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ABSTRACT

In nature, bacteria often live in surface-associated communities known as biofilms. Biofilm-
forming bacteria deposit a layer of polysaccharide on the surfaces they inhabit; hence, polysaccharide is
their immediate environment on any surface. In this study, we examined how the physical
characteristics of polysaccharide substrates influence the behavior of the biofilm-forming bacterium
Myxococcus xanthus. M. xanthus colonies, and indeed those of the majority of biofilm-forming species
tested, respond to the compression-induced deformation of polysaccharide substrates by preferentially
spreading across the surface perpendicular to the axis of compression. This response is conserved
across multiple distantly related phyla and is found in species with an array of distinct motility
apparatuses. The birefringence and small angle X-ray scattering patterns of compressed polysaccharide
substrates indicate that the directed surface movements of these bacteria consistently match the
orientation of the long axes of aligned and tightly packed polysaccharide fibers in compressed
substrates. Therefore, we refer to this behavior as polymertropism to denote that the directed
movements are a response to the physical arrangement of the change in packing and alignment of the
polymers in the substrate. In addition to altering the colony morphology we find the behavior of groups
of cells, called flares, is also affected in several species resulting in increased flare speed, duration, and
displacement on compressed gel substrates. We suggest that polymertropism, which requires a
downward-facing motility apparatus in M. xanthus, may be responsible for the observed tendency of
bacterial cells to follow trails of extruded and presumably aligned polysaccharides, which their neighbors
secrete and deposit on the substrate as they move across it. Polymertropism may also play a role in the
organization of bacteria in a biofilm, as the iterative process of polysaccharide trail deposition and

following is proposed to yield aggregates of cells.
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Chapter 1- Myxococcus xanthus background and review

1.1 Multicellular life cycle of M. xanthus

Myxococcus xanthus, the gram-negative soil bacterium, lives a complex and varied
lifestyle belied by its slow growth and long generational time of 200 to 250 minutes®. The
individual cells which make up the M. xanthus colony, aptly described as a wolf pack® because
of the group motion of its component cells, are motile on both hard and semi-solid materials®
and are bathed in an exopolysaccharide (EPS) matrix secreted from nozzles embedded in the
cell surface®”. This EPS or “slime” helps to adhere the cells to their neighbors6 as well as to
their substrate, and these communities of microorganisms attached to their surface are known

as biofilms’.

M. xanthus biofilms, when experiencing environments with low or depleted nutrient
content®, undergo cooperative development9 (for review see™). During development11 cells

dispersed throughout the biofilm begin to aggregate toward common centers in mounds™*?,

1314 \Which

eventually forming large, three-dimensional structures known as fruiting bodies
contain round, differentiated™>*® spores morphologically distinct''” from the rod-shaped,

cylindrical cells typical of M. xanthus.

These fruiting bodies eventually become swollen with so many individual cells they
become opaque and visible to the naked eye (= 1 mm) as more and more cells continue to
move into the fruiting bodies™®. During this process fruiting body sizes and positions are
unstable, initially a large number of small fruiting bodies or aggregates is present, but as cells

flow out of smaller fruiting bodies and into nearby larger ones, eventually the landscape



becomes dominated by a smaller
number of bigger fruiting bodies,
similar to the physical process of
coarseninglg. Stress resistant
myxospores contained within these
fruiting bodies can germinate to
restart this process when they
encounter more favorable conditions,
thus protecting the swarm’s future

from temporary nutrient depletion.

1.2 Motility

Without the ability to move
across the surface of their substrate,
M. xanthus cells would be incapable
of the complex collective behaviors
described above. M. xanthus employs
two distinct types of movement with
separate motility mechanisms®. The
first, and more historically understood
of these two motility systems is Social

(S) motility?*.

Direction of movement

B

<@

)
)

) Growing pilus (

C

)

-~

Inner membrane

Outer membrane

Figure 1.1. Type IV pili model of M. xanthus Social motility. Growing type IV pili (TFP, red arrows) emerge from the front of the
cell (grey), attach to the a cell in front of them (black line), and are retracted, pulling the cell forward (blue arrows) shown in A.

The growing TFP extends out through a nozzle in the outer membrane (cylinder, B) from an assembly of proteins on the inner

membrane (rectangle, B).



1.2.1 Social motility

S motility is driven by the extension and retraction of type-IV pili (T4P)**?

. The pilus is
extended from the leading end of the cell until it encounters and binds to another cell ahead,
when the pilus is then retracted the following cell is pulled forward toward the leading cell® as

shown in Figure 1.1. This method requires multiple cells to function, hence the name Social

motility; solitary cells cannot move by this process effectively.

The T4P is assembled at a complex of several proteins anchored in M. xanthus’ inner
membrane?’ (IM), and extends through a nozzle or pore in the outer membrane (OM) just
above the IM complex 28 Continuous addition of subunits at the base of the growing pilus
cause the entire fibril to extend away from the leading pole of the cell until it encounters
another cell, at which point reversal of this process draws the pilus-producing cell toward the
cell in front of it. This process is fairly well conserved?® across bacterial phylogeny and in M.
xanthus dominates on softer, wetter substrates®. In other species this process is often referred

29,30

to as “twitching” motility , and has been associated with virulence or pathogenesis in both

31,32

mammalian and plant® hosts.

1.2.2 Adventurous motility

M. xanthus also uses Adventurous (A) motility to move across surfaces and A motility
typically dominates on stiffer, drier substrates 3, Differing from S motility, A motility does not
require multiple cells to function, but rather is most prominently observed in individual cells
moving in advance of groups, hence the name Adventurous. While the exact molecular

mechanism which powers A motility in M. xanthus is still the subject of some debate, there are
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secretion34, helical
which encounters water in

tracks®, and focal
adhesions, of which the
focal adhesion model is
the best supported by
The slime
secretion or “slime gun”
model of propulsion
asserts that EPS of slime is
being secreted from the
lagging pole of the cell,
the environment once it
exits the slime secreting
nozzle which causes the
slime to swell, pushing the
Experimental and model-

experimental
observations®®.
cell forward®*.



based evidence show that when a flexible, cylindrical M. xanthus cell is anchored at its leading
pole it appears to wriggle or flail, intimating that there is some engine at the very rear of the
cell which directs its impulse through the longitudinal axis of the cell®’.  While the M. xanthus
cell does have many slime secretion nozzles on its surface, and a large proportion of these

1*® where they would be expected if they are used to

nozzles are clustered at the ends of the cel
propel the cell forward, they may serve another purpose than powering cell motility. That
slime production is required for A motility>>? does not necessarily imply that slime production is
itself the motor. Notably this model of motility, as is also true for S motility, does not contain
or require a downward-facing motor or any direct interaction with the substrate to produce

forward motion. Slime may simply be required for adhering the cell to its substrate®’, rather

than itself directly propelling the cell.

A second model in which that bacteria spin around their long axis and propel themselves
forward by applying drag between the cell and the substrate as cargoes on a helical
cytoskeleton track are propelled toward the rear of the cell has also been proposed®. The
helical tracks model proposes that there is a helical cytoskeleton®* which runs around the inside
of the IM and that the motor is trafficked around on this corkscrew-shaped skeleton as it
rotates along with the cell*?. This motor must pass through the peptidoglycan layer and cause a
protrusion in the OM, which encounters the substrate, generating drag while the cytoskeleton
continues to rotate and forces them backward, producing forward thrust®. This model does
require a downward-facing motor and direct interaction with the substrate unlike in the slime
secretion model, but the precise nature of the interaction between the cell and substrate is not

well understood or explained by this model.



The third and most comprehensive model of A motility, shown in Fig. 1.2, incorporates
aspects of the previous two and couples them with the addition of a focal adhesion complex

36,43

which interacts directly with the cell’s substrate™ ™. The focal adhesion complex, which

includes components on both the IM and OM, spans the gap between the two membranes, as

well as attaches to the cytoskeletal framework of the cell**

. This complex includes 17 different
proteins, three which form the AglRQS motor which drives the complex toward the lagging pole
propelling the cell forward, the 5 protein Glt core, 6 additional Glt proteins, AglZ which links the
IM complex to the cytoskeletal framework, and the framework itself**. By combining the
longitudinal rotation and helical cytoskeleton of the helical track model with the necessity of

slime secretion and a recently characterized focal adhesion complex (FAC)***

, the focal
adhesion model incorporates the best of the other two models. The FAC faces downward and,
along with secreted slime, interfaces directly with the substrate, anchoring the cytoskeleton to

647 " As the cell rotates along its longitudinal axis®?, the FAC

the environment through the FAC
remains in fixed position relative to the substrate, propelling the cell forward®. This is

presently the most complete and evidence-based model for A motility, and will be referred to

throughout the remainder of this text.

1.3 Other complex, multicellular behaviors

M. xanthus exhibits other multicellular behaviors beyond development or fruiting body
formation which also require motility. In addition to utilizing nutrients it is provided with in the
lab setting M. xanthus is also able to prey upon other bacterial cells**®. During predation large

numbers of M. xanthus cells sometimes move back and forth over the same region in travelling



waves*>!. This rippling has also been observed in situations which do not involve predator-

prey interactions > and these waves appear to pass through each other>®. M. xanthus*®>*,
among other speciesss'se, has been shown to re-orient in response to and follow trails of
secreted exopolysaccharide (slime-trails) laid down by cells which have previously moved

across the same surface®. Finally, M. xanthus**>**

, as well as a small group of other
species®® has been shown to be responsive to changes in the physical state of its
environment, a property that has been historically, and we now know erroneously, called

“elasticotaxis”**.

