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ABSTRACT

The central hypothesis of the genotype—phenotype relationship is that the phenotype of a developing organism (i.e,, its set of observable attributes)
depends on its genome and the environment. However, as we learn more about the genetics and biochemistry of living systems, our understanding
does not fully extend to the complex multiscale nature of how cells move, interact, and organize; this gap in understanding is referred to as the
genotype-to-phenotype problem. The physics of soft matter sets the background on which living organisms evolved, and the cell environment is a
strong determinant of cell phenotype. This inevitably leads to challenges as the full function of many genes, and the diversity of cellular behaviors
cannot be assessed without wide screens of environmental conditions. Cellular mechanobiology is an emerging field that provides methodologies to
understand how cells integrate chemical and physical environmental stress and signals, and how they are transduced to control cell function. Biofilm
forming bacteria represent an attractive model because they are fast growing, genetically malleable and can display sophisticated self-organizing
developmental behaviors similar to those found in higher organisms. Here, we propose mechanobiology as a new area of study in prokaryotic sys-
tems and describe its potential for unveiling new links between an organism’s genome and phenome.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0142121
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genome encodes all the proteins and molecular machinery a cell
may synthesize and express. Traditionally, gene function is
deduced by examining the impact of its mutation on cell and
tissue morphology and development. A complete description of
development was, thus, once thought to be found in studying
the genome in more depth and rigor. However, even when we
know an organism’s full genome, it is often not sufficient to predict
cellular behaviors. In biology, this is referred to as the genotype-to-
phenotype problem (Fig. 1). A phenotype is the observable charac-
teristics of a living system, and it is understood that an organism’s
phenotype is a function of its genome and its environment. Plants
grow toward light, fungi form spores when starved, and bacteria
self-organize into multicellular biofilms when in contact with a
surface. External physical and chemical environmental cues shape
developmental decisions.

Cells have sensors that detect chemical and/or physical signals.
Chemical signal sensors are typically molecular receptors that are part
of signaling pathways that sense and respond to specific chemical
stimulants. A well-studied example of such a pathway controls chemo-
taxis, in which bacteria display directed motility toward or away from
a chemical gradient. The chemotactic response to chemical signals is
well characterized and understood at the cellular and molecular level.
In contrast, the cellular and molecular response to physical stimuli is
far less well understood.” The best described physical sensors are those
that detect mechanical features of the extracellular environment, and
these typically rely on the coupled motion of a cellular organelle with
the environment. Cells transduce these mechanical cues into biochem-
ical signals to adapt their behavior, a process termed mechanotrans-
duction. Examples include the deflection of primary cilia in ear cells to
hear sound’ and membrane-based sensors that detect pressure gra-
dients across the cell membrane.’

In the last 20 years, the field of mechanobiology has emerged to
study how mechanics govern cell phenotypes. Most work has focused

Cell-cell signals /—‘
@[ Genotype Gene expression I

Environmental
signals

Cellular behavior

Collective behavior
Phenotype

FIG. 1. Causal web of the genotype-to-phenotype problem: genetic instructions
stored as DNA are expressed as phenotypes of collective living systems, but this
occurs through a cyclical network of cause and effect. Specific genes are
expressed either to run necessary cellular functions or in response to signals from
outside the cell. These changes in gene expression alter the behavior of individual
cells and may also produce signaling molecules that influence the gene expression
of neighboring cells. These collective changes in behavior can, in turn, influence
the quantity and characteristics of the cell-to-cell signals—for instance by changing
cell motility—or even alter the local environment—for instance by excreting extra-
cellular matrix compounds. These feedback signals allow the collective behavior to
evolve over time into the resultant, emerging phenotype.
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on human cells and animal models, as leading motivation has been the
observation that cells behave differently in tissues of different stiffness,”
a critical component of diagnosing disease such as cancer and fibrosis
and which cannot be explained purely in biochemical terms. New
work is also highlighting how bacteria, which also can exhibit many
features of collective cell morphogenesis and development, sense and
respond to the mechanical features of their environment (Fig. 2).
Here, we propose bacteria systems as an attractive model for identify-
ing fundamental mechanisms of mechanosensing and highlight its rel-
evance to addressing the genotype-to-phenotype problem. Bacteria
biofilms can display a number of multicellular behaviors similar to
those found in higher organisms such as swarming,” * predation,”"
and aggregation.'' ' Studies of bacterial mechanosensing have been
limited in number and scope, in part because of size and structural dif-
ferences between bacterial and mammalian cells. Thus, a number of
mammalian experimental tools cannot be directly applied to bacterial
systems. However, bacterial and mammalian cells do share some
important measurable attributes. Like mammalian cells, bacteria, can
respond to physical stress by changing shape,' ' migrating," " dif-
ferentiating,”””' and altering gene expression”””” (Fig. 3). Many mam-
malian experimental tools can be modified to apply to bacterial
systems. In this article, we briefly review the mechanics of bacteria
motility and associated protein activity, summarize recent advances in
the field of bacteria mechanosensing, highlight the promise of mecha-
nosensing techniques as a tool for the genotype-to-phenotype prob-
lem, and outline current challenges to the field.

Il. BACTERIA MOTILITY MODES AND COLONY
GROWTH

Bacteria have a variety of mechanisms for generating force and
motility both at the individual and collective level. *'” Swimming bac-
teria, such as Escherichia coli, move by thin rotating helical filaments
called flagella. The bacterial flagellum is a biological analog of a
mechanical motor, complete with rotor and stator components.
Flagella can also respond to changes in the physical environment: the
motor runs at near-constant torque, such that the flagella rotation
rates slow down when bacteria encounter more viscous fluids."® While
the bacteria flagella motor has long thought to be a stable structure
within the cell, new work is revealing that its structure is dynamic. The
motor proteins display transient binding kinetics,'” and recent studies
with tethered cells indicate more motor components are recruited to
the flagella motor in response to changes in mechanical load,"” sugges-
ting a mechanosensing role of the bacteria flagella.

