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Mechanomicrobiology: how bacteria
sense and respond to forces

Yves F. Dufréne’? and Alexandre Persat®3*

Abstract | Microorganisms have evolved to thrive in virtually any terrestrial and marine

environment, exposing them to various mechanical cues mainly generated by fluid flow and
pressure as well as surface contact. Cellular components enable bacteria to sense and respond
to physical cues to optimize their function, ultimately improving bacterial fitness. Owing to
newly developed biophysical techniques, we are now starting to appreciate the breadth of
bacterial phenotypes influenced by mechanical inputs: adhesion, motility, biofilm formation
and pathogenicity. In this Review, we discuss how microbiology and biophysics are converging
to advance our understanding of the mechanobiology of microorganisms. We first review the
various physical forces that bacteria experience in their natural environments and describe
the structures that transmit these forces to a cell. We then discuss how forces can provide
feedback to enhance adhesion and motility and how they can be transduced by dedicated
cellular machinery to regulate diverse phenotypes. Finally, we provide a perspective on how

Forces
Interactions that change the
motion or shape of a bodly.

Hydrostatic pressure
The pressure in a static fluid
generated by gravity.

Shear forces
Forces that are applied

tangentially to a body’s surface,

generally generated by flow.

Mechanical stress
A quantity that expresses the
internal forces of a material.
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mechanics influence biofilm spatial organization and homeostasis.

The mechanic’s feel comes from a deep inner kinesthetic
feeling for the elasticity of materials. Robert M. Pirsig,
Zen and the art of motorcycle maintenance.

Environmental forces have key roles in the physiology
of any living system, from the origins of life, when flow
may have driven the division of protocells’, to guiding
the differentiation of stem cells>. Microorganisms are no
exception: they experience forces most often imposed
by their natural environment’. We know that micro-
organisms must resist these forces, but what is less clear
is whether they actively sense and respond to mechanical
cues. In short, do mechanical forces influence bacterial
physiology?

Single bacteria experience contact forces as they
associate with the abiotic surfaces of rocks, soil parti-
cles, ships or medical devices (FIC. 1a) or with biological
surfaces such as epithelia, extracellular matrices, mucus,
teeth and skin (FIG. 1b). These forces can be compressive
(inward) as an attached cell lands and pushes itself onto
the surface, or they can be tensile (outward) as a cell is
pulled away from the surface. In the same manner, bac-
teria experience compression in deep-sea environments
where hydrostatic pressure reaches hundreds of atmos-
pheres or as they become engulfed by host cells during
phagocytosis* (FIC. 2).

Additionally, microorganisms must contend with
the flow of fluid in various environments: in vivo, as
bacteria colonize the blood vasculature, urinary tract,
intestine and airways, or in the abiotic environments of

catheters, sedimenting marine snow, ships and riv-
erbeds. Here, the resulting hydrodynamic forces are
tangential to the surface, in the direction of the flow.
A consequence of shear forces is the removal of surface-
associated cells; bacteria have evolved adhesive struc-
tures to counteract shear forces and thus maintain their
surface-attached state’.

Mechanically, bacterial cells and their surface-exposed
molecular and supramolecular structures experience
external shear, tension or compression (FIC. 2). The cell
envelope is subject to these forces. More specifically,
the outer membrane in Gram-negative bacteria and
peptidoglycan in Gram-positive bacteria potentially
transmit mechanical stress to core structures such as the
cytoplasmic membrane. Surface extensions such as fla-
gella, pili or the capsule that mediate the physical inter-
actions between the cell and a surface also bear external
forces, being under tension or compression, or being
deformed. How force is transmitted to a cell depends
on the mechanical properties of these structures. The
mechanical properties of peptidoglycan and the outer
membrane control cell shape, growth and division,
and protect the cell from chemical stresses, including
mechanical stress induced by osmotic shock®”. Similarly,
flagella, pili, cell envelope-associated adhesins, the cap-
sule and biofilm matrices have intrinsic mechanical
characteristics, but how these experience mechanical
stress is largely unknown®’. Until now, their molecu-
lar structures and functions have been mostly studied
in force-free environments (that is, at equilibrium),

NATURE REVIEWS | MICROBIOLOGY


http://orcid.org/0000-0001-8426-8255
mailto:alexandre.persat@epfl.ch
mailto:alexandre.persat@epfl.ch
https://doi.org/10.1038/s41579-019-0314-2
https://doi.org/10.1038/s41579-019-0314-2

REVIEWS

a
Flagellum

b

Flow
Planktonic cell X
Surface- )
associated cell Biofilm
\ Hydrodynamic force Adhesion force
() (o)
Abiotic surface vy

Torque
An interaction causing a body
to rotate.

Flagellum basal body

A group of proteins that
anchors the flagellum to the
cell body and includes the
flagellum motor.

Flow

BIOW

Soft epithelial cells

Fig. 1| Forces on bacteria. Single cells experience forces in abiotic (a) and biological (b) environments as they colonize
surfaces in flow. Surface attachment can generate adhesion force. Hydrodynamic forces, which are generated by fluid
motion, are experienced by surface-attached cells. Bacteria interact with their surroundings via surface structures such
as adhesins, motorized pili and flagella. During host colonization, bacteria can experience mechanical forces as they
contact soft materials such as cells and tissues, including dynamic mucus layers, and encounter flow of blood, urine and

gastrointestinal fluids.

a paradox when considering that they are inherently
subject to unsteady mechanical influences and are
therefore out of equilibrium.

The development of new methodologies that ena-
ble researchers to mechanically probe living systems at
the organism, single-cell and molecular levels has been
instrumental to the advances in studying eukaryotic
mechanobiology. With these, we now have abundant
evidence supporting the central role of mechanics in reg-
ulating eukaryotic cell function, including cell division,
differentiation, immunity, development and motility. The
knowledge gap in our understanding of how bacteria and
archaea sense and respond to mechanical stress is largely
explained by the size of cells and of their surface machin-
ery, which complicates mechanical experimentation
at such small scale.

In this Review, we focus on the following question:
how do bacteria sense and respond to the mechanics
of their environments? We first discuss how mechani-
cal inputs feed back on adhesion and motility systems,
increasing their efficiency in the face of external applied
force loads. We subsequently describe how single cells
can actively sense forces to regulate distant phenotypes,
such as gene expression and pathogenicity, and specif-
ically highlight the molecular mechanisms of mech-
anosensing and signal transduction. Finally, we expand
our discussion of mechanoregulation to biofilms — the
architecture of which is essentially guided by mechanics,
yet little is known about how mechanics affect the phys-
iology of biofilm-dwelling cells. In this Review, we aim
to provide a fresh perspective on the signals that regulate
bacterial behaviour and phenotypes, which should not
be uniquely focused on the influence of chemical cues.

Mechanosensitive feedback

Motility mechanoswitching. Bacteria actively propel
themselves by converting chemical energy into mechani-
cal work. For example, to swim within the bulk of a fluid,
single cells rotate their flagella. These helical filaments
make use of the physics of fluids at the micrometre scale
to convert their rotation into a translational motion of
the cell body'*"". The interactions between molecular
rotors and stators drive flagellum rotation and torque,
which in turn exert a force on the surrounding fluid.