1.3.1 Predation

Because of its tendency toward swarming to and surrounding prey bacteria in groups of
cells also called flares, M. xanthus’ hunting behavior has been referred to as a wolfpackz. This
unusual predation pattern requires close proximity to the prey cells, where degradative
enzymes secreted from the predator’s cells cause the prey’s to lyse without requiring
engulfment (phagocytosis) or invasion of the prey cell. The nature of these secreted killer-
enzymes may make them appealing for study as novel antibiotics, but these enzymes alone are
not enough for M. xanthus to prey on cells effectively; A motility is also required for this
behavior®®. Predator-prey interactions also affect fruiting body formations, as fruiting bodies
are often observed in the regions immediately outside the footprint of a prey colony™,
indicating that the step down in nutrients from the prey colony to minimal media is likely an

input into initiating fruiting body development®.

1.3.2 Rippling



Another complex, possibly emergent behavior observed in M. xanthus biofilms or
swarms, is the appearance of oscillating waves of cells called ripplessz. Ripples are often
observed between aggregates or fruiting bodies during fruiting body development52 and during
predationso, both times when cells are actively moving in large numbers alongside others
moving in a similar direction. Rippling waves of cells appear to move radially outward from the
point of contact between an advancing M. xanthus swarm and a larger prey colony’”, as well as
between fruiting bodies with sizes and positions still in flux>2. Interestingly, these waves appear
to pass easily through one another®®, which gives the appearance that each given wave is

oscillating between its two neighbors.

1.3.3 Slime trail following

Smaller numbers of cells also exhibit interesting behavior. M. xanthus cells, as

34,38

previously discussed, secrete EPS or slime as they move™"". When cells in front of a swarm are

moving on a naive substrate, they deposit phase-bright slime trails which induce later cells that

encounter them to re-orient and follow the same trajectory® as shown in Figure 1.3. While the

37,40

production of slime is of clear importance to the motility of M. xanthus™"™, several other

55,56

species have also been observed depositing and following slime trails of their own>>>". Slime

trail following may play an even larger role in pattern-formation and the genesis of other
complex behaviors in M. xanthus, as model-based studies predict that slime trail following
alone is sufficient for aggregation and fruiting body formation®’. Though slime trails are

5,54,56

thought to be of importance to a number of species , there has been considerable difficulty



in identifying or isolating which, if any,
biological signal inherent in the slime is
capable of altering the behavior of later

cells that follow slime trails.

1.3.4 Elasticotaxis

Also observed in, but not
unique to M. xanthus, is the response
to substrate deformation known as
elasticotaxis™. Initially recognized as a
change in the distribution of fruiting
bodies' elasticotaxis was thought to
be a response to stress within the agar
gel substrate it is typically cultured on.
Later this response was thought to be
utilized by M. xanthus during
predation®®. Eventually other

1
6061 \vere found to respond

species
similarly to M. xanthus; they formed
colonies which were elongated

perpendicular to compression, rather

than the more common circular

Figure 1.3. Slime trail following. Cells (grey cylinders) approaching a developing fruiting body (grey cloud) shown in A. Cells

extrude exopolysaccharide, called slime (green), as they move over the surface, forming trails. Other cells which encounter these

trails follow along them, reinforcing this effect in a positive feedback over time (B-D).
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colonies found on uncompressed or unstressed substrates®®. However, not unlike the case of
slime trail following, while several distantly related species have been observed to respond to
deformation or compression of their substrate, the precise nature of the stimulus which

induces these responses remains elusive.

The characterization of the response to substrate compression and the identification of
the stimuli causing this response are the focus of this work. Portions of this work have been or
will be submitted for publication. Chapters 3 and 4 and parts of Chapter 5 have been submitted
as “Polymertropism of rod-shaped bacteria: movement along aligned polysaccharide fibers” by
David J. Lemon, Xingbo Yang, Pragya Srivastava, Yan-Yeung Luk, & Anthony G. Garza. Parts of
Chapters 5 and 6 will be submitted as a manuscript by David J. Lemon, Derek A. Schutzman, &

Anthony G. Garza.
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Chapter 2 - History and context of elasticotaxis

A change in behavior in response to substrate compression or tension was first reported
by R.Y. Stanier in 1942*. M. Dworkin expanded upon this observation in 1983 and posited that
Myxococcus xanthus was able to leverage this response to stress on the substrate by tracking
and swarming toward small groups of prey cells®. The first quantitative measure of the
bacterial response to substrate compression came in 1999 when the Kaiser lab measured the
aspect ratio, which they referred to as the “elasticotaxis coefficient”, of elongated colonies on
compressed substrates®. M. Fontes & D. Kaiser also characterized the response of single M.
xanthus cells to compression of their substrate, noted that groups of cells emerging from the
colony edge, called flares, also appeared to respond to substrate compression, and that M.
xanthus was not unique in its response to compression®. J.P. Stratford, M.A. Woodley, and S.
Park expanded the number of species responsive to substrate compression in 2013 when they
characterized Bacillus mycoides’ response to substrate manipulation®, and another Bacillus

species, B. subtilis, was added to this list by the Silver group in 2014°.
2.1 Stanier 1942

The first observations which lead to our current understanding of the bacterial response
to substrate compression was that fruiting bodies which formed around an indented inoculum
on an agar plate appeared to be in concentric circles with said inoculum at their center®. To
test the hypothesis that there was some physical change in the agar medium that the biofilm
was sensing and responding to Stanier abutted two pieces of agar media directly up against

each other so that one common biofilm could swarm across both. One of these pieces was
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under stress, either tension or compression, while the other was not. After incubation the
fruiting bodies on the unstressed gel appeared to be randomly distributed like those in Fig. 2.1
A, while the fruiting bodies on the stressed agar gel were aligned in roughly parallel lines like

those in Figure 2.1 B.

To determine the difference, if any, between responses to tension and compression
Stanier draped a rectangular slab of agar media over a glass rod and added a drop of
Myxococcus cells at the top of the resulting peak. By again monitoring the distribution of
fruiting bodies, which formed an “H” shape, a line across the peak and perpendicular lines at
the base of the peak, Stanier concluded that fruiting bodies aligned parallel to tension and
perpendicular to compression. To refer to this response to the compressive or tensile stress
within the media he coined the term “elasticotaxis”, though it does not meet the requirements
of a true -taxis, namely a biological feedback loop, response to a gradient, and a capacity for
desensitization to a constant degree of stimulation, it does capture the spirit of a biological

response to the physical stimuli which results from substrate compression®.

2.2 Dworkin 1983

The first suggested use for this response to substrate compression was put forth by
Dworkin in 1983 when he suggested that M. xanthus was able to use the response to hunt small
groups of prey cells without the need for a biochemical gradient, only a physical one’. To test
this, small groups of prey cells were deposited tens of um away from M. xanthus flares, then
the M. xanthus flares were monitored via time-lapse microscopy for a perceived turn toward,

movement to, and lingering at the location of the prey cells. To confirm that this was in fact
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due to a physical signal, rather than some biochemical gradient he repeated the experiment
with well-rinsed polystyrene and glass beads, and observed that again the M. xanthus flares
moved toward and found these targets as well. For good measure, he then attempted to prove
that the predator was finding the prey at a rate greater than what might be attributed to
random chance alone by tracing the edge of a M. xanthus colony onto graph paper, picking
random coordinates, and checking if this was within the perimeter of the colony or not®. While
by this method it did appear that M. xanthus was tracking down targets with accuracy due only
to the physical disruption of the agar substrate, these experiments were largely qualitative and
subsequent contact mechanics calculation by Xingbo Yang, a collaborator in the Marchetti lab
at Syracuse University reveals the depression caused by the weight of a few non-motile cells
would have been vanishingly small. While it may be the case that an actively moving target
may perturb the agar gel enough to present as a target to be found through this response, the

weight alone of the provided targets is so negligible as to be unlikely to cause any response.

Uncompressed Compressed

Figure 2.1. Fruiting body alignment. M. xanthus fruiting bodies on uncompressed (A) and
compressed (B) 1.5% agar nutrient-poor media. White arrows in B represent the orientation
of compression. This experiment was performed by David J. Lemon.
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Perhaps it is the case that the act of depositing the targets was sufficient to induce this
response, similar to Stanier’s experiments1 concerning the placement of an inoculum and

subsequent response to the perturbation of the gel substrate.
2.3 Fontes & Kaiser 1999

While Dworkin’s experiments were qualitative, Fontes & Kaiser in 1999 produced the
first quantitative study of this response. By inserting a length of plastic tubing between the wall
of a petri dish and the agar gel slab they compressed their cells’ substrate and observed the
shape of colonies which formed on these stressed substrates, which were eIIipticaI3. In addition
to investigating changes in colony morphology in response to what the authors termed “elastic
forces” within the agar gel, they also showed that single cells reorient upon compression of
their substrate such that their long axes are perpendicular to the axis of compression3. This
study utilized both 9 cm square dishes and 8.5 cm round dishes, and showed that in the round
geometry there is an effect on aspect ratio by distance away from the inserted tubing, while the
same was not true for square plates. This indicates that the square plate set-up likely
represents a relatively uniform, uniaxial compression while the round set-up does not. The
authors also showed that, like many of M. xanthus’ other behaviors®®, motility - in this case
specifically Adventurous (A) motility - is required. While M. xanthus’ response was the most
comprehensively characterized in this study, several other species were also tested, and indeed
Flavobacterium johnsoniae was also found to be responsive to substrate compression®.