Swimming describes the motility of individual cells in liquid, but
flagella can also move bacteria across surfaces in a form of motility
called swarming. Bacterial swarming behavior is the fastest known
mode of surface expansion.”'” Swarming motility is driven by hyper-
flagellated cells and seems to be narrowly conserved but is observed in
both gram-negative (e.g., E. coli, Serratia marcescens) and gram-positive
bacteria (e.g., Bacillus subtilis).” Swarming is most common on soft sub-
strates with high nutrient availability, highlighting the role of environ-
mental conditions in eliciting distinct phenotypic transitions.

Flagella are one of several appendages that can power bacterial
surface motility. For example, type IV pili (T4P) are long (micrometer)
thin (nanometer) filaments that drive a form of motility called twitch-
ing.”’ The twitching mechanism is similar to a winch in that a T4P
will pull a cell across a surface by its ATP-powered extension,
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FIG. 2. Mechanistic insights into the formation of bacterial biofilm and tools of characterization. The blue arrow denotes tools for morphological and mechanical properties
assessment and the green arrow depicts tools for molecular mechanism detection. Numbers 1-5 depict sequence of events in the multicellular formation of bacteria colonies.'
The first step is bacteria making contact with a surface. Mechanosensing involves the transduction of mechanical input (surface contact) to a bacterial response and activation
of distinct cellular machineries. Upon surface contact, biofilm formation commences by active import and release of ions,” target gene activation and repression,” production of
EPS matrix, and” intracellular signaling, migration, proliferation, and cell-cell communication. Environmental features that impact multicellular bacteria pattern formation include
surface stiffness, roughness, adhesion, and surface tension, as well as ambient fluid flow that may be turbulent or laminar.

attachment, and retraction.”’ A different form of surface motility is
called gliding, which has been most extensively studied in Myxococcus
xanthus. Gliding motility involves the formation of focal adhesion
complexes elastically coupled to the cell’s substrate and connected to
the rotation of a cytoskeletal helix, driving cells forward like a cork-
screw.”” Experiments using force-clamps estimated a force of 12 pN
per focal adhesion node, which at approximately five focal adhesion
sites per bacteria cell generates approximately 60 pN of force per cell,
which is the same order of force estimated for twitching,”

Many surface-dwelling bacteria exist in dense populations,
wherein interactions between cells can enable forms of motility not
observed by cells in isolation. For example, colonies of cells can move
on surfaces by sliding, a common form of collective expansion driven
by pushing forces of dividing cells. This form of motion does not
require active motor appendages and is accelerated by the production
of surfactants that reduce surface tension.”” In Staphylococcal species,
cell division in the absence of surfactants can drive a form of colony
expansion called darting, in which cells are rapidly ejected from colony
edges due to a build-up of pressure from cell division.”*

In addition to sliding and darting, bacteria can coordinate pheno-
typic switches that allow for either collective slow-growing biofilm
expansion or rapid surface expansion through swarming. The bacteria
within a biofilm are encased in a protective self-secreted matrix of extra-
cellular polymeric substance (EPS). During the process of biofilm for-
mation, bacteria communicate through the exchange of signaling
molecules. The mechanisms by which these signals are sent and received
have as much impact on their function as the signals themselves. For

example, in a mechanism called quorum sensing, the signal is produced
inside each cell and secreted throughout the population, but the recep-
tors reside on the outside of each cell, and its signal binding affinity is
low enough that it activates only after the signal accumulates above a
certain threshold outside the cells. Once reached, the biofilm cells
undergo a change in phenotype that is synchronized by the signaling
mechanism, thereby enabling a coordinated response, which involves
the expression of hundreds of genes that promote cell differentiation
and upregulation of many virulence factors. In addition to these kinds
of chemical signals, a biofilm’s EPS also contains a complex array of
mechanical cues, in the form of viscoelastic materials; these are capable
of both resisting and dissipating applied external forces, such as shear
flow in a time-dependent manner. The viscoelasticity of the EPS largely
dominates the mechanical properties of the biofilm itself, and the stiff-
ness and strength of the EPS vary in different environments.”” The shear
stiffness of different biofilms can vary significantly, from under 0.01 kPa
to over 10 kPa,”*”” depending on the species, environmental conditions,
and type of mechanical test. Biofilms appear capable of changing their
mechanical properties in response to mechanical cues. For example, bio-
films grown under higher shear are stronger than those grown under
lower shear.”® Mechanotransduction, thus, occurs at both individual
and population scales.

lll. MOLECULAR MECHANOTRANSDUCTION
PATHWAYS

To sense physical features of their environment, cells use motor-
ized machinery to transduce extracellular physical cues to biochemical
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FIG. 3. Effects of agar concentration on single cell and multicellular colony morphology. (a) The bacterium Proteus mirabilis forms swarming colonies on nutrient-rich low-concentra-
tion agar (1.5% agar) surfaces. Increasing agar changes the population morphology with the emergence of structured colony terraces and restricted growth above 2.5% agar. (b)
Phase contrast images of cells as a function of increasing agar concentration. (c) Cell length increases with increasing agar concentration. Figure adopted from Ref. 71.
Reproduced with permission from Little et al., J. Bacteriol. 201, €00726-00718 (2019). Copyright 2019 Authors, licensed under a Creative Commons Attribution (CC BY) license.

signals in the cell interior (Fig. 4). Here, we briefly review how the
transduction mechanism functions with respect to T4P, flagella, and
other cell membrane protein complexes, with some focus on surface-
sensing signaling pathways identified in a few pathogenic species.