The rotor, which is also known as the C-ring, is a cyto-
plasmic structure tightly coupled with the flagellum
basal body to drive rotation'’. Stators are stationary
proteins (MotA and MotB in Escherichia coli) that are
anchored in the cell envelope and interact with the
rotor. Chemical energy provided by ion-motive forces
drives conformational changes in stator components,
which lead to spinning of the rotor.

Mechanical feedback on flagellar motorized activity
enables many bacterial species to adapt their swimming
behaviour to increases in fluid viscosity, increases in
drag force at the vicinity of surfaces or in biofilms'’.
In E. coli, forces that oppose flagellum rotation activate a
positive feedback mechanism that helps recover rotation
rate (FIC. 3a). This effect was demonstrated by attaching
micrometre beads to flagella using optical tweezers or
by controlling torque on the motors of immobilized cells
with rotating electric fields'**". In response, the rota-
tion frequency of the flagellum first drops, but recovers
within 1-2 minutes'*". At the same time, increasing
torque promotes the polar localization of a fluorescently
tagged MotB protein, which indicates stator assembly.
Thus, increasing torque on the motor recruits additional
stator units in a stepwise manner, thereby increasing
rotation frequency. At the molecular level, the force
decreases the dissociation rate of MotB from peptidogly-
can, which leads to the accumulation of this protein near
the rotor'>'®. This force-induced decrease in dissociation
rate is known as a catch-bond mechanism (see below).
Furthermore, the flagellum structure itself responds to a
mechanical load by adopting various polymorphisms".
In Shewanella putrefaciens, these polymorphic changes
drive different swimming patterns that enable the bac-
teria to escape from traps or to move in high viscosity
environments'®"”.

Positive feedbacks on motility also occur over longer
timescales. Pseudomonas aeruginosa adapts flagellar
torque upon changes in viscosity by swapping between
stators that generate distinct magnitudes of torque:
MotA and MotB are used in low-viscosity environments,
whereas MotC and MotD engage to power swimming
in high viscosity or at the surface of soft swarm agar
plates, where the load applied on the flagellum motor
is high®*?!. Positive feedback on swarming motility has
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Fig. 2 | Bacterial structures experiencing external forces. Aa| The interactions between molecular rotors and stators
drive flagellum rotation and torque. When single cells attach to a solid surface, steric or hydrodynamic interactions inhibit
flagellum rotation, putting a load on the motor machinery. Ab | Retraction of surface-attached type IV pili generates a
tension force in the filament, on its motor and on other structural components. Ac | Adhesins or sticky substances can
transmit tension to the cell surface when experiencing a force load. Ad, Ae | Forces generated by flow or by the motility
machinery can also bend, shear or stretch the cell envelope, for example, the lipid bilayer and outer-membrane proteins.
B | Bacteria also experience mechanical forces as they grow within elastic materials, for example, in the biofilm matrix or
in mucus. Growth driven by (internal) turgor pressure deforms and mechanically stresses the surrounding elastic material,
compressing the cell envelope. Flagella, pili and adhesion components are also mechanically perturbed under these

conditions (not shown).

been observed in various species, including in the patho-
gens Vibrio parahaemolyticus and Proteus mirabilis and
the soil bacteria Azospirillum spp., all of which differ-
entiate into highly flagellated swarmers upon surface
contact” . These examples suggest that dedicated
sensors activate transcription or assembly of flagellar
components, leading to increased power output due to
greater numbers of flagella.

Force-induced motility feedback is well described
in pathogens but is also found in species across various
environmental niches, for example, in deep-sea environ-
ments. Flagellum-driven swimming motility is highly
sensitive to changes in pressure. Deep-sea bacteria
cope with this using pressure-dependent differentiation
from planktonic to swarmer phenotypes. The swimming
velocities of typical model organisms decrease with pres-
sure and most are unable to swim at pressures above
50 MPa*. By contrast, piezophiles, which are bacteria
that grow optimally at high pressure, adapt their flagel-
lar machinery to efficiently swim in extreme mechan-
ical environments. In fact, the deep-sea bacterium
Photobacterium profundum swims faster under pressure
and can maintain motility up to 170 MPa, more than a
thousand times the atmospheric pressure®. P. profundum
possesses two flagellar gene clusters: one encoding a
polar flagellum and the other a lateral flagella system.
Genes encoding lateral flagella and their corresponding
proton-driven motors are upregulated under high pres-
sure and in high viscosity media and are necessary to

power swimming under these conditions. Upregulation
of genes encoding the lateral flagella system depends on
the presence of the polar flagellum, which does not func-
tion at high pressure. These observations suggest that
single P, profundum cells mechanically sense local pres-
sure and viscosity with their polar flagella, and respond
by increasing the production of lateral flagella, thereby
enabling swarming motility in high-pressure environ-
ments. Similarly, the piezophile Shewanella piezotolerans
initiates swarming as pressure increases”’, which also
indicates that the sessile lifestyle might be favoured over
a planktonic one in the ocean depths.

Type IV pili (T4P) are motorized surface appendages
that are a few micrometres long and that promote adhe-
sion and motility on surfaces. Successive rounds of pili
extensions and retractions enable single P. aeruginosa,
Acinetobacter baumannii or Xylella fastidiosa cells to
move on solid surfaces in a motility mode called twitch-
ing”*. The molecular motors PilB and PilT hydrolyse
ATP to respectively polymerize or depolymerize thou-
sands of PilA pilin subunits within seconds™. Successive
extensions and retractions involve swapping motors, but
whether and how cells control this sequence had been
unclear. Label-free visualization of P. aeruginosa T4P
in live cells by interferometric scattering microscopy
demonstrated that the motors coordinate their activity’'.
T4P remain extended at the cell surface until their tips
touch a surface, an event that stimulates rapid retraction
(FIG. 3b). This suggests that PilT responds to pilus surface
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contact. The exact mechanism by which the mechan-
ical signal is transmitted from the tip to the motors is
unknown but is likely to involve force-induced changes
in the conformation of the pilus along the filament**.
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Fig. 3 | Force-induced feedback on motility and adhesion. a | Single cells swim through
viscous fluids by rotating their flagella. Flagellar stators exert a torque on the helical
filament. The power output of the machinery depends on the proton motive force, which
drives flagellar rotation (not shown). Environmental changes, such as an increase in
viscosity or proximity with a surface, increase the power burden on the stators, which
adapt their rotation rate by recruiting additional torque-generating units. b | Pseudomonas
aeruginosa type IV pili (T4P) control their dynamic activity by coordinating retraction
with tip attachment. Contact of the T4P tip at time t, with a surface triggers retraction of
the pilus. Retraction is mediated by the PilT molecular motor, which is a retraction ATPase
that drives filament depolymerization to power motility in low-friction environments.

In environments of increasing friction, a second retraction ATPase, PilU, can power filament
depolymerization under high load, for example, at a time t, where PilT reaches a threshold
force. PilU ultimately generates sufficient force to propel single cells. ¢ | Catch bonds
increase adhesion under strong force loads. Single adhesin—receptor interactions that
experience a slowly applied tension force dissociate easily (at low bond dissociation
force). When force is applied at a higher rate 97, adhesion strength increases through the
formation of catch bonds. By contrast, slip bohd attachment strength always decreases
with applied force.