Unfortunately this study, like the others before it, did not address the precise nature of what
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result or byproduct of substrate compression was being sensed and responded to by the

biofilm-forming bacteria.

2.4 Stratford, Woodley, & Park 2013 and Polka & Silver 2014

After the Kaiser lab’s investigation of this response in M. xanthus it was another 15
years before this response was re-examined, this time twice in relatively quick succession after
a history of long gaps between studies. Stratford, Woodley, & Park applied compression to
agar gel substrates in a similar manner to Fontes & Kaiser, and showed that B. mycoides which
is evolutionarily distant from M. xanthus, also formed elongated colonies oriented
perpendicular to the axis of compression on substrates that had been squeezed4. This group
also showed that B. mycoides is sensitive to unusual deformations in uncompressed but poorly
characterized substrates that had gelled around various glassware which was then removed
prior to inoculation. Unfortunately these experiments did not resolve the question of precisely
what the cells were responding to, though they were able to show that large-scale compression

of the gel was not required to induce unusual colony morphologies.

The following year Polka & Silver observed that B. subtilis also responds to substrate
compression in a similar manner. Because this study also investigated the chemical content of
media which appeared necessary to help trigger this response, it is difficult to parse any
chemical effects, particularly those which alter cell length and flexibility, from the mysterious
physical stimuli that this and other species may be responding to. All of these works however

combine to clearly show that there is some physical change or stimuli in the agar gel media that
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multiple, distantly related species are capable of sensing and responding to, though the

stimulus itself is not clear from the results of these studies.

2.5 Theories of stress lines, surface tension, and topography or deformation

In dubbing the newly discovered response to substrate compression “elasticotaxis” in
1942, Stanier clearly shows his thinking that compression or tension has some telltale
signature, by product, or after-effect on the gel, though he did not identify it'. Fontes & Kaiser
also use the term and describe “elastic forces” at play in their compressed substrates, but too
do not specifically identify what they suppose the cells are sensing3. However while Fontes &
Kaiser did not specifically identify a stimulus, they describe “stress forces” and note that cells
only capable of A motility display a stronger response to substrate compression than wild-type
cells, and they note that Social (S) motility is not sufficient to reproduce a wild-type response3.
This suggests that the downward-facing A motility motor’™? is somehow involved in sensing this
novel stimulus. Changes in surface tension have been observed to correlate with changes in M.

xanthus behavior*>**

. This suggests that compressing the substrate, which results in water
being squeezed out of the gel, may have an effect on surface tension that the cells are able to

respond to.

It may also be the case that topographical changes in the substrate as a result of
compression are driving the change in M. xanthus’ behavior; such changes have previously

1518 Eor this to be the case however these

been shown to alter cell and flare trajectories
topographical features must be approximately the width of a cell, on the order of 1 um wide,

wide enough to allow a cell to fall into one, but not so wide that they dwarf the cell’s width,
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which would make them difficult or impossible for single cells to respond to at the low Reynolds
number regimes typical of small, slow moving masses in a relatively viscous environment®’.

This narrow range of sizes is useful in potentially ruling out topography, as such a size feature
would surely be detectable by techniques which readily visualize individual cells. Changes in
substrate stiffness have also been identified to alter motility and behavior*®, though M. xanthus
does not appear to be climbing up a gradient in stiffness, as it moves perpendicular to
compression rather than towards it>. There are several biological responses to physical changes
which have been observed and are well-characterized, including some that are also sensed by
downward-facing motility apparatuses, in both eukaryotic and prokaryotic species. Closer
examination of these may prove useful in the attempt to identify the precise stimulus which M.

xanthus cells are responding to on compressed substrates.

2.6 Biophysical signals that can change cell behavior

While most research into bacterial responses to physical changes in their substrate are
tailored around stopping the proliferation of biofilms or eliminating them altogether, there are
a handful of examples of studies which investigated stiffness, topography, or surface tension as
described above. Responses to similar physical changes are better understood in eukaryotic

cell models, and these too should be explored.

2.6.1 Eukaryotic responses to biophysical signals

Some of the earliest examples of sensing and responding to physical signals have been

19,20

observed not in animal cells, but in plant cells™". Sunflowers are aptly named because they

track the sun’s path across the sky, a behavior called heliotropism (movement in response to
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the sun), a subset of phototropism (movement in response to light)***?

. Other plant processes
such as orienting new growth up or down in response to acceleration, typically due to gravity

and called gravitropism (movement in response to gravity)lg, can be overridden in roots by the

response to water gradients known as hydrotropism (movement in response to water)?>.

Animal models are more relevant here however, as animal cells, like M. xanthus cells,

are capable of movement in addition to bending and growth. Reponses to topography have

24,25 26-30

been well-characterized, as they can alter cell morphologies and branching patterns™ =,

and endogenous bone repair has been shown to be triggered by cracks in the bone’s surface®"
33, Motile animal cells have been shown to have the ability to climb up gradients in stiffness, a

34-37

behavior dubbed durotaxis (movement in response to hardness or stiffness)™ "', as has the

nematode C. elegans®. The response to substrate stiffness has also repeatedly been shown to

25,27,38-41

influence cell differentiation and cell fate . Interestingly durotaxis has been shown to

. . 42,4
involve a focal adhesion system***?

which, while eukaryotic focal adhesions are distinct from
those used in M. xanthus, are similar in nature as a downward-facing direct interaction with the
gel media’s component polymers. The forces generated during and involved in eukaryotic cell
locomotion have also been examined in relative detail, and results of these studies may shed

additional light on the mysterious nature at the root of what has historically been referred to as

elasticotaxis’.

4448 \while they

Traction forces, the forces exerted on the substrate during locomotion
allow a cell to propel itself forward also have effects on the substrate®’. It has been

hypothesized that this pulling or pushing on the substrate can pull polymers within the
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46,48,49

substrate into alignment or enable the cells to communicate mechanically with each

50-52

other over long distances™ ~°. Studies of gel substrates, similar to those used in everyday

culturing of bacteria, have suggested that such pulling or pushing on the substrate may bring its

53-55

components into alignment™ >, which may have further effects on cell behavior and motility.

Indeed the sum of traction forces exerted on the substrate has been observed to dictate the

56-59

behavior of sheets of cells and may even play a role in the prognosis of cancer®.

2.6.2 Prokaryotic responses to biophysical signals

Like eukaryotic cells, prokaryotic cells have also been observed to respond to changes in

16,61-63

topography , as well as stiffness'%. M. xanthus motility specifically is sensitive to changes

13'14, stiffne5564, and has, along with a handful of other species3'5, been found

in surface tension
to respond to substrate compressionl'3 though the precise nature of the physical stimuli

inherent in these species’ response to substrate compression has yet to be identified.
2.7 Our hypothesis

Substrate polymer alignment, as discussed earlier in the eukaryotic context of pushing
and pulling during focal adhesion-based motility, is also likely occurring during compression of

the agar gel media®®’

. Such alignment has clearly demonstrated effects on eukaryotic cell
behavior discussed above, we hypothesize that it may be underpinning the bacterial response
to substrate compression that has been previously observed’™, but never understood. If this is
indeed the case, then compression of a gel substrate must be forcing the gel’s component

polymers into alignment, and this alignment is then driving a change in the behaviors of biofilm-

forming bacteria. Investigations into the stress and strain within the substrate, a more detailed
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characterization of the bacterial response to substrate compression, and further examination of
the gel itself, including its surface, may reveal that this is indeed the case - elasticotaxis may be

a response to polymer alignment caused by substrate compression.