In Pseudomonas aeruginosa, TAP has been identified with two
distinct yet cooperative biochemical signaling pathways involving the
secondary messengers cyclic-di-GMP (c-di-GMP) and cyclic AMP
(cAMP), which promote a phenotypic switch to a biofilm state.””
Upon initial contact with attaching to a surface, T4P activity is kicked
on by increased intracellular levels of c-di-GMP through its receptor
FimW, which deploys the pilus to initiate adhesion.”” Over time, the
activity of T4P stimulates cCAMP production. The signaling molecule
cAMP promotes the transcription of genes via the virulence factor reg-
ulator (Vfr), a transcription factor that initiates genes encoding secre-
tion systems, components of the T4P, and important regulators of
quorum sensing to initiate biofilm production.”” T4P is thought to
directly regulate cAMP production through the two-component che-
mosensory system Chp. The Chp system is activated through the

chemotaxis protein Pil], which interacts directly with the major subu-
nit of T4P, PilA.

Type IV pili signaling differs in other species. In Caulobacter cres-
centus, the response to mechanical force generally happens through
the combined action of the pilis and the flagellar motor and activates
the production of a sticky polar holdfast to promote irreversible sur-
face attachment.”"” In this case, intracellular c-di-GMP levels are
increased by diguanylate cyclase (DgcB), which activates holdfast bio-
genesis. In B. subtilis, surface attachment via T4P activates the two-
component system DegS-DegU independently of second messengers
to promote biofilm production.” In this case, the histidine kinase Deg
S phosphorylates DegU (DegU-P) to initiate the transcription of the
genes encoding poly-y-dl-glutamic acid, a biofilm matrix component.

A growing number of studies indicate a significant role for the
bacteria flagella in surface sensing and mechanotransduction. For
example, in P. aeruginosa, the flagellum stator motor proteins MotA
and MotB initiate the response to surface contact by inducing c-di-
GMP, which then stimulates T4P and adhesion.”” Multiple types of
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bacteria can express two distinct flagella systems: the polar flagellum
required for swimming motility and separate lateral flagella induced
by viscous media or surfaces that facilitate swarming.” The polar fla-
gellum differs in subunit composition from the lateral flagellar system.
The pathogen Vibrio parahaemolyticus controls the gene expression of
a single polar flagellum and multiple lateral flagella, which depends on
the substrate and the nutrient availability of iron. Interestingly, the
deep-sea bacteria Photobacterium profundum responds to changes in
pressure by modulating the relative expression of genes encoding polar
and lateral flagella: at low pressure, P. profundum uses polar flagella to
swim, whereas at high pressure, it activates the synthesis of lateral fla-
gella needed to move at high pressures.”” The deep sea bacterium
Shewanella piezotolerans can also sense and respond to changes in
pressure, transitioning to a swarming phenotype at high pressure.”’

Another mechanism by which bacteria may sense surface adhe-
sion is the monitoring cell envelope proteins.”""* In E. coli, the Cpx
signaling system helps maintain the cell envelope integrity by sensing
misfolded proteins and activating gene transcription for factors that
repair the damage. The Cpx system is a two-component system. CpxA
is a membrane-spanning histidine kinase that transmits information
about the membrane status to its cytoplasmic response regulator,
CpxR, to induce the transcription of genes."” The Cpx system is sensi-
tive to external perturbations of the cell envelope and physical changes
that occur during adhesion of the cell to the substrate. For example,
CpxA is activated when E. coli binds to hydrophobic surfaces, and this
activation subsequently upregulates the outer-membrane lipoprotein
NIpE."’

Identifying how bacteria readout surface cues is critical to inter-
preting the role of physical stimuli in pathogenic bacteria and

twitching C
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gliding

FIG. 4. Bacterial motility. (a) Swimming
motility powered by the rotation of bacte-
rial flagella. (b) Twitching motility powered
by the retraction of pili adhered to a solid
surface. (c) Gliding motility, which in
Myxococcus xanthus is powered by the
rotation of a helical cytoskeletal track,
moving the cell along a slime-coated sur-
face, like a corkscrew tank. (d) Top-down
image of B. subtilis colony. The biofilm is
a more slowly growing colony than a bac-
terial swarm. In the biofilm, the bacteria
produce extracellular polymeric substan-
ces, creating a semisolid matrix around
the cells. Image adopted from Ref. 142.
Reproduced with permission from Hou
et al, npj Biofilms Microbiomes 7, 2
(2021). Copyright 2021 Authors, licensed
under a Creative Commons Attribution
(CC BY) license. (e) Swarming Serratia
marcescens colony. Image shows the
characteristic vortex patterns exhibited
during swarming motility.

microbial infections of host cells and tissues. Enterohemorrhagic
E. coli (EHEC) is a common intestinal pathogen that causes severe
intestinal infections.”” Upon host cell contact and flows in the intes-
tine, the EHEC strain O157:H7 upregulates expression of the lerl
gene, genes of Lrha-dependent pathway, and type III secretion compo-
nents."* In another study, fluid flow was also shown to increase lerl
expression in an EHEC strain.”” Uropathogenic E. coli (UPEC), the
main cause of urinary tract infections, upregulates the rpoH gene to
induce EPS production and promote biofilm growth at the uroepithe-
lium.*® Another pathogen, Vibrio cholerae, which causes a deadly diar-
rheal illness, regulates its biofilm formation by mediating the
expression of matrix protein Rbm A, known for tuning the matrix
mechanics and consequently multicellular accumulation within bio-
films."” V. cholerae also produces the other biofilm matrix proteins
Bapl and RbmC, which helps adhere the biofilm to external
surfaces. "’

IV. MECHANICAL AND MORPHOLOGICAL METHODS

To shed light on how cells respond to physical forces, it is impor-
tant to measure the mechanical properties of the cells and the forces
they generate. There are several experimental methods used to deter-
mine the mechanical properties of living materials and how they
respond to mechanical cues. These experimental methods can be
broadly characterized as either top-down, in which external perturba-
tions are applied to the system, or bottom-up, non-invasively analyz-
ing cell behavior in a local environment, which when combined with
microscopy imaging methods can differentiate between molecular
mechanisms of bacteria force generation.