We note that species whose pili are specialized in DNA
uptake (Vibrio cholerae) and adhesion (Caulobacter
crescentus) can frequently retract without sensing sur-
faces*~, which indicates that mechanical feedback on
retraction evolved as a prerequisite for twitching motility.
Bacteria use T4P to move while maintaining a stable
sessile lifestyle. P. aeruginosa use T4P at the surface of
burn wounds® and airway epithelia during infections™,
and X. fastidiosa uses these pili when colonizing the
vasculature of trees”. Flow and friction with the surface
during movement increase force on the T4P machinery,
for example, as X. fastidiosa twitches upstream'’. Could
cells adapt their retraction force in response, similarly
to mechanosensory feedback on flagellar motors?
A comparison of T4P dynamics and twitching motility
in environments of increasing friction suggest that PilU,
a second retraction ATPase, can power PilA depoly-
merization under high load, thereby generating suffi-
cient force to propel single cells’ (FIG. 3b). Consistent
with this, retraction force measurements in V. cholerae
show that PilT and PilU collectively generate larger force
than PilT alone*. The mechanism of motor swapping is
reminiscent of the reorganization of flagellar stators,
highlighting a common ‘gear-shifting’ strategy in bacte-
rial motility systems. We thus anticipate that mechanical
feedback could have a role in the adaptation of other
motility systems such as surface-specific gliding used by
Myxococcus xanthus, during which cytoplasmic motors
are mechanically coupled into focal adhesions to the
solid surface to power displacement of the cell body"*.

Mechanical feedback in adhesion. Adhesion is a first
key step to infections as many bacterial pathogens must
attach to biomaterials and host tissues>*’. Microbial
adhesion is also highly relevant in environmental and
industrial microbiology as it leads to cell aggregation
and biofilm formation. How do force loads on individ-
ual or multiple bonds influence adhesive functions? Due
to single-cell and single-molecule technologies, the past
years have witnessed substantial progress in our under-
standing of how microorganisms use and respond to
force for cell adhesion.

Most proteins stretch by reversibly unfolding under
the action of a force as a spring***. Because they must
withstand stronger forces, some adhesins have unusual
elastic properties. The soil bacterium Pseudomonas fluo-
rescens sticks to various abiotic and biotic surfaces using
the large adhesin protein LapA, a ~520kDa protein that
contains two structural features mediating adhesion:
37 N-terminal 100-amino-acid repeats and a C-terminal
mechanosensitive von Willebrand factor type A. Under
the force generated by an atomic force microscope
(AFM), LapA displays remarkable elastic properties,
with sequential force peaks reflecting unfolding of its
multiple repeats®. Surface properties strongly affect the
mechanical response of LapA, with sequential unfolding
events being observed only on hydrophilic substrates.
LapA thus provides P. fluorescens with multipurpose
adhesion and thus enables the colonization of diverse
environments. By contrast, some proteins are too stable
to be easily unfolded. For instance, the Staphylococcus
aureus surface protein SasG promotes strong cell-cell
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adhesion during biofilm formation. SasG contains
~ 10 tandem repeats of G5 domains that are separated
by E domain spacer regions. The force required to unfold
individual G5 and E domains is strong, up to ~ 500 pN,
compared with ~50-250 pN in most proteins, thus
explaining how SasG-SasG bonds can resist physiologi-
cal shear forces”. The high mechanical stability of SasG
is likely to be related to its dynamic structure. Under
high tension, the unfolding of SasG domains may expose
extended conformations in which previously hidden
domains become available for binding. The rod-like
shape of the protein contributes to the formation of
strong cell-cell bridges during biofilm formation while
resisting shear forces.

Amyloid-forming sequences are found in a number
of bacterial proteins, some of which might become stick-
ier under tension. The fungal pathogen Candida albicans
improves surface adhesion using force-sensitive surface
agglutinin-like sequence (Als) proteins. Als proteins
contain a threonine-rich region with a buried short
amyloid-forming core sequence that becomes exposed
under mechanical force. This induces the formation of
cell surface nanodomains composed of laterally arranged
Als proteins that promote homophilic cell-cell adhesion
and biofilm formation*. By extension, tension force may
also promote the aggregation of amyloid adhesins in
E. coli and Bacillus subtilis*>>.

Single-molecule force spectroscopy experiments
have revealed that the mechanical behaviours of pili are
distinct from those of globular proteins. P. aeruginosa
T4P can resist up to 250 pN tension force, which implies
that they can maintain adhesion under the ~ 100 pN
retraction force®. In addition, force-displacement
curves for T4P featured a constant force plateau, which
indicates that they were elongated in a stable stretched
state. Consistent with this, interferometric scattering
microscopy imaging shows that T4P frequently attach
flat against the surface when under tension, whereas
relaxed pili only attach from their tip, which suggests
that force increases adhesion along the filament length’'.
Hence, pili may respond to force by transitioning into
an extended quaternary structure that exposes hidden
residues capable of promoting adhesion™.

Pili from Gram-positive bacteria, which are less well
characterized, have different assembly mechanisms
and mechanical properties compared with pili from
Gram-negative bacteria’’. One example is the pilus of
the probiotic strain Lactobacillus rhamnosus GG, which
enables binding to intestinal epithelia and aggregation®.
Stretching experiments on single cells revealed that
L. rhamnosus GG pili exhibit two distinct mechanical
responses depending on force: at low force, a zipper-like
adhesion was observed involving multiple SpaC pilin
subunits distributed along the pilus length; at large
force, a nanospring behaviour (that is, pilin proteins
do not unfold), enabling pili to resist high loads™. The
nanospring behaviour is consistent with stretching
experiments performed on single pilin subunits in the
Gram-positive pathogen Streptococcus pyogenes: pilins
cannot be unfolded even by large mechanical forces,
meaning that they are completely inextensible*. In con-
trast to Gram-negative bacteria, pili from Gram-positive
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bacteria form by covalent polymerization and are sta-
bilized by internal isopeptide bonds, which results in
extreme stiffness and resistance to force™. These studies
demonstrate that pili from Gram-negative and Gram-
positive bacteria display fascinating force-dependent
adhesion and that force must be accounted for when
exploring their functions.

A remarkable, counterintuitive trait of some adhes-
ins is their ability to strengthen adhesion under tension
(FIG. 30). The function of adhesins can be physically and
quantitatively described by their unbinding strength,
that is, the force at which they will detach. Typically,
adhesion strength between a single adhesin and its
ligand decreases with applied force (BOX 1), a behaviour
termed slip bond. Counterintuitively, some adhesins
tend to strengthen when experiencing a tensile load, a
phenomenon referred to as catch bond™”’.

The adhesion of the type I pilus tip protein FimH
of E. coli is the prototypical example of catch bonds™.
FimH specifically binds mannose residues on glycopro-
teins that decorate the surfaces of epithelial cells. During
infection of the urinary tract, FimH-mannose catch
bonds stabilize the attachment of uropathogenic E. coli
(UPEC) to the bladder and urinary tract by improving
adhesion in the presence of flow. The affinity between
FimH and mannose is strengthened with increasing
mechanical force”. A force-induced allosteric confor-
mational change in FimH switches the adhesin to a state
of high affinity for its mannose ligand®.