2.8 Materials & methods

To determine fruiting body arrangement 4 pL 5 x 10° cells / mL of wild-type DK1622 cells
was spotted on nutrient-poor 1.5% agar dCTA® that was uncompressed or had been previously
compressed by insertion of a length of 5.56 mm diameter Tygon tubing between the wall of the
petri plate and the agar slab. Images were captured with a 3.0 megapixel AmScope USB ocular

camera and Toupview image capture software after 5 days of incubation at 30 °C.
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Chapter 3 - Characterization of the response to substrate compression

Previous work has shown that single Myxococcus xanthus cells respond to substrate
compression by reorienting their long axes perpendicular to the direction of compression™.
Outward movements of groups of cells from the edge of the colony, called flares, and the
colonies themselves also reorient and respond to substrate compression. Single-cells, flares,
and whole-colonies all require Adventurous (A) motility to respond to substrate compressionl,
suggesting that the movements and responses result from an active biological process, rather

than being a passive event.
3.1 Response to substrate compression
3.1.1 Whole-colony behavior

M. xanthus colonies which form on substrates which have been compressed (Fig. 3.1 A
and B) form in ellipses with their long axes oriented perpendicular to the axis of compression.
In contrast, colonies on unstressed agar substrates expand radially in all directions, which
results in circular colonies (Figure 3.1 C and D). The strength of the whole-colony response can
be inferred from how elliptical it is, dividing its length (long axis, perpendicular to compression)
by its height (short axis, parallel to compression) yields the colony’s aspect ratio, which was
historically called its elasticotaxis coefficient'. While round colonies inherently have aspect
ratios roughly equal to one, colonies with larger aspect ratios are relatively more elongated,

which indicates a stronger response to substrate compression.
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3.1.2 Flare behavior

M. xanthus flare behavior was also examined on compressed and uncompressed

substrates. Still images reveal that flares at the edge of a colony on an unstressed substrate

tend to move outward,

but without any
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(Figure 3.1 D’ and D”).
Flares on compressed
substrates appear

the edge of the long axis
of acolonyona
compressed substrate
(the edge closest to the
inserted tubing) flares do
not emerge often (Fig.
3.1 B’), and when they do
emerge moving parallel
compression they do not
appear to hold this

to the axis of
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trajectory for very long. At the end of the long axis however, many flares emerge oriented
perpendicular to the axis of compression (Fig. 3.1 B”’) and appear to hold this trajectory without
encountering neighboring flares for extended times. Over time flare behavior appears similar
to the behavior that can be deduced from still images. Time-lapse imaging of expanding M.
xanthus colonies on compressed and uncompressed substrates allows for quantitative analysis

of flare behavior, which will be discussed in later sections.

3.2 Aspect ratio vs. distance from inserted tubing

To quantify the effect of agar compression on the colony morphology | determined the
aspect ratios of colonies as a function of the distance from the inserted tube and the tube
diameter that controls the degree of compression. Eight drops of M. xanthus cells were placed
in a column down the centerline of an agar slab, which is in a circular petri dish, using a
multichannel pipettor. These agar slabs were compressed by inserting a length of tubing of
varying diameter between the wall of the dish and the agar gel slab. The aspect ratios of
colonies near the tube are relatively large and decrease as the distance between colonies and
the tube increases. We find similar relationships between aspect ratio and distance from the
tube when the tubes have different diameters, which keep the agar under different levels of
compression (Figure 3.2). However, the larger the tube’s diameter, the more exaggerated this
relationship becomes; the larger diameter of the tube, the larger the aspect ratio of the colony
closest to the tube and the greater the distances from the tube before the aspect ratios
approach that of colonies on uncompressed agar. Together, these findings indicate that M.

xanthus is able to detect and respond to different levels of agar compression. Interestingly, M.
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xanthus responds to compression-induced changes in the agar over relatively large distances;
the aspect ratio of colonies that are about 60 mm away from the inserted tubes are still greater
than those of colonies at comparable locations on uncompressed agar (Figure 3.2, 3.3 A). These
same trends hold up over a range of gels with varying concentrations of agar (Fig. 3.2), and

stiffnesses from 100 kpa to 500 kpa, as agar gel stiffness is directly correlated to the
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Figure 3.2. Aspect ratio vs. distance for varying stiffness substrates. A-D show the mean aspect
ratios (x S.E.M.) of M. xanthus colonies at various distances from inserted tubing with different
diameters. The mean number of colonies used to calculate each aspect ratio is approximately 31 for
1.25% agar (A), 16 for 1.75% agar (B), 20 for 2% agar (C), and 18 for 3% agar (D). Mean aspect ratios
of colonies on uncompressed agar (black circles), and colonies on agar compressed with tubing with
a diameter of 2.38 mm (white circles), 3.18 mm (white squares), 3.96 mm (white triangles), 4.77
mm (grey circles), 5.56 mm (grey squares), 6.35 mm (grey triangles) are shown. This experiment
was performed by David J. Lemon.
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concentration of agar®.
3.3 Aspect ratio vs. predicted stress

Distance from the inserted tubing has a clear effect on the aspect ratio of a colony on a
compressed substrate. The question then becomes one of “what varies with distance from the
inserted tubing”, the answer to which would then become a prime candidate for explaining M.
xanthus™* and other bacterial species’>° responses to substrate compression. While a good
candidate will vary proportionally with distance from the inserted tubing, these species are not
likely responding to a gradient; they are likely responding across a gradient (if there is one),

rather than along it.

The graph of aspect ratio as a function of distance from the inserted tubing for colonies
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Figure 3.3. Effects of different levels of agar compression on aspect ratio, stress, and strain.
Bacterial cells were spotted in a column down the centerline of compressed agar (inset in A) and the
mean aspect ratios (+ S.E.M.) of the colonies were determined (A). B shows the predicted stress and
strain at various distances from the inserted tubes. Mean aspect ratios or predicted stress and strain
on unstressed agar (black circles), and on agar compressed with tubing with a 2.38 mm (white
circles), 3.18 mm (white squares), 3.96 mm (white triangles), 4.77 mm (grey circles), 5.56 mm (grey
squares), or 6.35 mm (grey triangles) diameter are shown in A and B. An average of 23 colonies were
included in average aspect ratios shown in A. This experiment was performed by David J. Lemon
using predicted stress/strain values from simulations performed by Xingbo Yang.
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on 1.5% agar under varying degrees of compression appears qualitatively similar to numerical
predictions of stress as a function of distance (Figure 3.3 B). We examined the relationship
between the stress and strain in compressed agar and changes in the aspect ratios of colonies.
Specifically, we assumed that the agar slab behaves like a linear elastic medium, of known
elastic constants, and used Comsol’s solid mechanics module to calculate the stress and strain
profiles of a circular agar slab compressed by a tube of a given diameter, in agreement with our
previous experimental set up (Figure 3.3A). Since we operated under the assumption of linear
elasticity, the predicted stress and strain within the agar are directly proportional to each other,
and each can be converted to the other using the known elastic constant for each agar
concentration®. The predicted stress and strain at positions on the agar that correspond to
where the cells were spotted in previous experiments are shown in Figure 3.3 B. Similar to the
colony aspect ratios (Fig. 3.2, 3.3 A), the predicted stress within the agar and predicted strain
are largest in the regions closest to the inserted tubes and decrease with an increase in distance
from the tubes. When predicted stress values were combined with the aspect ratio vs. distance
data sets generated from substrates with different agar concentrations and hence varying
stiffness? (Fig. 3.2) and the mean aspect ratios are plotted as a function of predicted stress, the
data does not collapse onto a single line (Figure 3.4 A). Thus, stress is not the factor that best

predicts the strength of the bacterial response to compression of the agar substrate.

3.4 Aspect ratio vs. predicted strain

While aspect ratio vs. predicted stress values for a given concentration of agar do fall

along a linear distribution, these lines vary with each concentration of agar and corresponding
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Figure 3.4. Aspect ratio as a function of predicted stress and predicted strain. A and B show mean
aspect ratios as a function of stress or strain for different agar concentrations. Mean aspect ratios of
colonies on 1.25% agar (white circles), 1.5% agar (white squares), 1.74% agar (white triangles), 2%
agar (grey circles), or 3% agar (grey squares) are shown in A and B. This experiment was performed
by David J. Lemon using stress and strain values from simulations performed by Xingbo Yang.

stiffness gel. However, because we have predicted values for stress, and the stiffness of agar
gels have been measured experimentallyz, converting from values for stress, a measure of force
per unit area, with strain, a measure of shape change as the result of said force, is a
rudimentary calculation; stiffness is equal to stress divided by strain. By converting all
predicted stress values to predicted strain values, and graphing aspect ratio as a function of
these strain values, we observe that all values, across all stiffness gels tested (Fig. 3.2, 3.3 A), do
collapse onto the same line (Figure 3.4 B). The clear linear relationship (r = 0.915, r? = 0.838)
that emerges (Fig. 3.4 B) suggests that the deformation in the agar (strain), rather than the
amount of stress within the agar, may dictate the previously observed changes in the
orientation of individual bacterial cells, groups of cells, and colony spreading patterns’ (Figure
3.1). The question then becomes “what varies according to the relative deformation of the

substrate that the cells are responding to?”
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3.5 Materials and methods

The bacterial response to substrate compression was assayed using a method similar to
that previously described by Fontes and Kaiser™. Briefly, wild-type DK1622 M. xanthus was
grown at 30 °Cin CTTYE broth” or on plates containing CTTYE broth and 1.25%, 1.5%, 1.75%, 2%
or 3% agar which was poured into petri dishes, allowed to solidify, and compressed using 1.5-
cm pieces of Tygon tubing with a diameter of 2.38, 3.18, 3.96, 4.76, 5.56, 6.53, or 7.1 mm.
Water squeezed out of the gels by compression was allowed to evaporate. Eight 4 ul drops of
M. xanthus at density of 5 x 10° cells/ml were placed in a column down the centerline of
compressed gels using a multichannel pipettor such that the furthest spot was 1 cm from the
edge of the petri dish. This was repeated multiple times, with the mean number of colonies
used to calculate each aspect ratio being approximately 31 for 1.25% agar, 23 for 1.5% agar, 16

for 1.75% agar, 20 for 2% agar, and 18 for 3% agar.