Biophysics Rev. 4, 021304 (2023); doi: 10.1063/5.0142121
© Author(s) 2023

4, 021304-5

L1:21:G) €20z Isnbny 60


https://scitation.org/journal/bpr

Biophysics Reviews

A. Top-down mechanical assays
1. Bulk rheology

Rheology is the study of flow and deformation of materials, and a
rheometer is a tool that applies external stresses or strains on a sample
boundary to measure its mechanical response. Biofilms have complex
viscoelastic mechanical properties, exhibiting both solid-like and fluid-
like characteristics. Oscillatory rheology quantifies viscoelastic proper-
ties through two central metrics: a storage modulus G’ that character-
izes the solid-like behavior and a loss modulus G” that characterizes
the fluid-like behavior. A rheometer performs a bulk measurement,
averaging over relatively large samples (100 ul+ per sample).
Rheological studies of biofilms or isolated EPS, thus, often require
growing up large numbers of biofilms on many agar plates and trans-
ferring them together into the rheometer (Fig. 5).”>*"*°

2. Microrheology

In contrast to bulk rheology, microrheology examines local
mechanical properties of small samples. In microrheology, the sample
is embedded with small probe particles (spheres) of glass, steel, or
polystyrene, typically 0.1-10 xm in diameter. Due to the small size of
the probe particles, they exhibit random Bownian fluctuations. The
Brownian diffusion of the particles depends on the local viscosity and
is resisted by any elastic component of the microenvironment, allow-
ing one to compute the viscous and elastic modulus of a sample via
passive microrheology techniques.” In active microrheology, magnetic
or optical tweezers apply external forces to the probe particles. By mea-
suring displacements of the trapped particle resulting from the applied
forces, the elastic G’ and loss moduli G” of the sample can be
computed.”””

Studies using microrheology techniques have generated many
new insights into the local microscopic environment of bacterial bio-
films. An early study examined P. aeruginosa and S. aureus biofilms
and found they exhibited power-law rheology, consistent with other
dense colloidal suspensions and soft glassy materials.”* Furthermore,
the biofilms were rheologically inhomogeneous on the micrometer
scale, due to initial adhesion and arrangement of individual bacteria

REVIEW scitation.org/journal/bpr

and the development of large irregular cell clusters. Interestingly, S.
aureus biofilms become less compliant during growth, and more com-
pliant during starvation. Microrheology can also be used to glean the
mechanical contribution of individual components of the EPS matrix.
A study by Chew et al. using microrheology and genetic approaches
showed that the major exopolysaccharide Psl in P. aeruginosa biofilms
increased biofilm elasticity and effective cross-linking in the matrix,
whereas the exopolysaccharide Pel reduced effective cross-linking
within the matrix.”” As biofilms mature and grow into large structures,
they must solve a new problem: the transport of nutrients throughout
the entirety of the biofilm. Microparticle tracking revealed that E. coli
biofilms contain micrometer-scale, fluid-filled channels that penetrate
throughout the biofilm, permeabilizing it and enabling the transport
of biological material.”

3. Atomic force microscopy

The first step of biofilm formation involves the initial attachment
of individual bacteria to a surface. Understanding the molecular
mechanics of coupling bacteria to a surface is, therefore, critical to
understanding how biofilms begin. Scanning force microscopy, and in
particular, atomic force microscopy (AEM), has been a popular and
powerful tool for these studies. In studies involving AFM, a cantilever
tip is used as a scanning probe to measure the force of interaction
between the cantilever tip and the sample (e.g., individual cell surface
or bulk biofilm). Deflection of the cantilever can be used to obtain sim-
ple stress, strain, and moduli with appropriate contact models.”””*

Specific physicochemical forces and biological factors can be
investigated by coating the AFM tip with proteins of interest or exam-
ining the force between a coated surface and a bacteria cell fixed to the
tip of the cantilever.””*’ The effectiveness of the AFM technique has
been exemplified in studies such as Miller et aL.°' and Forero et al. in
which the force-extension curve of specific cellular adhesive appen-
dages was measured and related to their molecular structure (Fig. 6).°
Miller et al. found that type 1 pili of uropathogenic E. coli readily
extend under applies forces of 60 pN, consistent with unwinding of
the pilus rod’s helical quaternary structure.”" Similarly, Forero et al.
found that fimbriae rapidly elongate at applied forces of approximately

Gp' . Gl

a5
102 10" 10° 10' 102 10% 104
&l%

*

FIG. 5. Bulk rheology of biofims. (a) Bulk rheology of biofilms can be performed by growing up many bacteria colonies and gathering them as one sample on the rheometer
plate, as shown for V. cholerae biofilms (b) Biofilms exhibit viscoelastic behavior, characterized by a shear storage modulus G’ and a viscous loss modulus G”. For low shear
strains, the biofilm has a nearly constant shear modulus (~1000 Pa), which begins to decrease above a critical shear strain value. This is referred to as a yielding point, above
which more strain makes the sample softer and more viscous-like. Figure adopted from Ref. 50. Reproduced with permission from Yan et al., Adv. Mater. 30, 1804153 (2018).

Copyright 2018 Authors, licensed under a Creative Commons Attribution (CC BY) license.
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FIG. 6. AFM characterization of bacteria appendages. (a) Electron micrograph
image of type | pili in uropathogenic E. coli. (b) Schematic of experimental setup
with AFM cantilever tip gripping a type 1 pili filament. (c) Force-extension curve
showing a force plateau that corresponds to unwinding of the pilus sub-units at a
constant force. Figure adopted from Ref. 61. Reproduced with permission from
Miller et al., Biophys. J. 91, 3848 (2006). Copyright 2006 Authors, licensed under a
Creative Commons Attribution (CC BY) license.

60 pN and above, consistent with uncoiling of the fimbriae’s helical
structure.”” Taken together, these works highlight how bacterial
appendages can absorb physiologically relevant forces, such as shear
flows that they would encounter when adhered to surfaces.