In a similar manner, recent AFM studies showed
that force promotes the adhesion of S. aureus and
Staphylococcus epidermidis, which are common and dev-
astating nosocomial pathogens, providing single bacteria
the ability to resist increases in shear stress during col-
onization®. Their adhesins SdrG, CIfA and CIfB bind
fibrinogen and loricrin ligands via three separate sub-
domains with forces in the nano-Newton range. These
forces are equivalent to that of a covalent bond, which
makes them the strongest receptor-ligand bonds meas-
ured to date, surpassing the biotin-streptavidin bond
by an order of magnitude®>*. These extreme adhesion
forces result from the high affinity ‘dock, lock and latch’
binding mechanism, which involves dynamic conforma-
tional changes that lead to highly stable complexes®®.
Steered molecular dynamics simulations combined with
AFM revealed that the extreme mechanical stability of
these interactions originates at the molecular level from
an intricate hydrogen-bond network between the ligand
peptide backbone and the adhesin®. Such ultra-high
binding forces are in stark contrast to the values meas-
ured by standard bulk techniques, which demonstrates
that single-molecule forces measured out of equilibrium
and binding constants measured at equilibrium do not
correlate®. Understanding these non-equilibrium prop-
erties can provide insights into the development of new
therapeutic strategies, for example, the development of
adhesin-binding antagonists®”".

From force signal to cellular response

Above, we described how forces directly feed back to
motility and adhesion machineries. Next, we focus on how
dedicated sensors can transduce mechanical input into a
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cellular response, activating other cellular machinery and
eliciting distinct phenotypes. These mechanotransduc-
tion systems most often involve a mechanosensor and
relay components such as two-component systems
and second messenger molecules®” (FIC. 4).

Mechanotransduction in P. aeruginosa. In P aeruginosa,
surface contact and flow stimulate multiple behavioural
changes at different timescales — within seconds after
the transition from planktonic to sessile states or days
during the process of infection and biofilm formation.
A clear link has been established between mechanical
input generated by surface contact and the production of
the second messenger molecules cyclic AMP (cAMP) and
cyclic di-GMP (c-di-GMP), two ubiquitous signalling
molecules that enable cells to control multiple phenotypic
changes in response to specific environmental inputs.

Within the few seconds following surface contact,
single P. aeruginosa cells deploy T4P, improving adhe-
sion and initiating surface motility”". This response
depends on the flagellar stator proteins MotA and MotB
and the c-di-GMP-binding protein FimW. Thus, the
stator MotA-MotB could function as a mechanosensor
for surface attachment, although T4P deployment does
not depend on the flagellum itself (FIG. 4a). In addition,
the phosphodiesterase Pch, which degrades c-di-GMP,
localizes at the flagellated cell pole, driving asymmet-
ric distribution of the second messenger between cell
progeny. This differentially affects the activity of FimW,
which is only active at the non-flagellated pole. Daughter
cells subsequently possess distinct adhesive properties,
separating them into sessile and planktonic states. This
asymmetry accelerates the dispersion process and thus
enables rapid colonization and infection of host cells.

Box 1 | Adhesion, fluid and solid mechanics

The force and deformation fields in liquid and solid materials obey
constitutive laws, the governing equations of which can be solved
computationally and sometimes analytically. Granted a basic knowledge
of mechanics and some simplifications, it is possible to obtain reasonable
estimates for these forces. We provide some practical tools and definitions
that may help the reader to build physical, quantitative insights for
relevant microscale fluid and solid mechanics in the bacterial world.

Adhesion

Adhesion forces are a result of the physicochemical interactions between
the cell surface and its attachment substrate®**°. The adhesion strength
for asingle cell or a single receptor-ligand interaction is generally
defined as the tension force at which it will detach (in units of N). When
attachment involves multiple receptor-ligand interactions, adhesion
strength can be quantified as the adhesion force per unit of contact area
(in units of Nm™ or Pa, analogous to a pressure). Whether it is specific or
not, adhesion can be viewed as a process whereby a cell receptor binds to
a surface-anchored ligand. Detachment thus depends on the dissociation
of a bond under force F. By invoking the Arrhenius equation, the
dissociation constant can be calculated under load kog = kgffeFM"T

(also known as Bell’s equation; where kgﬁ is the force-free dissociation
rate constant, d is a characteristic length scale, generally determined
empirically but which can be viewed as a bond extension, k;, is Boltzmann’s
constant and T is the temperature)'’°. Although more accurate models
have been used to describe experimental data, Bell’s equation provides a
quantitative glimpse at how force influences receptor-ligand dissociation
kinetics and highlights an important intrinsic force scale of the adhesive
bondk, T /3. Typically, the strength of receptor-ligand bonds is in the range
of 50pN to 250 pN*.

Fluid mechanics

How do cells physically experience moving fluids? In flow, single cells and
biofilms experience a hydrodynamic force that is a result of shear stress.
In virtually any flow, a fluid is at rest at the surface of solid boundaries,
including the ones of bacterial cells, a phenomenon also known as
‘no-slip’. This boundary condition strongly affects the motion of a fluid
near surfaces by generating strong velocity gradients, quantified by the
shearrate: y = % (where v is the fluid velocity and y is a coordinate
perpendicular to the surface). The shear stress T quantifies how hard it is
to move the fluid near the surface and thus depends on its dynamic
viscosity 1 and the shear rate at the surface y T=y . Shear
stress is a force density, so that the hydrodyn;rqﬁi:eforce gs;uerﬁg'ated by a
uniform flow on a cell of surface area A is F = 7A. In a typical microfluidic or
flow chamber experiment, flow conditions yield shear stresses of 0.01 Pa
to 10 Pa, which generate forces on a single 1 pum? cell of approximately
0.01pN to 10 pN. For more complex, non-uniform flows, shear stress must

be integrated over the surface of the object, similarly to the calculation of
the drag force of a sphere (or a cell) of radius a swimming at velocity V,
also known as Stoke’s drag: F = 6 Va. A bacterium swimming at 10 um/s™
experiences a hydrodynamic force of approximately 0.1 pN, which is
relatively low and explains the low energetic requirement on flagellar
motors. Finally, we note that microorganisms living in strong-flow
environments do not necessarily experience strong hydrodynamic forces.
For example, turbulent oceanic flows influence the transport of cells and
molecules'* but bacteria associated with suspended particulate matter
do not experience strong shear as they move with the flow.

Solid mechanics

Solid materials deform when subject to forces, a property known as
elasticity. Bacteria and proteins can be viewed as elastic materials: they
deform under the influence of forces (a change in protein conformation

is a deformation). Mechanosensitive machinery such as proteins, protein
assemblies or membranes modulate their function and ultimately generate
biochemical signals in response to these deformations. The force can

be self-generated (by pili and flagella) or applied externally (flow), but
mechanosensing always requires the generation of a force.

To understand the relationships between force and deformations,
consider an object of uniform cross-sectional area A and length L subject
to an end-to-end force F extending the object by a length AL. We define
the strain ¢ as the relative deformation of this object: e = AL/L. The stress
is defined as the force per unit area across the solid object: o= F/A.
According to Hooke’s law, there is a linear relationship between stress
and strain, 0 = ¢E, reminiscent of the relationship between force and the
extension of a spring. The Young’s modulus E has units of Pa (force per
unit area) and is essentially a measurement of the stiffness of a material.
Very soft tissues, such as the brain or some biofilm matrix components,
have a Young’s modulus below 1kPa, whereas very stiff biomaterials such
as the bacterial cell wall have stiffness in the order of megapascals’*'”>.
From Hooke’s law, a ~10 MPa stiff, 1 um spherical bacterium experiencing
a 10pN physiological force would deform by about 1 pm (smaller than the
scale of an atom), whereas a 1kPa stiff, 1 um cube of biofilm matrix subject
to the same force would deform by 10 nm (the typical size of a protein).
Under the 10kPa internal stress generated by bacterial growth'*,
the matrix would experience a 10% strain.