Flares were examined with an Olympus CK2 inverted microscope and colonies were
examined with a SMZ-168 Series Motic stereo zoom microscope. Images were captured with a

3.0 megapixel AmScope USB ocular camera and Toupview image capture software.

Agar compression was simulated under different loads for various agar concentrations
to determine the mechanical and deformational state of the substrate characterized by stress
and strain on the agar surface. The simulation was performed using the solid mechanics module
provided by Comsol, which assumes the condition of linear elasticity. The assumption of linear

elasticity for the range of deformations considered here is supported by experimental studies®.
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The geometrical representation of the simulation is in accordance with the experimental
set up in Figure 3.3 A. The loading condition reduces to contact between two cylinders of cross-
sectional diameters 10 cm and 1 cm, corresponding to the dimensions of the agar and the
compressing tube, respectively. The simulation was performed with boundary conditions with
the displacements (2.38 mm, 3.18 mm, 3.96 mm, 4.76 mm, 5.56 mm, 6.35 mm) induced by the
tube at the contacting surface and zero displacement at the other end of the agar where it was
bounded by the dish. The material properties of the agar were specified by a Poisson ratio
v = 0.4 and a Young’s modulus E = 100 kpa, 200 kpa, 300 kpa, 400 kpa, 500 kpa for agar
concentrations of 1.25%, 1.50%, 1.75%, 2.00% and 3.00%, respectivelyz. The Young’s modulus
of the Tygon tube was chosen to be 7 Gpa for practical purposes, whose presence was to
provide the correct boundary conditions at the contacting surface under loading forces that

induced the experimentally imposed boundary displacements.

The stress g;; and strain €;; tensors on the surface of the agar were computed by solving

the force balance equation (1) d;0;; = 0 together with the constitutive equation (2) €;; =

1 . ey . .
Z [(1 +Vv)o;; — v6;joy,] under the imposed boundary conditions. While the stress and strain
tensors completely specified the mechanical and deformational state of the substrate, the goal

was to construct a scalar quantity from the tensors that is proportional to the response of the

bacteria to the anisotropic substrate deformation measured by the aspect ratio of the colony.

. . . . . 3
For this, we choose the Von Mises stress, which was defined by equation (3) g,y = Eai’jai’j,

with equation (4) O'i’j =0;j — %(Sijakk, as the deviatoric part of the stress tensor. This scalar

guantity was proportional to the magnitude of the deviatoric stress on the surface of the agar.
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In parallel, we defined a scalar quantity that was proportional to the magnitude of the

deviatoric strain as in equation (5) eyy = Ee{je{j, which we termed as Von Mises strain.

Using the relationship in linear elasticity defined in equation (6) ¢; =%a{j, where (7)
= 2y we have (8) eyy = JZV—(’;" We recorded Von Mises stress and Von Mises strain

obtained from the simulation along the middle line on the surface of the compressed agar

(Figure 3.3 B).
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Chapter 4 - Strain induced polymer alighment

4.1 Mapping the substrate and response

Having determined that the strength of M. xanthus’ response to substrate compression
varies directly with the local substrate deformation or strain at a given location (Fig. 3.4 B), we
were principally interested in what the effect of strain on the substrate that is detectable by
bacterial cells could be. As previously discussed, bacteria have been found to be sensitive to
changes in their substrate’s surface tension™?, topography®, and stiffness’. An ideal candidate
for the stimulus which elicits the elasticotaxis®° response will vary with strain or deformation,
but not necessarily form a gradient which decreases with distance from the inserted tubing.
Single-cell, flare, and whole-colony orientation all align perpendicular to the axis of

compression, not parallel to it as would be expected if the cells were responding to a gradient.

4.1.1 Hydration

During the act of compressing the gel and inserting the length of tubing between it and
the wall of the plate, water is squeezed out of the gel and pools on the surface, a process called

. 11,12
syneresis™™

. While this byproduct of compression may be relevant, we observe no correlation
between areas where water emerges onto the gel’s surface and where the bacterial response
to compression is observed. Though water is squeezed predominantly out of regions on the
plate with high strain, it is allowed to evaporate overnight before the media is inoculated, and

changes in hydration do not appear to be a good candidate for the stimulus which elicits the

bacterial response to substrate compression.
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4.1.2 Topography

Cells are known to be sensitive to changes in topography®®, and buckling or wrinkling

aligning with the

7

which could occur would likely be perpendicular to the axis of compression

bacterial response to compression, so topographical defects as a result of compression must be
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ruled out. To that end we examined the agar surface near the edge of growing M. xanthus

colonies with phase-contrast and 3D digital microscopy.

Our examination revealed no topographical defects on uncompressed substrates or on
compressed substrates (Figure 4.1 A, B). As a positive control grooves were scored into the
surface of an uncompressed gel, and these grooves were visualized by both phase-contrast (Fig.
4.1 C) and 3D digital microscopy methods (Figure 4.1 F). The grooves produced did appear to
alter the behavior of the M. xanthus cells, both individuals and groups, as movements were
directed parallel to the direction of the grooves (Figure 4.1 C, F). As both the grooves and
single-cells could be resolved by these methods, but no such grooves or wrinkles were detected
on compressed substrates (Fig. 4.1 B, E), we concluded that compression of the relatively thick
agar gels used in our experimental set-up does not cause changes in the topography of the gel.
While vanishingly small topographical changes cannot be ruled out, wrinkles on the same

length scale as single cells, the most relevant length scale to our purposes, can be.

4.1.3 Predicted strain

Predicted strain down the centerline of the agar plate (Fig. 3.3 B) has been discussed
previously, but our numerical simulations provide the distribution of strain in two dimensions,
not just on the center line moving away from the inserted tubing. Mapping the predicted strain
for the entire surface of the plate (Fig. 4.2) reveals that strain is greatest in regions closest to
the inserted tubing and decreases with distance from the tubing in both dimensions. Larger
diameter tubes hold the agar under greater degrees of compression and result in a relatively

large maximum strain, as well as a larger region of the agar where at least some strain is
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Figure 4.2. Predicted strain of compressed agar. A-C show heat
maps of predicted strain due to compression of the 1.5% agar
substrate. The scale bar on the left shows the magnitude of
predicted strain. White arrows represent the axis of compression
imposed by the tubing, modeled as a square being pushed into the
half circle of the agar gel slab. Geometry of the set-up mimics
experimental conditions, numbers below each map indicate the
diameter of the tubing used for each model. Each map corresponds
to one half of a plate. Stress and strain simulations were performed
by Xingbo Yang.

predicted. As the diameter of the inserted tubes increases, the regions of the agar with
predicted strain expand down the centerline moving away from the tube and across the axis

perpendicular to the tube.

4.1.4 Birefringence

As previously discussed, one hypothesis which still remains is that strain induces the
component polymers of the agar gel into alignment. While this would presumably leave the
surface free from topographical defects, alignment is still detectable via microscopy. A chaotic

sample, such as a gel with randomly oriented polymers, will not alter the polarization of light,
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and when this sample is placed between polarized filters at 90° angles to each other (cross-
polarized filters) and viewed the sample will appear dark. However, if the sample is somewhat
structured, such as a gel with aligned polymers, it will rotate the polarization of light, and when
viewed between the same cross-polarized filters it will appear brighter. By compressing agar
gels with various diameter tubing, viewing them from between cross-polarized filters, and
charting which samples appear bright rather than dark, a property called birefringence, we can

investigate changes in the order or alignment of the polymers in the gel.

We marked a grid onto each plate to divide it into many sections, and checked each

section for birefringence. As the diameter of the inserted tubing was increased we observed an

A U U B 0. 0 C A

%100 - 50

%50 - 30

2.38 mm 3.96 mm 5.56 mm

Figure 4.3. Birefringence of compressed agar. A-C show heat maps of birefringencein
regions of compressed 1.5% agar with high levels of predicted strain. The heat maps
were generated by dividing the agarinto grids and determining whether each square in
the grid was birefringent after compression. The heat maps show the percentage out
of seven replicates that each square in the grid was birefringent after compression. The
white arrows indicate where tubes were inserted and the axis of compression. The
scale to the left indicates the percentage of samples that were birefringent at each
location. The diameters of the tubing inserted between the agar and the petri dish are
shown below the heat maps. Each map corresponds to roughly the top left quarter of a
plate, or roughly the top half of the maps in Figure 4.2. This experiment was
performed by David J. Lemon.
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increase in the percentage of samples which were birefringent at each location (Figure 4.3).
When compressed with the smallest diameter tubing the majority of locations on the agar are
birefringent, but there is a region immediately below and to the left of the inserted tubing (Fig.
4.3 A) which remains dark when viewed between cross-polarized filters, indicating this region
remains random or chaotic even after compression. As the size of the inserted tubing increases
and the agar gel is placed under greater degrees of compression this disordered region

becomes smaller (Fig. 4.3 B), and eventually becomes birefringent (Figure 4.3 C).

