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Microbial behaviour:
Quorum sensing,
biofilm, symbioses....
the power of many...
towards multicellularity



7-Ecologia microbica: cenni su concetto di
specie ed evoluzione, ambienti microbici e cicli
biogeochimici degli elementi

8-Comportamento: quorum sensing, biofilm,
simbiosi microbiche con macrorganismi fino
all’essere umano

9-Tecniche di biorisanamento, biomining,
biotecnologie e produzione biocombustibi



Microbial communication



What does it mean? Estimates the amount of data in a piece
of code by the probabilities of its component symbols.

History: Developed by Bell Labs engineer Claude Shannon in
the years after World War 2.

Importance: The equation given here is for Shannon
information entropy. As with the thermodynamic entropy given
above, this is a measure of disorder. In this case, it measures
the information content of a message — a book, a JPEG
picture sent on the internet, or anything that can be represented
symbolically. The Shannon entropy of a message represents a
lower bound on how much that message can be compressed
without losing some of its content.

Modern use: Shannon's entropy measure launched the
mathematical study of information, and his results are central to
how we communicate over networks today.

https://www.weforum.org/stories/2016/04/the-17-equations-that-changed-the-world/


http://en.wikipedia.org/wiki/Entropy_(information_theory)
http://en.wikipedia.org/wiki/Entropy_(information_theory)
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Shannon's communication model

Consider a simple telephone conversation:

1. A person (message source) speaks into a telephone receiver (encoder), which converts the sound of the spoken word into an
electrical signal.

2. This electrical signal is then transmitted over telephone lines (channel) subject to interference (noise).

3. When the signal reaches the telephone receiver (decoder) at the other end of the line it is converted back into vocal sounds.

4

. Finally, the recipient (message receiver) hears the original message.
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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”

Microenvironment hydrodynamism
influence persistence of Al

Other cells
of the same

species

Chrojnosome

QS controlled
expression

Quorum-

specific ‘
proteins P ’

Al synthase

Costitutive
expression

Madigan et al. 2020



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)

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

4 Quorum-
Other cells 3 specific
of the same proteins
species

Al synthase

@

Costitutive
QS controlled expression
expression

Madigan et al. 2020



Quorum Sensing, Il

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

Intra-species QS by Al-2, different species can coordinate gene expression

Oligopeptide Al-1 Al-2 CAI-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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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

11

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
COMMUNICATION, II

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

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
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Table 1. Continued

INTRA-INTER SPECIES
COMMUNICATION, Il

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

Quorum sensing can control the species
composition of the gut microbiota

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.

Gut commmensal bacterium Blautia obeum
can produce the DPO 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 quorum sensing

Firmicutes Dysbiosis
(main Al-2 [ - =
Bacteroidetes producers) °°C3 °°°

ap» @& o
|-

— ™ S a»

o @ @S ©
DO o =

@ ap™ @ /

£
=
°
= Antibiotics
a . (- o a»
i S g agp o
6 - TCOapmp O
\ ap @ o o T
==
E. coli + Al-2

Partial rescue of microbiota

DPO V. cholerae Cc

o0
Qg @ /& Bacteria
OO
B. obeu T \/ f [ - ) @Q
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Gut epithelium
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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 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 15



lux operon In Aliivibrio fischeri

(old name Vibrio fischeri)

Acyl homoserine lactones (AHLS)

fischeri (old name Vibrio fischeri)

—> light emission in the bobtail squid by Aliivibrio

In the light organ of its symbiotic host squid Euprymna scolopes, Aliivibrio
fischeri may attain 109—1010 cells/cm3 and a single cell may emit ~103 photons/s

Py o.a
C?(fq A, A) C/S 5

l I

- ﬁlffusmry, )
Vibrio fischeri '
AHI. —z ,

LuxR P« -7 (autoinducer)
regulator @ ~. Luxl (enzyme)

(activator) *. RNA polymerase
~

Chromosome Ve

7 N

a subunit—

—

g YD— Substrate for

AHL synthesis — Active

luciferase

— B subunit

\::x g ‘»""“*/’:Q‘ ?

g

luxR " Promoter luxt  luxC Iu§! R

with Jux box
High-level transcription from operon \

\
xD \’/ ,UXG
luxA JuxB IuxE y

High concentration of AHL is in cell.
AHL and LuxR interact. LuxR binds Jux

Y

fux operon

box for activation. Light is produced.