To model the deformations of more complex and heterogeneous
materials, the stress field can be computed using constitutive equations.
However, a simplified framework using a decomposition in spring
elements can help construct physical and quantitative models for forces
and deformations. This decomposition has enabled biophysicists to
rapidly generate models for polymers, biofilms, mammalian cells and cell
sheets, plasma membranes, and single proteins'’*’°.

www.nature.com/nrmicro



REVIEWS

b Pseudomonas aeruginosa
Slow mechanotransduction

a Pseudomonas aeruginosa
Fast mechanotransduction

Pathogenicity Biofilm Quorum sensing Tension-induced
conformational
changes in the pilus

od” PilG __Pilj -
CAMPDO{PilHeChpA () Force
A\CyaB

d Bacillus subtilis mechanotransduction

MotA-MotB c-di-GMP

Flagellum Extension motor

¢ Caulobacter crescentus mechanotransduction

Inhibition of
flagellar rotation

Biofilm
\' formation

DDﬁ DegU-P V4
_[CI71. Matrix’component

Fig. 4 | Bacteria use mechanotransduction to regulate various phenotypes in response to forces. Force-sensing
components such as type IV pili (T4P) and flagella transmit mechanical signals to sensing components. Information
can be relayed over short timescales by various chemosensory systems. a | For example, in Pseudomonas aeruginosa,
the flagellum stator (MotA-MotB) responds to surface contact by inducing an increase in the levels of cyclic di-GMP
(c-di-GMP). The c-di-GMP-binding protein FimW binds c-di-GMP, activating the deployment of T4P to promote
adhesion and initiating surface motility. b | Over longer timescales, surface-attached P, aeruginosa increase their
intracellular levels of cyclic AMP (cAMP). Increased cAMP levels stimulate the transcription of genes, including genes
encoding secretion systems, components of the T4P and regulators of quorum sensing, while downregulating flagellar
genes to promote pathogenicity and biofilm formation. Surface contact-induced cAMP production depends on the
Chp chemotaxis-like system. Chp is activated by its methyl-accepting chemotaxis protein Pil]. The major pilin subunit
PilA interacts with Pil] in vitro, which suggests that T4P directly activates the Chp system, potentially through tension-

Production
of holdfast

induced conformational changes. This input signal controls autophosphorylation of the histidine kinase ChpA,
transferring phosphoryl groups to two response regulators, PilG and PilH, which ultimately control the activity of
the adenylate cyclase CyaB. c | In Caulobacter crescentus, surface contact stimulates the production of a sticky polar
holdfast, irreversibly committing a cell to surface attachment. Mechanical force at the pilus or the flagellum motor
activates the diguanylate cyclase DgcB to increase intracellular c-di-GMP levels, which promotes the biogenesis of
the holdfast. d | In Bacillus subtilis, inhibition of flagellar rotation activates the two-component system DegS-DegU.
Phosphorylated DegU (DegU-P) initiates the transcription of the genes encoding poly-y-bL-glutamic acid, whichis a

biofilm matrix component.

Over longer timescales (minutes to hours), surface-
attached P. aeruginosa increase their intracellular levels
of cAMP” (FIG. 4b). Increased cAMP levels stimulate the
transcription of hundreds of genes via the transcription
factor Vir (virulence factor regulator), including genes
encoding type II and III secretion systems, components
of the T4P and regulators of quorum sensing, while
downregulating flagellar genes, which demonstrates
that contact with host cells is a key event in the regu-
lation of pathogenicity”>”*. Surface-induced stimulation
of cAMP depends on T4P and its motors as well as on
the stiffness of the material substrate, which indicates
that cells kinaesthetically sense the surface. Surface
contact-induced cAMP production also depends on a
chemotaxis-like system called Chp, the activating sig-
nal of which had remained elusive until recently. As in
the canonical chemotaxis system, Chp activity depends
on stimulation of its methyl-accepting chemotaxis pro-
tein Pil]. The major pilin subunit PilA interacts with
Pil] in vitro, which suggests that T4P directly activates
the Chp system, potentially through tension-induced
conformational changes. This input signal controls
autophosphorylation of the histidine kinase ChpA,

transferring phosphoryl groups to two response regu-
lators, PilG and PilH, which ultimately control the
activity of the adenylate cyclase CyaB’>’. The Pil-Chp
system and cAMP promote surface attachment of
single cells over longer timescales, which is crucial for
the subsequent formation of biofilms”’. Furthermore,
oscillations in cAMP levels following surface detach-
ment provides cells with a memory for attachment
over many generations, which enables prompt surface
recolonization by formerly attached cells. It is unclear
why P. aeruginosa uses such a complex system to regu-
late transcriptional responses over long timescales, but
we anticipate that Chp controls other behaviours on
shorter timescales. The Pil-Chp system is conserved
among several pathogens and environmental species,
which suggests that it has been repurposed to function
during surface adaptation in various contexts, probably
to regulate diverse phenotypes”.

Surface contact also stimulates the production of
c-di-GMP over long timescales. Increasing the levels
of c-di-GMP is crucial in the development of biofilms, as
this second messenger controls the production of extra-
cellular polymeric substance (EPS) matrix components.
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Holdfast

An extremely sticky substance
secreted at the poles of many
prosthecate bacteria that

enables irreversible attachment.

Consistent with this, c-di-GMP levels depend on the
magnitude of fluid shear and the adhesion strength of
single cells to a surface’. Cells that lack T4P compo-
nents, including the minor pilin protein PilY1, do not
respond to surface contact or shear and maintain plank-
tonic levels of c-di-GMP”. At the molecular level, PilY1
interacts with the T4P alignment complex PiIMNOP
to activate the diguanylate cyclase SadC, thus increas-
ing the production of c-di-GMP”. PilY1 has homology
to the mechanosensitive von Willebrand factor and is
positioned in T4P and/or at the outer membrane, mak-
ing it an attractive candidate mechanosensor. PilY1 is
also a key element in the surface-activated virulence
against amoebae®. In addition to regulating the pro-
duction of matrix components, increased c-di-GMP
levels affect flagellar function by disengaging the high-
torque stator complex MotC-MotD in favour of MotA-
MotB'*!, hence repressing swarming motility. MotC
itself interacts with SadC to stimulate c-di-GMP pro-
duction, now providing negative feedback on swarming
motility®. Moreover, the chemotaxis-like Wsp system
provides an additional input for regulation of c-di-GMP
levels during long-term surface contact, but whether
and how Wsp senses mechanical input remains unclear.
Overall, it is clear that mechanosensing contributes to
the regulation of intracellular c-di-GMP levels, but the
molecular mechanisms of sensing and transduction
must be rigorously elucidated. The large number of sens-
ing systems that control c-di-GMP levels suggest that
multiple mechanical (for example, surface and shear
sensing) and chemical inputs (for example, nitric oxide)
contribute to its regulation®.

Finally, microfluidics experiments showed that
fluid flow also tunes the expression of other genes in
P, aeruginosa in a force-independent manner®. In flow,
single cells upregulate the fro operon, the function of
which remains unknown. The magnitude of the response
is a function of the shear rate but not shear stress, that is,
single cells respond to fluid velocity rather than the force
it generates. Accordingly, the expression levels of fro do
not depend on any known mechanosensors.