These changes in birefringence vary in step with the distribution of predicted strain (Fig.
4.2), indicating that the polymers of the gels are increasingly aligned by larger and larger
degrees of compression. The pattern of birefringence appears qualitatively similar to the
predicted distribution of strain (Fig. 4.2), and regions with relatively large predicted strain tend
to be birefringent (Fig. 4.3), indicative of an increase in order through polymer alignment.
Strain-induced polymer alignment appears to be the most promising candidate yet for the

stimulus which elicits the bacterial response to substrate compression.

4.1.5 Bacterial response

As we can predict strain and measure birefringence in both dimensions, not just down
the center line of the plate, we can also map the bacterial response. To examine whether the
previously observed changes in colony aspect ratios are due to the orientation of the
polysaccharide fibers within the compressed agar substrate, cells were spotted in regions of the
agar that have moderate to high levels of predicted strain and polysaccharide fiber alignment.

It is notable that the aspect ratios tend to be large in the regions with moderate to high levels
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of predicted strain, and presumably some degree of polysaccharide fiber alignment, and similar
to those on uncompressed agar in regions with little no predicted strain and polysaccharide
fiber alignment (Figure 3.2, 3.3 A, 4.2, 4.3). In the regions of the agar with moderate to high
levels of predicted strain, the long axes of the colonies are parallel to the predicted direction of
polysaccharide fiber alignment and the short axes are perpendicular to the aligned
polysaccharide fibers (Figure 4.4). As mentioned above, as the diameter of the inserted tube
increases, the regions of the agar with predicted strain and polysaccharide fiber alignment
expand down the centerline moving away from the tube and across the axis perpendicular to

the tube. As shown in Fig. 4.4 B-C, the regions of the agar slab where biased colony elongation

I
i
3
3

Figure 4.4. Surface spreading patterns at different locations on compressed agar.
M. xanthus cells were spotted in regions of the agar that have moderate to high
levels of predicted strain and aligned polysaccharide fibers. The arrows show the
mean orientation of the short axes of 5-8 colonies (the long axes would be
oriented 90° from the short axes) at each position and arrow length represents
the relative mean aspect ratios. Dotted arrows represent data for colonies from
comparable locations on the opposite side of the midline of the plate. Black
circles represent mean aspect ratios below 1.1, similar to those observed on
uncompressed agar. The diameters of the inserted tubing are noted below the
diagrams. Each map corresponds to roughly one quarter of a plate, or roughly the
top half of the maps in Figure 4.2. This experiment was performed by David J.
Lemon.
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is observed expands as the diameter of the inserted tube increases and the pattern of

expansion is similar to that of predicted strain and polysaccharide fiber alignment.

4.2 Strain-induced alignment

Correlations of
predicted strain with
birefringence imply that
strain-induced polymer
alignment may well be the

stimulus which elicits the

Compressed

bacterial response to
substrate compression.

We are most interested in

polysaccharide substrates
such as agar gels because
of the previously
discussed importance of
exopolysaccharide matrix

which surrounds cells in

Uncompressed

biofilms generally and

because of the

importance of slime in M.
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morphologies on compressed agarose and k-carrageenan gels are shown in the right-most column. This

Figure 4.5. Birefringence of agar, agarose, and k-carrageenan. Birefringence of 1.5% agar (A), 1%
experiment was performed by David J. Lemon.

agarose (B), and 1.5% k-carrageenan (C) gels before and after compression. The M. xanthus colony
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xanthus behavior specifically. In addition to polysaccharide substrates, protein-based gels may
also be useful if they behave similarly under compression. Collagen is a common substrate for
eukaryotic, mammalian cell culture and may yield additional insight into the response of human
cells to mechanical loads and aligned substrate in the future if it responds comparably to the

polysaccharide substrates tested.

4.2.1 Polysaccharide hydrogels

4.2.1a Agar/agarose

Polymer alignment in response to compression has previously been discussed™™*°,

though direct responses to such alignment have not been well characterized. We are most
interested in polysaccharide substrates and their alignment upon compression due to the
previously discussed importance of exopolysaccharide or slime to M. xanthus in particular and
biofilm-forming species in general. Agar, produced by algae and composed chiefly of the linear
polymer agarose, is the most common substrate for studies of microbiology and the substrate
used for the majority of our experiments. Agarose gels are relatively stiffer and drier than agar
gels of comparable concentration, but as agarose is a more refined product it is comparably
more expensive and seldom used for large-scale microbiology experiments. Both agar (Fig. 4.5
A) and agarose (Fig. 4.5 B) gels become birefringent immediately upon compression by the
insertion of a length of tubing between the wall of the plate and the gel slab, and indeed both

produce similar effects on M. xanthus colony morphology (Figure 3.1 B, 4.5 B).
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4.2.1b k-Carrageenan

k-Carrageenan is similarly produced by algae, and is also a linear polymer. Both

agar/agarose’®*®

and |<-carrageenan19 polysaccharides form entangled-polymer hydrogels when

dissolved in water and heated above melting. Anecdotally, k-carrageenan gels are much less

prone to breaking than are agar gels of comparable concentration, k-carrageenan gels are able

to recover back to their original shape when compression is removed, and k-carrageenan gels

are optically clear. All of these properties make k-carrageenan a useful stand-in or proxy for

agar/agarose, as it is compressed it also elicits M. xanthus to form elongated colonies (Figure 4.

5 C). k-Carrageenan gels
also hold up to compression
while still providing a softer,
wetter surface for culturing
species which are not as
motile on agar gels. k-
Carrageenan gels, as
mentioned previously,
become birefringent
immediately upon
compression, however
unlike agar k-carrageenan

gels can be made to partially

Naive

&

Compressed

Relaxed

Figure 4.6. Reversible birefringence of 1.5% K-carrageenan.
Lack of birefringence in undisturbed 1.5% k-carrageenan gel
when rotated between cross-polarized filters shown in A.
When compressed k-carrageenan immediately becomes
birefringent (B). When compression is removed the gel
assumes its pre-compression shape and immediately loses its
birefringence (C). Angles above the columns indicate the
rotation of the sample between cross-polarized filters. White
arrows indicate the axis of compression. This experiment
was performed by David J. Lemon.



and reversibly compress

themselves under their

own weight. In these gels,

also unlike agar, pre-
compression shapes are
recovered when
compression is removed,
and the gel immediately
loses its birefringent
properties as well (Figure

4.6).

Birefringence is
easily detected in real-
time, and useful for our

purposes with directly
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q =0.03623
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Characteristic distance:
d=2m/q=173 A
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Figure 4.7. Small angle X-ray scattering (SAXS) analysis. The
radially symmetric SAXS pattern before compression of the k-
carrageenan gel is shown in A. The initial incidence of the X-
ray beam and the corresponding SAXS pattern for the
compressed k-carrageenan gel are shown in B. When the
sample is rotated approximately 90°, as shown in C, the SAXS
pattern has two lobes of greater intensity (C). The black
arrows in B and C point to the lobes in the SAXS pattern. The
plot of 1(q) versus g shown in D has a peak at q=0.03623 (red
arrow), which indicates a characteristic distance between
adjacent, parallel long axes of polymer bundles of 173 A. The
values in D are representative of the patternin C. This
experiment and analysis was performed by Yan-Yeung Luk.

mapping the bulk alignment of polymers in a gel, but small-angle X-ray scattering (SAXS)

experiments give more precise data regarding the arrangement of polymers within a gel. SAXS

analysis measures the scattering of an X-ray beam by a sample. The beam passes through the

sample and is deflected by it before hitting a two-dimensional detector. The intensity of the

detected radiation, when combined with the degree of deflection, allows the user to calculate

the anisotropy of the scattering and the characteristic distance between the polymers

18,20,21



The graph of deflected
radiation intensity, I1(q), vs
the magnitude of the
scattering, g, from which
the characteristic distance
of 173 A between parallel
polymers is shown in

Figure 4.6.

By examining the
two-dimensional pattern
of the SAXS analysis as the
beam is moved around
the k-carrageenan sample,
shown in Fig. 4.7, we
observe that like strain,
birefringence, and the M.
xanthus response,
polymer alignment is also

relatively high in the

regions closest to the inserted tubing. The two lobes of greater intensity in the SAXS pattern

Figure 4.8. Small angle X-ray scattering (SAXS) analysis at
different locations on compressed k-carrageenan. A-D show
the SAXS pattern when the incidence of the X-ray beam is
shifted to different locations (shown in E) on the compressed
K-carrageenan gel. Black arrows point to the two lobes in the
SAXS pattern. This experiment was performed by Yan-Yeung
Luk.
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(Fig. 4.6 B-C, 4.7 C-D) are characteristic of nematic - head to tail alignment along the long axis -

order, and indicate that the k-carrageenan polymers in the compressed gel are aligned.
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Because of the similarities between agarose and k-carrageenan, we take this result to mean

that the tangled polymers in an agar gel would be comparably aligned by compression.

