its original form; patches of the biofilm can be torn off —>
highly viscous liquid behaviour

After exceeding a critical shear force, many intermolecular forces are broken, the polymers are gliding past each other and the biofilm
flows similar to a low-viscosity liquid, sometimes in ripples. When the shear stress is removed, the biofilm does not regain any of its form

but new intermolecular bonds form providing stability to the new form o1



Biofilm, Il

e Viscous structure 3D environment is formed in synergy with the flow

e Viscous structured 3D environment prevents harmful chemicals (e.g. antibiotics or other toxic
substances) from penetrating —> pathogens (e.g. artificial heart valves and joints, and indwelling

devices, such as catheters; cystic fibrosis are caused by a tenacious bacterial biofilm that fills the
lungs and prevents gas exchange)

e Viscous structured 3D environment is a favorable environment, prevent cells from being washed
away into a potentially less favorable habitat

e Biofilms as barrier to bacterial grazing by protists (size-predation) and virus (low diffusion)

e Biofilms cause fouling and plugging of water distribution systems and can form in fuel storage tanks,
where they contaminate the fuel by producing souring agents such as H>S

e Biofilm in between the sediment
grains

Rl e Biofilm in waste water treatment
S igsreiiste
- T e e
TR LRI X

LA T LT

Flemming & Wuertz, 2019 Madigan et al. 2018



Microbial interactions in biofilms

—————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

Competition
2 &
% O

Qian et al., 2022
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Intermixed — O O EEEeE—
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growth Cas gene Array % ."..g

e

Mutual benefit Phage infection and CRISPR-Cas

« Cooperation can help microorganisms gain advantages, for example, through compounds that promote collaboration,
the uptake of nutrients and horizontal gene transfer.

- Competition is pervasive in multispecies biofilms owing to limited space and resources; it drives evolution and has an
essential role in shaping the biofilm structure and physiological activities.

« Chemical communication (such as quorum sensing) and electrical communication (such as nanowires) regulate
social behaviours in microbial communities



The mechanisms of antimicrobial
tolerance of a biofilm

B Metabolic heterogeneity Impaired penetration

eDNA Polysaccharides

B-Lactamase Ciofu et al., 2022

Metabolically active
¢ Efflux pump expression

¢ B-Lactamase expression Filamentous phage

O Efflux pumps

Adaptive responses

Transient antimicrobial

Metabolically inactive :
resistance

* Reduced growth
* Decreased uptake of the antibiotic
* Depletion of antibiotic target

* SOS response
¢ Stringent response

Bacterial phenotype

oy Metabolic activity and
CDOFastgrowth D Mutant " [ “ oxygen concentration

@ Slow growth @ Persister Low lll High

Tolerance/Persistence
A tolerant population is characterized by a slow rate of killing due
to slow growth and low metabolic activity of the bacterial cells,

requiring a longer time to kill 99% of the bacterial population than a
susceptible population

Resistance

A resistant population is characterized by the lack
of killing by antibiotic concentrations above the
minimum inhibitory concentration of antibiotics
against the susceptible bacterial population
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Dormancy
a temporary, adaptive, state of reduced metabolic activity within an

extended period of arrested growth that enables a microbe to maintain
viability under unfavorable environmental conditions

(A) permafrost (B) deep subsurface soil (C) arid and desert ecosystems (D) marine sediments (E) the human body

akinetes within
biological soil crusts

Dormibacteraeota spores
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Diverse adaptive strategies in the
biofilm

Horizontal
gene transfer

Multispecies biofilms
Metabolic heterogeneity

EPS matrix

Dormant persister cells

Polysaccharide
eDNA

EPS matrix74
Antimicrobial

|

I

I

I

|

:
Decreased drug
penetration !
:

< :
C , :
Drug degradation !
|

|

|

7~ A
@

N40 607

Time

Hypoxic and acidic
environments

l

7
&,\

® - ® =

Choi et al., 2023 Tissue surface
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Biofilm formation

e Molecular coating on surfaces
e Cell attachment

e Attachment of a cell to a surface is a signal for the expression of biofilm-specific genes
—> Intercellular signaling molecules and extracellular polysaccharides

e Once committed to biofilm formation, a previously suspended (planktonic) cell typically
loses its flagella and becomes nonmotile

e Switch from planktonic to biofilm growth in many bacteria is triggered by the cellular
accumulation of the regulatory nucleotide cyclic di-guanosine monophosphate
(c-di-GMP)

e c-di-GMP binds to proteins reducing activity of the flagellar motor, regulates cell
surface proteins required for attachment, mediates the biosynthesis of
extracellular matrix polysaccharides of the biofilm

e Mushroom-shaped microcolonies up to 0.1 mm
o, 0 high and contain millions of cells

N7
P

¢
OH 0" “0-CH, )\NH2

HZNW/W:[:) : :HQC O OH

c-di-GMP

@S, exchange DNA, antibiotic resistance, heavy
metal resistance

Madigan et al. 2018
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Biofilm formation and dispersal: V. cholerae

B
S
V. cholerae monoculture - B g™ \;\_
WGy < e S s
Mixed-species community -, v? o _o

= 7 \J i
N RITTRE SVA LS A NS DV e AN

020g “49|sseg » sabplg

At low cell densities, when QS autoinducers are absent, V. cholerae forms biofilms

At high cell densities, when autoinducers have accumulated, biofilm formation is
repressed and dispersal occurs

CAlI-1, is used to measure Vibrio abundance

Al-2, i1s a broadly-made universal autoinducer —> V. cholerae to assess the total
bacterial cell density of the vicinal community
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Biofilm formation and dispersal: V. cholerae

B

V. cholerae monoculture

Mixed-species community -, v? o _o

7 = &9 e 't VN
= 7 \J %
B MRS A T AN D AN

020g “49|sseg » sabplg

e Both autoinducers must be present simultaneously for repression of biofilm
formation to occur

e CAI-1 produced by V. cholerae engages its cognate CqsS receptor at very low cell
densities vs Al-2 at high cell density

e V. cholerae uses CAI-1 to verify that some of its kin are present before committing to
the high-cell-density quorum-sensing mode, but it is, in fact, the universal autoinducer
Al-2, that sets the pace of the V. cholerae quorum-sensing program
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Biofilm habitat

Major habitats Total bacterial and Minor habitats
archaeal cell numbers ¢ Groundwater: 5x10%’
on Earth: * Phyllosphere: 2x10%
~1x10%* e Cattle: 4x10%*

* Termites: 6x10%

* Pigs: 7x10%

* Humans: 4x 10*

* Sea surface layer: 2x10%
* Atmosphere: 5x 10

e Etc.

Deep continental subsurface: 3 x 10%

BT (W >
Upperoceanicsediment:leozs '......................-................-.....................

i Most or all cells form biofilms !:

Deep oceanic subsurface: 4 x 10%°

Flemming & Wuertz, 2019
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Marine biofilms

Molecular coating and living or not surfaces provide 3D structure for
biofilm formation

Flemming & Wuertz, 2019
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Flemming & Wuertz, 2019

Eukarya as microbial biofilm

Plants
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Phyllosphere

Humans

Termites

? “N\.__Gut

Dental plaque
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Biofilm types in Eukarya

Surface located Secretion and tissue located

Tissue Foreign body Mucus Damaged host tissue

@ Attachment and
aggregation

* Microcolony formation
* EPS production

@ e Maturation and
differentiation
* Heterogenic population

@ Detachment and dispersal

&>~ Planktonic bacteria [« | Tissue cell Biofilm bacterial population
Host-derived conditioning film M@ Foreign body material = Fast-growing bacterialcell =~ = Mutant
£ ) EPS ':éj} Dainaged tEsgEEall @ Slow-growing bacterial cell e Persister

EPS, extracellular polymeric substance.