Mechanotransduction via pili and flagella. In
Shewanella oneidensis, a metal-reducing marine bac-
terium, surface contact controls phenotypes as funda-
mental as growth rate. In particular, the precision of
cell-size homeostasis depends on the attachment state
of a bacterium. The distribution of growth rates in pop-
ulations of surface-attached cells is tight in comparison
with that of planktonic cells. Surface-attached mutants
that lack T4P or flagella have planktonic-like growth
rate distributions, showing that these structures mediate
mechanosensing®.

In the stalked bacteria C. crescentus and Asticcacaulis
biprosthecum as well as in the plant pathogen Agro-
bacterium tumefaciens, surface contact stimulates the
production of sticky polar adhesins, which enables single
cells to rapidly establish a nearly irreversible attachment
to solid substrates™. In C. crescentus, the flagellar motor
and pili collectively mediate this response, which indi-
cates their potential roles as mechanosensors®*. In a
similar manner to P. aeruginosa, intracellular levels of

c-di-GMP rapidly increase upon surface contact (FIG. 4c).
The diguanylate cyclase DgcB transduces the mechanical
signal into a cellular response that accelerates the pro-
duction of the holdfast and inhibits flagellum rotation®-*.
This enables single planktonic cells to rapidly establish
a sessile lifestyle and sessile mother cells to promote the
formation of biofilms**. C. crescentus and P. aeruginosa
display a conserved strategy for mechanotransduction
that leverages motorized machinery (pili and flagella),
transducing components (two-component systems,
adenylate and diguanylate cyclases) and second mes-
senger molecules (cAMP and c-di-GMP). By contrast,
B. subtilis responds to surface attachment independently
of second messengers using the two-component system
DegS-DegU. Inhibition of flagellum rotation activates
the histidine kinase DegS, which activates the response
regulator DegU to promote the transcription of genes
encoding matrix exopolysaccharides™ (FIG. 4d).

Mechanotransduction via the cell envelope. The attach-
ment of enteropathogenic E. coli to intestinal host cells
promotes the expression of virulence factors encoded
in the locus of enterocyte effacement’’. Upregulation of
these factors is further exacerbated in flow, reinforcing
the hypothesis of mechanosensation. Ler, a major regu-
lator of virulence in enteropathogenic E. coli, participates
in transducing the mechanical signal into a pathogenic
output. The NIpE-Cpx system, which regulates protein
folding in the periplasm, is a candidate mechanosensor
localized on the outer membrane. Surface contact acti-
vates NIpE-Cpx, initiating the transcription of Ler by the
transcription factor LrhA®>%. However, recent experi-
ments measuring the response to surface contact at the
single-cell level mitigate this hypothesis, contradicting
the possibility that NIpE-Cpx functions as a surface
mechanosensor™.

Nevertheless, the NIpE-Cpx system illustrates the
possibility that membrane-associated machines sense
mechanical stimulation. Consistent with this, monitor-
ing the fluorescence of a genetically encoded calcium
biosensor in E. coli during mechanical compression
showed that force increases calcium influx induced by
membrane voltage depolarization”. Such mechanically
induced changes in ion flux are reminiscent of mechano-
sensitive ion channel gating stimulated by tension
of their supporting membrane®”’. As for mechano-
response, the authors found that the levels of several
E. coli proteins increase, including the small RNA-
binding protein Hfq, which is a regulator of virulence in
many pathogens”. The corresponding mechanosensitive
components have not been identified; however, intui-
tively, mechanosensitive ion channels localized in the
inner membrane could be activated by compression
through deformations of the cell wall.

In the depths of oceans, microorganisms must cope
with the extreme mechanics generated by high hydro-
static pressure. Piezophiles can grow, and thrive, at
depths where pressure reaches up to 1,000 atm (REF%).
During transitions from low-pressure to high-pressure
growth conditions, these deep-sea microorganisms
undergo vast phenotypic changes not limited to motil-
ity as discussed above. As pressure increases, their outer
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Iridescence

An optical effect where light
reflecting on a surface
generates rainbow-like colours
by interference.

membrane becomes more rigid. In response, piezophiles
adapt their lipid composition to reduce membrane flu-
idity” and also change their membrane protein com-
position. For example, P. profundum upregulates the
outer membrane porin OmpH and downregulates
OmpL, thereby improving their molecular uptake in the
nutrient-deprived deep sea’'"’. ToxR-ToxS, two inner
membrane proteins that regulate virulence in response
to various physicochemical signals in V. cholerae, con-
trol the pressure-dependent expression of these porins
in P, profundum, thus functioning as a pressure sensor'”’.
Consistent with a role in mechanical sensing, the acti-
vation of ToxR-ToxS depends on the fluidity of the
outer membrane'”'. Although these pressure-sensitive
phenotypes seem to be unusual, they might represent a
vast and overlooked aspect of bacterial physiology given
the large bacterial and archaeal populations coloniz-
ing subsurface environments'*>"'**, Understanding the
mechanobiology of these cryptic organisms could help
us better understand the origins of life, which probably
arose at high pressure'®.

Biofilm mechanobiology

Biofilm mechanics. In the wild, bacteria are commonly
found as dense, cohesive communities associated with
surfaces, called biofilms'**'”". Biofilms form in any type
of environment, including in rivers and streams, where
they have crucial roles in biogeochemical fluxes'**'®,
in our intestine, where they contribute to host metabo-
lism and immunity"'®"", or within biological tissues and
on medical devices, where they can cause antibiotic-
resilient chronic infections'”. The self-secreted EPS
matrix is a hallmark of biofilms. The matrix is com-
posed of polysaccharides, proteins, DNA and other cel-
lular debris that maintain cohesion between cells and
with a surface, while protecting the community against
chemical, biological and mechanical stressors'"”. The
matrix is both viscous (flows like a fluid) and elastic
(deforms like a solid). Biofilms are active matter sys-
tems''*: bacterial growth generates mechanical stress
within the biofilm by deforming the elastic matrix
(FIG. 2b), strongly influencing its morphology and the
orientation of single cells in the community''*-'"". The
magnitude of the mechanical stresses generated within
biofilms is not exactly known. E. coli colonies growing
in confinement generate ~ 10 kPa stress on the mate-
rial surrounding them'"®, whereas yeast colonies can
generate stress in the magnitude of megapascals'”,
providing us with some estimate of internal mechan-
ical stresses. In principle, the viscoelastic nature of
biofilms, in particular their ability to ‘flow’ over long
timescales, enables the dissipation and relaxation of
mechanical stress generated by growth or by exter-
nal forces such as shear stress'?*'*". Knowledge of the
behaviour of the matrix material is necessary to develop
a holistic understanding of biofilm development.
Although mechanical properties can be measured with
standard and advanced techniques'?-'*?, understand-
ing their relevance in the context of biofilm formation
and maintenance is complex as matrix composition is
heterogeneous within and between biofilms and across
environmental conditions.