N

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

18 Mukherjee & Bassler, 2019



Quorum sensing in Gram +

External signal lslor sporulation
* desiccation

cellde Ity B Sp 0A
arvation - = ~
SpollE J

1. Binding DNA 2. Uptake of single- 3. RecA-mediated homolcgoué
sssss ded DNA recombination
inactive Transforming DNA from donor cell
SpollAA Sp IIAA
@ ™~ SpollAB

SpollAA

binds

SD 1AB. release

fa) Competence-specific, single-
strand DNA-binding protein

Madigan et al. 2020

e QS two-component systems:

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

DNA competence
* Regulation of pathogenicity
e Pheromones ComX, competence

e Pheromones CSF, sporulation
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Decision making:
competence vs sporulation

B. subtilis monitors its environment via 5 sensor kinases

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

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

20
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S

S

Schultz et al., 2019
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Microbial volatile organic compounds in intra-kingdom
and inter-kingdom interactions

Microorganisms (bacteria, archaea, fungi and protists) use chemical
signals as a primary source of information —> quorum sensing

Signals in intra-kingdom and inter-kingdom interactions at low
concentration and over long distances (>20 cm)

Microbial volatiles are compounds that can be detected in the gas
phase of a microbial culture

Unique physico-chemical properties: they are small molecules (<300
Da), with up to two functional groups and the ability to easily diffuse
in air and water

21



Major biosynthetic pathways of microbial volatile organic
compounds

Primary metabolism
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Modes of diffusion of microbial volatiles

Volatile transmission in water Cellular responses to mVOCs Volatile transmission in air

Membrane Membrane
Fast in liquid phase changes fOMembrane fluidity and permeability\ ehanges Diffusion in gas phase

Volatiles > “wp-|| * Porin closure Ay
* Leakage of intracellular components

Volatiles

-l DNA damage Altered gene
’ expression e
Sl No diff
Polar compounds | +=====- > liqouvivd”;hase L S inogals :}?;22 Polar compounds
M \\I\\I\\\I\

In bacteria, mVOCs have also been shown to modulate antibiotic
resistance (for example, 1-methylthio-3-pentanone, 2-aminoacetophenone
and trimethylamine), quorum sensing (for example, dimethyl disulfide and
dimethyl trisulfide) and biofilm formation (for example, indole and 1-

butanol)

Weisskopf et al., 2021
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Responses in microorganisms, plants and animals to
mVOCs

\/ \/ \/
Microbial responses to mVOCs Plant responses to mVOCs Animal responses to mVOCs
Tl Growth Q. Tl Shoot growth Tl Attraction
T Motility & il Secondary root growth Tl Repulsion
T4 Virulence s%  Primary root growth 1 Food localization
Tl Explanatory behaviour T Sulfur uptake T Selection of
T Antibiotic resistance T Iron uptake through: ovipositor or
T Prey sensing T Acidification .
: feeding sites
T Expression of stress T Reductase . :
0 SFCA-induced:
response genes Transport e
T Production of secondary T Induced systemic 1 nergy .
metabolites resistance BOd}’ weight
A i T Tolerance to salt stress } SCFA-induced

1 Quorum sensing

L EPS production through: inflammation
1 Biofilm T Compatible solute Repulsion via
l Sporulation production specific neuron

activation

Evaluation of food
maturation level

! Root Na* uptake
T Shoot Na* extrusion
Inorganic volatile-
induced killing

! Early response to
bacterial elicitors

! Ergosterol synthesis

Weisskopf et al., 2021
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Biofilm



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
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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 a very heterogeneous attached polysaccharide matrix, with
proteins and extracellular DNA 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)

Specific gene activation, cell reprogramming
Adaptive behaviour

a Top view

Side view

3 days 4 days 5 days 6 days 7 days
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Biofilm, Il

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

e Molecular coating of the surface

e Very dynamic, very diverse

e Steep gradient of nutrients and oxygen

 Protection against grazers, viruses, antibiotics, drugs and metals

Attachment Colonization Development Active Dispersal
(adhesion of (intercellular (more growth and  (triggered by
a few motile communication, polysaccharide) environmental
cellsto a growth, and factors such as
suitable polysaccharide nutrient availability)
solid surface) formation)

Madigan et al. 2018

-

Flemming & Wuertz, 2019
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Biofilm features

EPS matrix

Polysaccharide

EPS matrix

Antimicrobial _
LGN
é Decreased drug
penetration
o™ ,
- Drug degradation

@ G

Hypoxic and acidic
environments

Dormant persister cells

| R T
.v

1
- 2 2 A ! -
S EE EE N S N RN S N S DS EE e R e e e . - EE EE E Em e R .

-— o mm Em Em Em e Em E W
| B 4

Horizontal
gene transfer

Multispecies biofilms
Metabolic heterogeneity

Choi et al., 2023

Tissue surface
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Biofilm as a microbial 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*

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

e Etc.

Deep continental subsurface: 3 x 10%

S~

_“ .‘ N>
Upper Oceanlc Sed|ment 5 X 1028 ------------------------------------------------------------

Deep oceanic subsurface: 4 x 10%°

Flemming & Wuertz, 2019
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Flemming & Wuertz, 2019

Eukarya as microbial biofilm

Plants

Cattle

Phyllosphere

Humans

Termites

? “N\.__Gut

Dental plaque

o

%"Q?%NQ
) S Y AY
RO A

o
o @

e |/
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| 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 in biofilm

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

=

Controlled delivery

Ultrasound-trigéered release Light-triggered release

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

33

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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