Based upon these findings, specifically the birefringence of agar and k-carrageenan gels
after compression, the alignment of the component polymers of compressed k-carrageenan
gels, and the correlations between predicted strain & aspect ratio (Fig. 3.4 B), predicted strain
& birefringence (Fig. 4.2 and 4.3), and predicted strain & the orientation of the bacterial
response to substrate compression (Fig. 4.4), we propose that compression of a polysaccharide
hydrogel forces its component polymers into nematic (head to tail) alignment, and these
aligned polymers elicit the bacterial response to substrate compression. With these new
findings and conclusions we then suggest that “elasticotaxis”® is an incorrect term.
“Inelasticotaxis” may be more precise, as the compression of agar is typically not reversible,
though the term -taxis in microbiology settings typically requires additional experiments to
confirm that, among other things, there is a gradient that is being sensed and responded to.
We propose that there is no such gradient, as noted earlier even if there is indeed some
gradient caused by the compression of the substrate that decays moving away from the
inserted tubing, the bacteria would be moving across said gradient, rather than up it. The

2225 than microbe behavior, is

ending -tropism, more widely associated with plant behavior
more appropriate. -tropism identifies a moving or bending in response to a stimulus, in this
case the stimulus is polymer alignment. Therefore, we propose “polymertropism” to be a more

precise and correct term than “elasticotaxis”®, and use it in the remainder of this work

accordingly.
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4.2.2 Protein hydrogels

Though beyond the scope of this work, protein gels should also be tested for strain-
induced polymer alignment and the capacity to elicit the polymertropism response, especially
since these will be of further use in eukaryotic models, the findings from which are more readily
applied to human biology and medicine. While protein-based substrates may be of less
relevance to prokaryotic microbiology, some protein-based or protein functionalized substrates

and scaffolds are widely used in eukaryotic and mammalian cell culture.

The least expensive protein-based gelling agent is gelatin. Commonly found in American
kitchens, it is widely used to make gel-based desserts, however it does not readily form stable
gels which can persist at room temperature, much less body temperature. This may be
addressed with the addition of transglutaminase, an enzyme which cross-links proteins to
proteins, though this adds a layer of complexity that is less than ideal. In the last decade this

26-28
d

strategy has begun to take hol , though is still far from widespread.

The second, and more widely utilized protein-based gelling agent is collagen. 2D

(collagen lined or coated surfaces) and 3D collagen gels are widely used in mammalian cell

29-36

culture and experimental models®”™". Collagen has several advantages which offset its high

cost: its component polymers can be visualized via light microscopy making direct and real-time

d*** it is found endogenously in

characterization of its response to compression straightforwar
the body and its response to mechanical loading or deformation is relatively well

understood®“?’, and it is of relevance in disease prognostics36. Greater understanding of
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mammalian cells’ responses to compressed, aligned collagen may well yield an increased

clinical understanding or improved techniques for tissue and organ culture or engineering.

4.3 Materials & methods

Substrate surfaces were examined with a Hirox KH-8700 3D digital microscope and with
an AmScope T390A-PCS compound microscope. Grooved substrates in Fig. 4.1 were scored

with the edge of a grooved fragment of a vinyl LP record.

For assays characterizing colony orientation and aspect ratio at various locations on the
gels, the gels were divided into grids and 4 ul drops of M. xanthus at a density of 5 x 10°
cells/ml were placed in each square on the grid. The same grid locations were used for
birefringence assays. Cultures were incubated for 1 day at 30 °C, and the colony length
(perpendicular to the direction of compression) and width (parallel to the direction of
compression) were measured. 10-14 colony aspect ratios were determined for each position

on the surface of the gels.

CTTYE broth with 1.5% agar was compressed using 1.5-cm pieces of Tygon tubing with a
diameter of 2.38, 3.96, or 5.56 mm. Water that was squeezed out was allowed to evaporate.
Gels in glass dishes were divided into grids and each square in the grid was examined between
cross-polarized filters with an Olympus BX51 microscope fitted with a U-AN360P filter. Changes
in birefringence were monitored visually as the sample was rotated between cross-polarized
filters. The proportion of 7 replicates that were birefringent at each square on the grid was

subsequently determined. Only the presence or absence of birefringence at each location was
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noted; the magnitude of changes in birefringence was not determined. Strain was predicted as

described in previous chapters.

SAXS data was collected on the G1 line at Cornell High Energy Synchrotron Source
(CHESS). Briefly, a sheet of isotropic 25-um thick polystyrene (Goodfellow Cambridge Limited,
England; model number LS437323 L O; ST311025/1) was taped onto a polyacrylic block with a
circular hole such that the isotropic polystyrene was covering the hole. A black O-ring (outside
diameter: 16.25 mm; inner diameter: 13.64 mm; thickness: 1.77 mm) was placed on top of the
polystyrene sheet (Figure 4.8). The liquid 1.5% k-carrageenan solution was kept from gelling
with a heated water bath before being transferred to the O-ring with a Pasteur pipet. Any air

bubbles were removed via a pipette. To compress the gel, a piece of cut O-ring was inserted

\
O.

/
E— ———9 ‘

A - 1.5% k-carrageenan gel

B - O-ring to hold gel

C - Inserted O-ring piece to compress gel
D - Isotropic polystyrene (25 pum thick)

E - Polyacrylic

Figure 4.9. Experimental set-up of the small angle X-ray scattering (SAXS) analysis. The
1.5% k-carrageenan gel (A) is held in position by an O-ring (B) and compressed by a piece
of cut O-ring (C). The gel was placed on a 25 um thick polystyrene plate (D), which was in
turn placed over the hole in the polyacrylic support (E) such that the X-ray beam passed
through the gel and the isotropic polystyrene, but not the polyacrylic support. This
experiment was performed by Yan-Yeung Luk.
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between the k-carrageenan gel and the O-ring surrounding the gel, similar to the experimental

set-up used in our earlier aspect ratio vs. distance experiments (Figure 3.3 A).
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Chapter 5 - Conservation of polymertropism

5.1 Universality of polymertropism

What we now identify as polymertropism has been observed previously in a handful of
different, evolutionarily distant bacterial species™. We screened a number of additional
bacterial species on both agar and k-carrageenan gels with a variety of media compositions for
the polymertropism response, and found it to be a relatively common trait (Table 5.1). While
some of the strains identified as polymertropism-positive have been thought to be non-motile,
the vast majority of polymertropism responders were rod-shaped, motile biofilm-forming
bacteria, and the majority of rod-shaped, motile species tested displayed polymertropism on
compressed substrates (Table 5.1). This screen was far from exhaustive. | tested a handful of
different media compositions with both agar and carrageenan, but did produce noteworthy

results.
5.1.1 Conservation across evolutionary time

Bacteria from four phyla were tested in either our screen or previous work by other
groups'™>. The two phyla with the largest number of polymertropism positive species were the
firmicutes, which include the Bacillus and Paenibacillus species and the proteobacteria, which
include M. xanthus, Pseudomonas, Proteus, Salmonella, and Shigella species (Table 5.1).
Interestingly, these two phyla are very evolutionarily distant from one another in the bacterial
phylogenetic tree®, only one other phylum is more distant from the proteobacteria than the
firmicutes are. Of note, only rod-shaped cells were found to display the polymertropism

response, and though these cells are often motile while spherical cells are not, it may also be
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3 96t

4. 764 . 6.35Minad

Figure 5.1. Polymertropism response of Bacillus mycoides . 24 hour B. mycoides
colonies on compressed 1.5% agar nutrient-rich substrates. White arrows indicate axis
of compression. Size of inserted tubing for each image listed in upper left. Scale bars
represent 1 cm. This experiment was performed by David J. Lemon.

that the nature of self-propelled rods’* has something to do with this response to nematic
polymer arrangements, as logs floating on a river or wires on a vibrating plate display similar

capacity for alignment12'14.

That such a wide expanse of evolutionary time separates these two groups, which both
include a large fraction of the species identified to be positive for polymertropism, seems to
imply that the response to aligned polymers plays some larger role in the lifecycles of these
species to their benefit, or at least is a neutral behavior which neither helps nor hurts the

fitness of the cells which respond to aligned polymers.