4. Flow assays

Fluid flow is a ubiquitous feature of most bacteria environments
and can be a source of new nutrients for surface-attached colonies.
External fluid flows impact both the adhesion rates of individual cells
on a surface and the resulting bulk biofilm shape. Several flow assays
have been developed to study biofilm formation, such as shear flow
cells, microfluidic channels, and bioreactors, which provide cells with
a continuous stream of nutrients. Interestingly, multiple types of bacte-
ria adhere more rapidly and more strongly to channel walls when sub-
ject to stronger shear flows.”” ® In E. coli, this effect has been
attributed to the fimbrial adhesin FimH, which is capable of the con-
formational changes that enhance its bond strength with increasing
tensile mechanical forces (e.g., a catch bond) due to shear flows.®
Once bacteria begin dividing and forming colonies, shear flow can dra-
matically alter the shape of the emergent biofilm structure. While
some biofilms grown in a low-shear environment form approximately
symmetrical hemispheres, at higher shear the biofilms form more
elongated droplet-like shapes, which align with the direction of the
shear flow.”® Over time, biofilms can form filamentous streamers par-
ticularly around surface corners or structures'”*°" and micro-
colonies that can detach and roll along the surface with the flow.”®
Interestingly, recent studies using microfluidic flow assays and
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transcriptomic techniques have discovered a novel operon, named
flow-regulated operon (fro), which is rapidly upregulated in response
to flow in P. aeruginosa.”’ These studies showed fro-dependent flow
sensing is a kinematic process and did not depend on any know sur-
face adhesion proteins.

B. Bottom-up mechanical assays
1. Varying substrate mechanical properties

Bacteria can adhere to and colonize a variety of surface types as
rigid as glass or medical implants and as flexible as agar and soft tis-
sues. Most biofilm experiments in the lab use semi-solid agar sub-
strates to culture bacteria. Agar, a gelatin hydrogel isolated from
marine algae, was introduced in 1882 by Angelina Fanny Hesse and
Robert Koch and gained popularity because it is inert to bacterial deg-
radation.”” A common feature of biofilm growth in the laboratory is
that they are more spread on soft agar substrates compared to stiff
agar substrates.”'”* On stiff agar, the pore size is smaller and the rate
of nutrient transport through the substrate and to the biofilm
decreases. A number of studies have attributed this inhibited biofilm
growth on stiff agar to lack of nutrients than a direct effect of the stiff-
ness.”””* While agar is overwhelmingly used for biofilm studies, its use
for bacteria mechanosensing studies is problematic, because it is diffi-
cult to systemically control and manipulate physical features of the
agar in a systemic way because substrate stiffness, network pore size,
and substrate viscoelasticity are all coupled together with agar concen-
tration. This means that the isolated effects of physical features, such
as substrate stiffness for example, cannot be isolated as a separate
experimental property and studied in a way that can directly and
unambiguously relate it to the bacterial response.

Motivated to identify the mechanisms by which bacteria sense
and respond to physical properties of their environment, new studies
are emerging using synthetic hydrogel substrates, such as polyacryl-
amide (PAA),”"® polyethylene glycol (PEG),””” or polydimethylsi-
loxane (PDMS),”” with more discrete and tunable mechanical and
chemical properties on which to culture bacteria. These hydrogel sub-
strates are revealing intricate (and sometimes contradictory) ways in
which the microenvironment properties affect bacteria attachment
and biofilm growth. For example, increasing substrate stiffness has
been found to either enhance’” or hinder™ bacteria attachment to sur-
faces. Interestingly, at the collective colony level, recent studies from
our group using linear elastic PAA gels showed that bacteria colonies
spread out faster on stiffer substrates compared to softer ones, which is
the opposite of the results on conventional agar substrates (Fig. 7).
These works highlight the importance of physical cues in the bacteria
environment in bacteria behavior, which can result in a wide variety of
bacteria outcomes.

2. Traction force microscopy (TFM) and nanopillars

Recent work has led to the discovery that bacteria, particularly
collective groups of bacteria, can generate sufficient forces to deform
soft substrates on which they grow.””””" Traction force microscopy
(TFM) is a technique originally developed to study forces generated by
animal cells® that within the last few years has begun being adapted to
bacteria systems (Fig. 7). TFM uses embedded fluorescent tracers
(0.01-10 um beads) to track the displacements of the substrate.
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Polyacrylamide gels (or other linearly elastic hydrogels) are widely
used as substrates for TEM," because their well-defined elastic proper-
ties allow the displacement fields to be related to the cell applied
stresses through continuum elastic theory.*

One of the first TEM studies with bacteria used M. xanthus.
Sabass et al. found that twitching bacterial groups produced traction
hotspots of approximately 100 pN, twice as large as forces from indi-
vidual twitching cells.”" In subsequent studies, Duvernoy et al. showed
that growing colonies of E. coli and P. aeruginosa generate heteroge-
nous and dynamic adhesive hot spots of approximately 200 Pa.”’
Biofilm-forming colonies, reinforced by the EPS matrix, are able to gen-
erate much larger stresses, up to 100kPa.”” We recently investigated

whether bacteria force-generation depended on the mechanical proper-
ties of their underlying substrate. We found that Serratia marcesens col-
onies generated 10-fold higher stress when grown on stiff substrates
compared to soft ones,” highlighting the importance of the substrate
in the ability of bacteria to produce force. Like TEM, micro-posts or
nanopillars, which can be pulled on and deflected by cells, can be used
to measure cell-generated forces. In a study by Sahoo et al. for instance,
asymmetric bacterial forces were mapped around individual cells using
nanowire arrays.”” The largest adhesion forces (50 nN) were found at
the cell poles and were reinforced by EPS filaments. Altogether, while
the bacteria force machinery is still far from completely described, col-
lectively TEM and pillar studies are beginning to delineate the basic
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length, force, and time scales relevant to force-generation and surface
sensing, which are necessary to distinguish between different molecular
mechanisms.