REVIEWS

External and self-generated forces vastly contribute
to development and morphogenesis of multicellular
organisms, ultimately being vital'*’. Similar mechani-
cal phenomena take place during the development of
biofilms, also having roles in their morphogenesis and
spatial architecture''®'"'*%; however, their functional
consequences remain unclear. In nature, biofilms exhibit
strong genotypic and phenotypic heterogeneity'>>'*.
The relative positioning of distinct cells determines
how they interact and therefore has a strong influence
on the behaviour and fitness of individual cells, par-
ticularly in a biofilm in which cells are separated by less
than a micrometer'*”'*. For example, spatial organiza-
tion affects how single cells experience signalling mole-
cules, such as quorum-sensing autoinducers, nutrients
or antimicrobials'”’, and also influences the emergent
properties of multicellular structures such as iridescence
or the formation of flocks and fruiting bodies**"*'. In
multispecies biofilms, this arrangement also leads to
variations in interspecies social interactions, ultimately
governing whether strains compete or cooperate'*.
Beyond affecting the transport of signalling and nutri-
ent molecules'*'*, mechanical forces generated by flow
or contact can deform or damage the matrix and carry
single cells to or away from biofilms, thereby influencing
cellular arrangements.

Stream biofilms are under constant influence of fluid
flow, which strongly affects the composition as well as the
spatial and dynamic distribution of different species'®.
The forces generated by flow on planktonic and surface-
associated communities affect the complexity of stream
biofilms by directly modulating the rate of encounter of
new clones with the surface'”. Additionally, biofilms and
suspended aggregates grown in laminar and turbulent
flows from the same initial planktonic inoculum have
drastically different community compositions'*’. These
differences are likely to be caused by the heterogeneity
in adhesive and motility properties of the different spe-
cies present in the planktonic inoculum, highlighting the
importance of fluid flow and physical interactions with
surfaces in establishing the cell-cell interaction network
in environmental biofilms.

Modelling these ecosystems in defined microfluidic
environments can help identify the physical mechanisms
involved in structuring biofilm communities. At the
single-cell scale, fluid flow strongly influences lineage
distribution in C. crescentus'. Growth of C. crescentus
biofilms at controlled shear rates demonstrated that
contiguous cells have a high probability of originating
from distinct lineages in weak flows, whereas lineages
strongly segregate in strong flow. This flow-induced
segregation depends on the ability of single planktonic
cells to swim in the bulk fluid and invade existing bio-
films. An advection-diffusion theoretical framework
inspired from mass transport phenomena helps describe
the relationship between flow and lineage mixing:
single planktonic cells diffuse by Brownian-like swim-
ming trajectories and are directionally transported by
flow. The relative contributions of these two modes of
transport influence mixing, wherein a low flow pro-
motes swimming-dependent mixing and a strong flow
favours the local attachment of progeny®. Accordingly,
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Mucins

Highly glycosylated proteins
that can form a gel layer at
epithelial surfaces upon
exocytosis or decorate the
surface of mammalian cells.

simulations predict that the joint contributions of flow
and adhesion strengths has a strong impact on spatial
organization, which was also verified experimentally
in the early stages of V. cholerae biofilm formation'*.
Genotypic biofilm mixing also occurs in complex and
irregular flows: strains of P. aeruginosa that do not pro-
duce a matrix can invade existing biofilms of matrix
producers, thereby inducing lineage heterogeneity in
the biofilm'*". Invasion occurs when biofilms clog parts
of the fluidic network, generating regions of zero fluid
velocity that enable non-producing cells to attach to the
existing matrix without being washed away. In another
example, extensional flow around chitin particles ena-
bles matrix-depleted filamenting strains of V. cholerae
to associate with a surface'*® — biofilms form rapidly
via entanglement of filamentous cells, which comes with
the trade-off of permitting invasion by competitors. We
note that these last two phenomena would not take place
in more regular flow profiles: cheating cells would be
removed from existing biofilms and filamentous cells
would not form biofilms.

Forces within biofilms. Self-generated internal forces
contribute to the organization and morphogenesis of
biofilms. A recent study combining single-cell level
imaging with a theoretical framework inspired from the
physics of liquid crystals highlighted the importance of
matrix mechanical properties and flow in shaping the
spatial organization of V. cholerae biofilms'*. These
insightful measurements were then used to compu-
tationally predict biofilm growth behaviour, which
revealed that physical cell-cell interactions within
V. cholerae biofilms are largely regulated by the pro-
duction of the matrix protein RbmA. RbmA controls
matrix mechanical cohesion since the biofilms of rbmA
mutants are permeable to invading cells'*. External
conditions can influence internal matrix mechanics:
the secretion of polymeric components by biofilm dwell-
ing cells generates an osmotic pressure difference with
the external environment that drives colony expansion
and influences biofilm morphology'*"'**. This pres-
sure difference also influences spatial organization and
resistance to invaders: high osmotic pressure tends to
expand the matrix, permitting the penetration of invad-
ers, whereas low osmotic pressure compacts the matrix,
thereby preserving clonality'*.

Biofilms form at mucosal surfaces in vivo, where
they are exposed to mechanical forces imposed by their
hosts''"'**, These surfaces, which include host cell sur-
faces or eukaryotic extracellular matrix (ECM) compo-
nents, are generally soft and sometimes dynamic. We
know very little about how biofilms form in this context,
in particular at the surface of mucus, which is a hydrogel
layer composed of glycosylated proteins secreted by the
epithelium to provide a physical barrier against invad-
ing microorganisms'*. In vivo visualization of fixed
samples showed that the mucus layer separates host epi-
thelia from intestinal biofilms'* or traps P. aeruginosa
biofilms in the sputum of patients with cystic fibrosis'"’.
Reproducing the mechanical and dynamic properties of
native mucus in the laboratory is complex, but careful
in vitro experiments showed that adhesion to mucins is

an important component of host-bacteria and inter-
bacterial interactions'*>"**'**. Although we still lack a
dynamic view of how mucus secretion shapes the spa-
tial organization of bacterial communities at the epi-
thelium'>'*, agent-based simulations help predict the
influence of mucus production on the development of
multispecies biofilms™'. These simulations predict that
the balance between mucus secretion from epithelial
cells and bacterial adhesion to mucus strongly affects
the spatial organization and social interactions between
species: low mucus-secretion rates promote colonization
by mucin-adhering cells, whereas rapid secretion pro-
motes colonization of strains that have a lower binding
affinity for mucus.

Mechanosensing in biofilms. In eukaryotes, ECM com-
ponents such as collagen and fibrinogen are important
structural elements that provide a solid substrate on
which single or multiple cells can organize and grow'*”.
The ECM additionally provides mechanical cues that
guide cellular decision making'**'**. Mammalian cells
can sense and respond to the mechanical and chemi-
cal properties of the ECM, and phenotypic differences,
such as morphologies, have been observed for the same
cell types on or within the ECM (that is, in 2D or 3D,
respectively)'*®. During the development and growth of
multicellular organisms, self-generated internal forces
not only passively guide morphogenesis but also func-
tion as mechanical inputs that regulate the cellular pro-
cesses important for morphogenesis'*. Hydrodynamic
forces also have a role in development and in inter-
cellular communication through the intermediary of
mechanosensory systems'*”'**. By analogy, one could
ask whether mechanosensing and mechanotransduc-
tion could have active roles in bacterial multicellular
organization within biofilms.