63 Ciofu et al., 2022



| biofilm-

INica

Sites of common cl
associated infection

Choi et al., 2023

Chronic sinus infections
Biofilm: 68.8% of cases

« Staphylococcus aureus

» Pseudomonas aeruginosa
« Haemophilus influenzae
« Viridans streptococci

Oral health
» Porphyromonas gingivalis
« Staphylococcus spp.

» Streptococcus spp.
« Bacterodies

Venous catheter infections
Biofilm: 80.9% of cases

« Acinetobacter baumannii
« Staphylococcus spp.

« Escherichia coli

» Klebsiella pneumoniae

Endocarditis

« S. aureus

« Coagulase-negative staphylococci
« Viridans streptococci

e Enterococcus spp.

Urinary tract infections
Biofilm: 75% of cases

s E. coli

« Candida spp.

e Enterococcus spp.
« S. saprophyticus

Osteomyelitis

» S. aureus

» Coagulase-negative staphylococci
» Streptococcus spp.

« Enterobacter spp.

Orthopaedic infections
Biofilm: 65% of cases

» S. aureus

« B-Haemolytic streptococci
« Enterobacteriaceae spp.

» S. epidermidis

Chronic wounds
Biofilm: 60% of cases

« Staphylococcus spp.

« Stenotrophomonas maltophilia
« Corynebacterium spp.

« Finegoldia magna

Pacemaker lead infection
Biofilm: 68.2% of cases

« S. epidermidis
e S. aureus

» Enterococcus spp.
» Streptococcus spp.

Pulmonary infections
Biofilm: 93.0% of cases

» P. aeruginosa
e Streptococcus pneumoniae
s H. influenzae
» Mycobacterium tuberculosis

Gastrointestinal infection
Biofilm: 97% of cases

o Clostridium spp.

« Helicobacter pylori
» S. aureus

» P. aeruginosa

Indwelling urinary catheter
Biofilm: 73% of cases

e E. coli

« Candida spp.

» Enterococcus spp.
» P. aeruginosa

Periprosthetic infection

e S. aureus

« S. epidermidis

+ S. hominis

» Pseudomonas spp.

Diabetic foot wounds
Biofilm: 46.3% of cases

« Staphylococcus spp.
* F. magna

e Enterococcus spp.

» P. aeruginosa
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Supramolecular assembly delivery strategies

Passive delivery

Antimicrobial

) @® ]
(Charged)
supramolecular assembly

Cationic and small nanoscale
particles show increased
facile biofilm penetration and
bacterial cell binding

Choi et al., 2023

Ultrasound

=

I Biofilm EPS matrix

IS O

P

Controlled delivery

Light-triggered release

Localized targeted delivery
can be achieved through
external or internal stimuli
to trigger drug release

65

Infection-triggered release

Antibody targeting

Biofilm interactions can be
modulated by functionalizing
particle surfaces with targeting
moieties to enable selective
biomarker-dependent biofilm
binding

Aptamer targeting




Biofilm in sum

Box 2 | Key features of biofilms

* Microbial aggregates at interfaces: solid-liquid, solid—gas, liquid-liquid and liquid—gas

* Genetic response to surface adhesion

* Extracellular polymeric substances matrix, mainly consisting of polysaccharides,
proteins and extracellular DNA (eDNA), which forms a ‘house for biofilm cells’ and
provides mechanical stability

* Gradients resulting in heterogeneous microenvironments in biofilms
* Wide variety of habitats supporting biodiversity

* Retention of extracellular enzymes in a matrix, for example, providing an external
digestion system

* Matrix-stabilized microconsortia that enable synergistic use of nutrients
* Water retention and protection against dehydration

* Nutrient acquisition by sorption and retention

* Recycling of nutrients

* Enhanced tolerance to disinfectants, biocides and other stressors

* Enhanced intercellular communication (signalling), regulation of matrix synthesis,
detachment and virulence factors, among others

* Access to extracellular genetic information (eDNA)
* Facilitated horizontal gene transfer by conjugation, transduction and transformation

* Collective, coordinated behaviour (regulated by signalling molecules)

NB: our expanded biofilm definition implies cellular organization at a higher level with
associated emergent properties, even if not all key features are present.
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