3. Topographic patterning and surface roughness

Recent advances in surface engineering have enabled studies on
the effect of topographic patterns and surface roughness on bacteria
and biofilm development. In general, surface roughness tends to
increase bacteria adhesion and biofilm formation, adding surface area
for cells to attach to and providing protection against shear forces.” *’
Topological surface features, however, can be tuned to either favor or
hinder bacterial adhesions. For instance, Perni et al using cone-
shaped patterns on silicone surfaces showed E. coli and S. epidermidis
showed bacteria predominantly localized in cone valleys but not on
cone tops.”’ In addition to surface adhesion, changes in surface topog-
raphy can lead to morphological and genetic changes in the cell.
Rizzeo et al. found that E. coli typically lost their type-1 fimbriae fila-
ments on nanostructured substrates compared to E. coli on flat rigid
surfaces, such as glass.k)1 Furthermore, E. coli on nanorough substrates
triggered an increase in expression of proteins involved in stress pro-
cesses and defense mechanisms.”’ Another significant aspect of surface
topology is that it can changeover time. Dynamic changes in surface
topology induced by mechanical buckling of PDMS’ or shape-
memory polymer techniques” have been shown to significantly
inhibit biofilm build-up in P. aeruginosa, E. coli, and S. aureus.

C. Imaging

Gaining a deeper understanding of bacterial mechanics will
require advanced imaging techniques. Imaging bacteria can be chal-
lenging, as individual cells are small (cell volumes ~0.4-3 um®”*) and
often dynamic (swimming speeds ~10-100 um/s). Due to their thin
membrane, bacteria are transparent with light microscopy;% thus,
phase contrast and dark field microscopy are more often used to image
cells for better contrast. Dark field microscopy has long been used to
image swimming bacteria, as it can resolve individual unstained fla-
gella in swimming cells.”

Labeling a protein with a fluorescent marker allows for single-
molecule tracking or spatiotemporal visualization of the expression of
a gene of interest. Single-molecule tracking experiments have helped
elucidate the role of FtsZ in the mechanics of cell division’” and have
identified that mechanical stress on the cell envelope can lead to
increased metal toxicity by causing disassembly of the CusCBA efflux
system in E. coli.” Similarly, reporter genes such as beta-galactosidase
or green fluorescent protein (GFP) can be used to assess promoter
activity in the regulatory region of a gene of interest. For example,
reporter genes have been used to demonstrate the role of the Py and
Py promoters in enterococcal resistance to glycopeptide presence in
the environment.” Fluorescence microscopy techniques such as fluo-
rescence recovery after photobleaching (FRAP) can be used to track
the assembly and disassembly of proteins as well. In a recent study by
Koch et al. for instance, FRAP was used to observe the dynamics of
PilA, a major subunit of pili, and showed that the slow diffusion of
PilA leads to concentration changes at the base of T4P that change
with substrate stiffness.""”

Scanning and transmission electron microscopy (SEM and TEM,
respectively) are progressively being recognized as powerful tools to
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understand organelle ultrastructure. Both techniques use electrons as
an excitation source, which can probe length scales on the order of
nanometers, smaller than what is resolvable with visible light. These
techniques have provided a more detailed characterization of biofilm
form and structure,'’"'"” cell wall, and membrane damages upon
treatments with anti-bacterial agents,'”” and extracellular DNA
content.”!

White light interferometry is a content- and label-free method of
mapping biofilm surfaces. The height profiles and surface roughness
of biofilms are tied to local cell death and reproduction, which can be
difficult to measure directly.'”>'’® Mapping the 3D structure of bio-
films is an important part of understanding the mechanical relation-
ship between the biofilms and its environment and modeling biofilm
growth and development.

V. Methods for characterizing changes in gene
expression and protein activity in response to physical
features of the microenvironment

It is well documented that bacteria can respond to changes in the
chemical environment by up- or down-regulating the expression of
relevant genes. A classic example is the lac operon, which upregulates
the expression of the genes required for lactose metabolism when the
concentrations of lactose and glucose in the environment are high and
low, respectively.””'"" In response to variations in temperature, cells
increase expression of heat shock proteins and molecular chaperones
that ensure proper protein folding,'””""” It follows that bacteria would
also respond to mechanical forces in the environment by differentially
regulating gene expression. Research indicates that substrate properties
can significantly affect transcriptional profiling. For instance, 10% of
all genes in the S. enterica genome are differentially regulated between
growth on soft and stiff agar.'"’

For some bacterial responses to the environment, there may be
hypotheses about what genes are involved. For example, if different
environments cause a noticeable increase in colony expansion, genes
regulating motility machinery may serve as promising candidates for
further study. If potential candidate genes can be identified based on
their predicted function from previous work or their homology to
other well-characterized genes, targeted approaches can be taken to
confirm whether a gene plays a role in responding to physical features
of the microenvironment. RT-qPCR is a molecular technique for
quantifying the amount of transcript of a particular gene and can be
used to assess differential expression of a gene temporally and under
differing environmental conditions, indicating a gene’s potential
involvement in a process or behavior of interest.''* This technique has
identified genes involved in abiotic surface attachment in Listeria
monocytogenes,”” and those that are differentially regulated during
attachment to surfaces with different physical properties.''* Once spe-
cific genes of interest are identified, they can be spatiotemporally
tracked by generating cell lines with fluorescent gene reporters.
Additionally, knockout or knockdown mutant strains can help to elu-
cidate the role of genes in the bacterial response to a particular cue or
stress. If a knockout or knockdown mutant strain loses its ability to
respond to an aspect of the physical environment in a similar manner
as is seen in the wild-type strain, the mutated gene is more likely to
play a role in that response.