The primary function of the biofilm EPS matrix is to
mechanically maintain cohesion between bacterial cells.
We could thus hypothesize that the mechanical proper-
ties of the EPS matrix, which ultimately permit cohesion,
directly regulate the deployment of cellular factors that
maintain biofilm integrity; this could include feedback
on EPS production or degradation. Cells locally sensing
a decrease in elasticity could increase the production
of matrix components, stiffening their surroundings.
Conversely, cells sensing a high stiffness could secrete
matrix-degrading enzymes, locally reducing matrix elas-
ticity to permit growth. Could single cells mechanically
sense matrix properties in a biofilm? Our knowledge of
EPS regulation has mainly focused on the contributions
of chemical inputs, including quorum sensing and nutri-
ent limitation'”. Mechanosensitive systems help initiate
biofilm formation, for example in P. aeruginosa, in which
surface-induced production of c-di-GMP promotes EPS
production®’*'®’, Interestingly, P. aeruginosa senses one
of its main matrix components, the polysaccharide Psl,
which, in turn, stimulates the production of c-di-GMP,
thereby providing a positive feedback loop for matrix
production'®’. Whether cells sense Psl mechanically is
unknown but constitutes an interesting hypothesis as
Psl is the main contributor of matrix elasticity and thus
controls biofilm stiffness'*>'*. Flagellum-dependent
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Box 2 | New instrumentation for mechanomicrobiology

The exploration of mechanomicrobiology is inherently a multiscale problem, where
piconewton to micronewton forces act within the nanometre scale of single proteins

to the centimetre scale of multicellular structures. As such, it requires instrumentation
that spans these force and length scales to enable the control and measurement

of forces on single molecules, single cells and biofilms. Various force-measurement
techniques are already available but unfortunately not entirely democratized. Optical
tweezers, magnetic tweezers and atomic force microscopy (AFM) enable the mechanical
characterization and stimulation of single proteins or cells'’”'’%. These techniques
largely differ according to their force sensitivity and spatiotemporal resolution. Forces
are applied to molecules and cells either through mechanical force transducers, such

as in AFM, or via external fields (hydrodynamic, magnetic or photon fields), thus acting
on molecules from a distance. By using optical and magnetic tweezers, researchers

can probe molecules and cells in solution, thereby shedding new light onto the forces
experienced or generated by cells, appendages and molecules'’*'*. One limitation of
optical tweezers is that the sample may be subject to heating or photodamage. Magnetic
tweezers are well suited for manipulations in complex environments such as the interior
of cells. AFM enables researchers to sense, apply and locate forces on cells at high
resolution (~ 10nm) and with the widest range of forces, from 5 pN to 100 nN****!. One
current challenge for single-molecule force-spectroscopy techniques is to increase
throughput, which would enable mechanical interrogation on large scales, for example,
of mutant libraries. As a complement to in vitro and in vivo single-molecule force
experiments, in silico approaches using molecular dynamics simulations have recently
become a powerful addition to understanding the molecular basis of molecular
adhesion and mechanics®’.

Traction force microscopy and micropillars enable spatially resolved measurements
of force generated by cells or groups of cells. These are based on the deformation of
soft materials on which cells exert force. With the knowledge of the mechanical
properties of the substrate, the stress within the material and the forces that
generated it can be reconstructed. These have been successfully applied to bacterial
systems to measure pili retraction forces'®” and the force generated by groups of
growing or migrating cells'®*'**. The sensitivity of these techniques is limited by
microscope resolution and material stiffness. At the biofilm level, rheology techniques
have been applied to measure biofilm matrix viscous and elastic moduli, including
in situ microrheology, which tracks mean square displacement of beads associated
with extracellular polymeric substances, and classic rheology on purified matrix
components'”’. Force measurements within biofilms remain scarce, but novel imaging
techniques have generated insights into the stress distribution within Pseudomonas
aeruginosa biofilms*®*. Microfluidics is also a powerful and simple tool to generate
controlled shear stress on single cells or on cell communities'**'*’. We anticipate that
technologies developed for the field of eukaryotic mechanobiology rooted in materials
science'®, chemistry'® and soft robotics'*"'*' will be adapted and democratized for
mechanomicrobiology studies.

mechanosensation in B. subtilis is a more concrete exam-
ple: it stimulates the production of the matrix compo-
nent poly-y-prL-glutamic acid upon surface contact”.
We postulate that, in addition, EPS secreted by the same
cell or others can inhibit flagellum rotation as demon-
strated in Salmonella enterica subsp. enterica serovar
Typhimurium'®. Finally, in UPEC, the self-generated
mechanical stress on multicellular structures promotes
the formation of biofilms (FIG. 2B)"'®. Confining and
crowding UPEC within microfluidic chambers models
growth conditions within intracellular pods at the uro-
epithelium. Under pressure, UPEC increases the pro-
duction of EPS components by upregulating rpoH,
which encodes a sigma factor involved in the heat-shock
response. Whether the pressure generated by internal
stress during biofilm growth eludes a similar response
in single biofilm-dwelling bacteria is unknown. In sum-
mary, mechanoregulation of matrix production could
generate positive feedback to maintain appropriate local

stiffness or viscosity.

REVIEWS

Conclusions and perspectives

In this Review, we have highlighted multiple examples
of mechanically modulated bacterial behaviours and the
associated sensory mechanisms, including mechanosen-
sory feedback mechanisms that affect motility systems
and adhesion. Furthermore, force-sensitive machineries
can interface with transducing components and thus
broaden the range of mechanoresponses, which enable
mechanoregulation of diverse phenotypes such as patho-
genicity and biofilm formation. Demonstrating that force
alone modulates the functions of proteins, protein assem-
blies or cells is not a simple task. It requires an ensemble
of physical and biological evidence only made possible by
the combination of advanced instrumentation, ecologi-
cally relevant in vitro experiments and physical theory.
Therefore, the role of mechanics in regulating the phe-
notypes of various microorganisms may be underesti-
mated. The catch bond behaviours of FimH and CIfA
are examples of force-dependent bacterial phenotypes
that have been elucidated by combinations of molecular,
cellular, biophysical, computational and microbiological
techniques. In parallel, mechanosensation is relatively
well understood in eukaryotes. For example, the char-
acterization of Piezol and Piezo2, two mechanosensors
that control many force-dependent cellular processes,
such as the sense of touch'®, recently culminated with
high resolution structures of their relaxed and mechan-
ically stressed conformations 10 years after their discov-
ery'®'%, The field of mechanomicrobiology will benefit
from these studies but methodologies must be adapted
to the smaller scale of microorganisms (BOX 2).

We also pointed out that mechanics influences bacte-
rial biology on evolutionary timescales by affecting the
spatial organization of surface-associated populations.
The relative position of microorganisms in dense com-
munities dictates their interaction network within and
between clonal groups. Recent experimental and com-
putational investigations have shown that flow can trans-
port cells and deform the matrix, influencing attachment
patterns and shaping the morphology of biofilms and the
position of matrix-embedded cells. Further studies are
needed to determine the contributions of forces in com-
parison with social interactions in governing the hetero-
geneity and stability of biofilms. The host-associated
gut microbiota is a particularly fascinating but complex
example of a dense community showing heterogeneity at
many scales and under the concerted influence of flow,
peristaltic motion of the intestinal epithelium and mucus
secretion'””'"". Finally, most explorations of biofilm
mechanobiology have focused on pathogens and model
organisms but, to fully understand the biophysical rules
guiding the formation of multicellular structures, we
must expand our view to less-characterized systems,
including archaea'®’.

Do bacteria possess the ‘mechanic’s feel’? Bacteria
push and pull on soft and stiff materials, they possess
machineries enabling them to probe forces and defor-
mations, and modulate the way they interact with these
materials in response — thus, indeed, it seems that
bacteria possess “a deep inner kinesthetic feeling”
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