In the absence of any identified “candidate” genes, or in the inter-
est of a more comprehensive approach to probe the global dynamics
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of expression in response to physical features of the environment,
transcriptomics can be used to detect changes in all expressed genes.
Bacterial transcriptomics typically employs the technique called
RNAseq, which involves the extraction of total RNA from samples
under specific conditions, reverse transcription of transcripts into
c¢DNA for sequencing, and mapping sequenced reads to a reference
genome to determine the abundance of transcripts at each region of
the genome.''” RNAseq has already been used to capture changes in
gene expression in response to the physical environment, such as dur-
ing the transition from planktonic to a surface-attached lifestyle,''* in
the harsh landscape of the human host,''” under antibiotic treat-
ment,'' """ in minimal oxygen,'*’ and under many other conditions.

A second approach can be taken using quantitative proteomics,
which measures total protein abundance in different samples through
total protein extraction and identification and quantification of pro-
teins using mass spectrometry.'”' Bacterial proteomics has previously
been used to identify proteins involved in increased virulence and in
response to the presence of antibiotics.'** A third and more traditional
approach, the mutagenesis screen, remains an important experimental
tool to identify genes involved in response to the physical environ-
ment. Random mutagenesis, induced with mutagens like UV light or
transposons, produces many mutant strains that can be selected or
screened for phenotypic differences, potentially revealing genes impor-
tant for response to the physical environment.

The power of these genetic and molecular techniques to associate
differential gene expression or protein abundance with a particular
response to the environment has strong implications for the genotype-
to-phenotype problem by assigning functions to genes and improving
understanding of the interaction between the genome and the environ-
ment. Techniques, such as targeted mutagenesis, RT-qPCR, and the
use of reporter genes, can be used to investigate the role of candidate
genes in the biological response to different environmental conditions.
Transcriptomics, proteomics, and genetic screening can provide a
more comprehensive picture of the ways in which the physical envi-
ronment changes gene expression or protein abundance and can
implicate genes of previously unknown function in biological pro-
cesses of interest, highlighting candidates for future work.

VI. CHALLENGES AND FUTURE PERSPECTIVES

A. Model reduction as a tool for taming complexity
in mechanobiological models

As methods improve to screen large sets of genes and assess their
phenotypic impact, analysis of larger and larger datasets becomes essen-
tial. Likewise, as more hypothetical mechanisms for the cascading impacts
of genetic effects are identified, the quantitative models that capture these
mechanisms become more complex and more difficult to interpret.

In some cases, known phenotypic categories may not be exhaus-
tive, or none may be present a priori, necessitating analytical methods
that robustly simplify high-dimensional descriptions of behavior. A
powerful technique of dimensional reduction that requires no input
parameters is Principal Component Analysis (PCA). This tool identi-
fies among all the directions in the high-dimensional space just those
directions that have the most variance and are, thus, the most relevant
to cause-and-effect investigation. This can also have the effect of
revealing correlations or clustering in multivariate data, important
structural properties of a dataset, that are often not immediately
clear.'”” Because of its generality, low computational cost, and
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transparent interpretation, PCA is being used to quantify phenotype
in bacterial development,'** rank phenotypic variance in cell morphol-
ogy,””” and assess the physical impact of antibiotics in high-
throughput assays, *° among other applications.

Another potentially useful approach is machine learning. This is
a family of techniques that excel at automating subtle and complex
functions when they are given sufficiently large sets of input and out-
put data to learn from, called “training data.” This learned function
can then be applied to new input data that the machine learning algo-
rithm was not trained on.'*” For example, when given many images of
cellular colonies and the positions of cells in those images, a machine
learning algorithm such as a Support Vector Machine (SVM) can
learn to segment new colony images automatically.'”* """ Similarly, if
genetic inputs and phenotypic outputs are known across a large train-
ing dataset, machine learning can be used to predict which phenotypic
category may result from a given genotype even when the phenotype
is not yet known. This prediction is independent of any biological
model and depends on a finite number of distinct, expected pheno-
types. Although so-called “unsupervised” machine learning can be
used to automatically identify patterns in a dataset,””' these categories
may not be clearly associated with any phenotype. A trade-off with
machine learning techniques is the accuracy of the predictive model vs
clarity of how categorization is achieved. Refinements of machine
learning, such as Classification and Regression Trees (CART) or Set
Covering Machines (SCM) produce explicitly rules-based models
designed to have a clear interpretation, at a slight cost of accuracy.
One study on antibiotic resistance in bacteria used a public database of
bacterial genomes that were tagged with antibiotic resistance to pro-
duce many rules-based models across 12 species. For instance, M.
tuberculosis resistance to kanamycin was predicted with 93.7% accu-
racy over a dataset of 5000 genomes."”” Machine learning has also
been applied in other genome wide association studies, such as the
identification of genes associated with bacterial virulence.'”’

Beyond datasets, models that test mechanobiological mecha-
nisms have high complexity in need of interpretation. When genetic
information is included in physical models of living systems, many
new parameters are introduced, such as rate constants of production
for relevant signaling proteins. Often these parameters are not practi-
cal to measure directly, and many may have little to no impact on an
emergent phenotype. Model reduction techniques from the study of
so-called “sloppy models” are an attractive way forward in such cases.
By choosing a target output, or phenotype, the myriad genetic and
environmental inputs can be reduced to uncover only those combina-
tions of input parameters that strongly affect the resulting pheno-
type.””* Techniques such as the manifold boundary approximation
method have been successfully used to reduce cell signaling and ion
channel models.'”” With key parameters and simplified signaling net-
works identified, mechanobiological studies into the genotype-to-phe-
notype problem can be made more predictive and transparent.

B. Disease relevance

Infection of human cells by bacteria pathogens typically proceeds
by bacteria binding to a specific cell surface receptor protein. The chemi-
cal reactions between bacteria and host cell receptors are, thus, generally
assumed to dominate host cell invasion. However, several studies are
now beginning to reveal that microbial infections only proceed when
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certain mechanical conditions are met, highlighting the importance of
mechanical interactions between host cells and pathogenic bacteria.

Most of the work in this field has been done in vitro by studying
the interactions between bacteria and an external substrate directly or
bacteria and host cells attached to substrates. The effects of the tissue
microenvironment on bacterial infections can generally be classified
into two possible categories. The first is by their effects on the bacteria
themselves, and the second on the behavior of the host cells (and,
thus, their susceptibility to bacteria) (Fig. 8). From the perspective of
pathogenic bacteria, we have already described in this article how sub-
strate stiffness and roughness can impact bacteria adhesion, %"’
motility,”"—’z’m and differentiation to a virulent biofilm state.
Recent studies have also gathered evidence that environmental stiff-
ness can impact other factors relevant to bacterial disease. For instance,
bacteria cultured on stiff substrates are more effectively removed by
macrophages via phagocytosis'* and are less susceptible to antibiotic
treatments,"” as compared to bacteria grown on soft substrates. In a
recent study by Pierrat et al., the physical interactions between E. coli
and human cells were examined."”” In this study, the host cell’s glyco-
calyx was shown to act as a physical shield, blocking bacteria from the
host cell membrane. From these studies, it is tempting to posit that
some of these physical interactions impact bacteria infection rates
in vivo.

From the perspective of host cells, multiple studies now indicate
that increased host matrix stiffness enhances bacteria uptake.'”*'"’
For instance, a study by Bastounis ef al. showed that L. monocytogenes
can infect human endothelial cells better when the endothelial cells are
cultured on stiffer substrates compared to softer ones. "’ In this study,
extracellular vimentin on the cell surface was identified as an attach-
ment factor for L. monocytogenes to bind and facilitate uptake in a
substrate-stiffness dependent manner.'*’ Liu et al. also found that the
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number of human cells infected by different bacteria increased with
increasing substrate stiffness.”® Here, bacteria invasion was correlated
with the host cell’s actin cytoskeleton: bacteria co-localized in regions
of F-actin and high cell stress, which were more abundant on stiff sub-
strates than soft substrates. Matrix stiffness has also been shown to
regulate other host cell factors relevant to infection, such as the activity
of macrophages'” and the ability of antibiotics to accumulate inside
the host cell to target bacteria.' ™

An illustrative example of the effects of tissue stiffness on bacteria
infection comes from the study of Moorthy et al. on endosomal escape
of bacteria within host cells."*" In vivo, UPEC is known to be taken up
into host cells by endocytosis followed by endosomal escape and pro-
liferation in the cell cytoplasm. For many years, this important feature
of infection could not be readily observed in vitro: infection of epithe-
lial cells grown on tissue culture plastic or glass led to UPEC trapped
within their entering endosomal vesicles, where proliferation is limited.
Moorthy et al. demonstrated that by culturing epithelial cells on soft
hydrogel substrates, a drastic increase in UPEC endosomal escape and
proliferation within cells could be observed.

Overall, these studies highlight the significance of studying cells
under the physiologically soft conditions that mimic the in vitro envi-
ronment. The field of mechanobiology provides new avenues of
research for investigating host cell-microbe interactions, which could
be crucial to revealing new mechanistic insights of infection and iden-
tifying new targets for therapy.

C. Mechanosynthetic biology

The combined use of -omics methods and mutagenesis screens
has proven very effective at generating lists of candidate genes and
building maps that display interactions at systems-scale. These maps
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FIG. 8. Effects of substrate stiffness on host cell invasion. Multiple studies have shown that increased matrix stiffness increases the number of host cells infected by bacteria
pathogens.'**'*° Host cells change their morphology and behavior on stiff substrates, in many aspects making them more susceptible to bacteria invasion. For instance, when
cultured on stiff substrates compared to soft ones, endothelial cells express more extracellular attachment factors, such as extracellular vimentin, that bind bacteria and facili-
tate host cell uptake.'*” Further, the host cell actin cytoskeleton—which is more prominent on stiff substrates—colocalizes at sites of bacteria invasion.*® While more host cells

are infected on stiff substrates, the number of bacteria in infected cells can actually be higher on soft substrates.

® This may be due in part to endosomal escape, which is sig-

nificantly more prevalent for host cells cultured on physiologically soft substrates compared to rigid glass or tissue culture plastic.
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can be large and complicated enough to represent entire signal trans-
duction pathways, including mechanotransduction pathways.
Manifesting a subdiscipline like mechanosystems biology suffers from
the same impediments as all systems biology; an organism’s inherent
complexity, plasticity, and non-linearity are typically not represented
in experimental data and, therefore, cannot be part of interaction
maps. Static, non-bifurcating, linear approximations of signal trans-
duction pathways are very important for understanding developmen-
tal biology, but they typically do not scale-up to whole genomes and
provide little of the predictive accuracy required to make a nascent
engineering discipline like mechanosynthetic biology feasible.
Nevertheless, the potential power of mechanosynthetic biology makes
enabling such a discipline a worthy goal. The idea that we could
“design” a microbial genome, which would produce an organism that
interacted with the physical environment in specific predetermined
ways has enormous applications for almost every field, including med-
icine, agriculture, and industry.

VII. CONCLUSIONS

Many in the life science community are now beginning to recog-
nize that physical features of a biological system can have as great an
effect on its behavior as its composition of genes and proteins. Bacteria
sense not only biochemical signals but physical cues, such as force,
flow, and surface stiffness. These physical cues are translated into bio-
chemical signals by mechanosensitive organelles and protein com-
plexes that interact directly with the cell’s “outside world,” allowing
cells to adapt to physical cues by modulating their adhesion, motility,
and changing their morphological features. These processes underly
the ability of bacteria to colonize diverse environments and are central
to defining the physiology of individual bacteria cells and collective
bacteria colonies. Mechanobiology has many quantitative techniques
for characterizing forces that can be used to identify the molecular and
biophysical mechanisms by which bacteria sense and respond to their
environment. This is an interdisciplinary problem that will require
teams of biologists, physicists, chemists, engineers, and mathematical
and computational modelers working together to decipher and
advance our knowledge of how cellular phenotypes emerge from cell
genomes and environmental conditions.
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