5.1.2 Conservation across motility systems
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In addition to being conserved across evolutionary time, the polymertropism response is

also conserved across a variety of motility apparatuses (Table 5.1). Interestingly, the strongest

response we observed occurred in Bacillus mycoides (Fig. 5.1), a species categorized as non-

motile. B. mycoides’ response is both rapid and strong, in 24 hours it is able to spread across

the width of the plate while maintaining separation from the colonies immediately adjacent to

it on substrates with
relatively higher
degrees of
compression (Figure
5.1). B. mycoides is not
the only species
characterized as non-
motile to possess the
polymertropism
response; Shigella
flexneri also displays
elliptical growth and
spreading patterns,
though S. flexneri only
does so on compressed
K-carrageenan

substrates (Table 5.1)

@ 25% B. mycoides, 75% S. marcescens
B. mycoides S. marcescens
Mean # of colonies (0 mm) 0 116.5+12.3
Mean # of colonies (5.56 mm) 20+2.4 175.5+8.9

50% B. mycoides, 50% S. marcescens

B. mycoides S. marcescens
Mean # of colonies (0 mm) 0 188.75+9.6
Mean # of colonies (5.56 mm) 44.75+5.0 223.75+4.2

75% B. mycoides, 25% S. marcescens

B. mycoides S. marcescens
Mean # of colonies (0 mm) 8.25+1.1 159.75+7.7
Mean # of colonies (5.56 mm) 20.75%+2.6 185.5+11.8

Figure 5.2. Survival in mixed-species biofilms. S. marcescens
(red) survives in greater number than B. mycoides (white)
after 24 hours on uncompressed media as shown in A. B.
mysoices escapes and survives on compressed substrates,
shown in B. B. mycoides survives in greater numbers on
compressed substrates regardless of initial concentrations in
mixed-species biofilms with S. marcescens, C. White arrowsin
B indicate the axis of compression. Means in C are + S.E.M.
Calculated from 3 technical replicates. Lengthsin C represent
degree of compression. This experiment was performed by
David J. Lemon and Derek A. Schutzman.



and appears non-motile on agar.
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While the mechanism which produces the directional spreading of B. mycoides and S.

flexneri is unknown, many of the species we observe to produce the polymertropism response
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Figure 5.3. B. mycoides tracking data and analysis. Tracks extracted from time-lapse video results in raw X,Y position data
over time as shown in A. Starting X,Y value subtracted from each track’s raw X,Y such that all tracks start at 0,0, called
zeroed XY, shown in B. Raw and zeroed data for compressed substrates shown under uncompressed data (C and D).
Zeroed XY data averaged for each time interval to generate average zeroed XY (+/- S.E.M.) as shown in E. Displacement
after each minute pooled to calculate average displacement after n minutes shown in F. This experiment was performed

by David J. Lemon and Derek A. Schutzman.



on compressed substrates
have mechanisms of surface
motility which have been
identified. Flagella-based,
type IV pili or twitching based,
and gliding or focal adhesion-
based motility mechanisms
have all, in at least one
species, proved effective at
polymertropism. The use of k-
carrageenan gels in addition to
agar gels enabled us to test
species which are not usually
motile on harder, drier
surfaces such as 1.5% agar.

Species motile on 0.4% or

D Displacement

{_1_\

t=:00 ————
t=:01 —Q
n=>5 Distance 1
t=:02
S——
Distance 2

Figure 5.4. Schematic of tracking data analysis. Tracks
extracted from time-lapse video results in raw X,Y position
data over time as shown in A. Starting X,Y value
subtracted from each track’s raw X,Y such that all tracks
start at 0,0, called zeroed XY, shown in B. Zeroed XY data
averaged for each time interval to generate average
zeroed XY (+/- S.E.M.) as shown in C. Minute-to-minute
distance for each time interval calculated as shown in D
were pooled to calculate average speed. Displacement at
track end calculated as shown in D were pooled to
calculate average displacement at track end. This analysis
was performed by David J. Lemon.
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lower agar may be better suited to culturing on k-carrageenan gels, which are wetter than agar

gels of the same concentration, but hold up to compression where soft-agar gels cannot.

5.2 Fitness benefits from polymertropism

That polymertropism is observed in species from widely divergent phyla, and which

utilize a variety of motility apparatuses seems to imply that it is somehow either important to,



A 700

600
500
400
300
200

100

@ 800

700
600
500
400
300
200

100

E?U

60 -

50

40

30

20

10

0

-10

Uncompressed raw X,Y el
’ A3
*5
- +7
- -9
mi1
W 13

N %
x
&

m?2
X4
®6
=8
+ 10
12
£14
+16
18

200 400 600 800

Compressed raw X,Y

Ay m11

Average zeroed X,Y

+ Uncompressed
® Compressed

1
1000
m2

®6
-8
+10

14
+16
18
20

76

Unstressed zeroed X,Y

200
F Ave
300
=)
o
250
£
8 200
8 &
& Z1s0
T o
o =
@ T 100
o
o 50 -
<L

160Compressed zeroed X,Y
140 |
120
100
80
60

40

20

20 o 2§ 400 600

rage displacement after n minutes

+ Uncompressed
| m Compressed

0 100 200 300
Time (minutes)

Figure 5.5. B. subtilis tracking data and analysis. Tracks extracted from time-lapse video results in raw X,Y position data
over time as shown in A. Starting X,Y value subtracted from each track’s raw X,Y such that all tracks start at 0,0, called
zeroed XY, shown in B. Raw and zeroed data for compressed substrates shown under uncompressed data (C and D).
Zeroed XY data averaged for each time interval to generate average zeroed XY (+/- S.E.M.) as shown in E. Displacement
after each minute pooled to calculate average displacement after n minutes shown in F. This experiment was performed
by David J. Lemon and Derek A. Schutzman.

or at least indifferent to, the lifecycle of biofilm-forming bacteria. The advantage of altered

behavior on aligned polymers may present as the ability to escape from the presence of other

species, move faster in the direction of polymer alignment, or impact biofilm formation at the

earliest stages of aggregation and biofilm development.
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Figure 5.6. B. cereus tracking data and analysis. Tracks extracted from time-lapse video results in raw XY position data
over time as shown in A. Starting X,Y value subtracted from each track’s raw X,Y such that all tracks start at 0,0, called
zeroed XY, shown in B. Raw and zeroed data for compressed substrates shown under uncompressed data (C and D).
Zeroed XY data averaged for each time interval to generate average zeroed XY (+/- S.E.M.) as shown in E. Displacement
after each minute pooled to calculate average displacement after n minutes shown in F. This experiment was performed

by David J. Lemon and Derek A. Schutzman.
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Figure 5.7. M, xanthus tracking data and analysis. Tracks extracted from time-lapse video results in raw X,Y position data
over time as shown in A. Starting X,Y value subtracted from each track’s raw X,Y such that all tracks start at 0,0, called
zeroed XY, shown in B. Raw and zeroed data for compressed substrates shown under uncompressed data (C and D).
Zeroed XY data averaged for each time interval to generate average zeroed XY (+/- S.E.M.) as shown in E. Displacement
after each minute pooled to calculate average displacement after n minutes shown in F. This experiment was performed
by David J. Lemon and Derek A. Schutzman.
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5.2.1 Competition and survival

(sjoxid) Juawade|dsip |eul4

To test if a strong polymertropism

response might confer a fitness or survival

advantage on an artificially aligned
substrate over a species which does not

have a similarly strong response, but is

(sa1nuiw) uoijeanp autel

otherwise able to out-compete the
polymertropism positive species, we mixed

liquid cultures of two species together and
spotted this mixture on compressed and

uncompressed substrates. B. mycoides,

(e1nuIw / sjaxid) psads sue|d

which has the strong polymertropism
response as discussed above (Fig. 5.1), is

typically unable to compete with Serratia

marcescens, a species which has a much
weaker polymertropism response, however

together on a compressed substrate the B.

when these two species are inoculated

mycoides is able to escape the footprint of

S. marcescens and survive in greater numbers to 24 hours (Figure 5.2). In three different

proportions - 3:1 in favor of S. marcescens, 1:1, and 3:1 in favor of B. mycoides - B. mycoides

survives in greater numbers on compressed substrates than on uncompressed substrates
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(Figure 5.2). While this is an admittedly best-case scenario for polymertropism; the strongest

response to compression observed paired with a compressed substrate, it is an example

nonetheless of polymertropism conferring a fitness, survival, or competitive benefit on the

species which has a strong polymertropism response.

5.2.2 Increased speed, displacement, and duration of flares

While the mixed-species biofilm experiment and species screen described above are

certainly useful, they do not yield insight into what the polymertropism response looks like in
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Figure 5.8. Motility over time. Average colony diameter +/- S.E.M. on 1.5% agar nutrient-rich media for B. mycoides (A),
B. subtilis (B), B. cereus (C), and M. xanthus (D). Line of best fit calculated and displayed with its equation. Slope of the
line of best fit represents the species’ average rate of motility. This experiment was performed by David J. Lemon.
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real-time as it is occurring. To bridge this gap we used time-lapse microscopy, capturing one
frame every minute at low magnification for up to 24 hours, to examine how flare behavior is
altered during the polymertropism response of four species: Bacillus mycoides, Bacillus subtilis,

Bacillus cereus, and Myxococcus xanthus.

B. mycoides, which has the most pronounced polymertropism response (Fig. 5.1) of
those we tested, displays generally curving flares on uncompressed substrates (Fig. 5.3 A-B),
but relatively straight flares on compressed substrates (Figure 5.3 C-D). While B. mycoides’

colonies are evidently curved over long distances (Fig. 5.1), over the short distance of the 35x
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Figure 5.9. Aspect ratio over time. Average colony aspect ratio +/- S.E.M. on 1.5% agar nutrient-rich media for B.
mycoides (A), B. subtilis (B), B. cereus (C), and M. xanthus (D). Line of best fit calculated and displayed with its equation.
Slope of the line of best fit represents the species’ average whole-colony rate of polymertropism. This experiment was
performed by David J. Lemon.
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field of view they appear to be nearly perpendicular to the axis of compression (Figure 5.3 C-D).
When the raw X,Y data from these flares are converted to zeroed X,Y data such that all flares
begin at 0,0 and move predominantly into quadrant | as demonstrated in Fig. 5.4, and the
zeroed X,Y data are averaged to compare flare shape or trajectory, quantitative differences in
flare trajectory emerge (Figure 5.3 E). On compressed substrates flares move much more in the
X axis than the Y axis, while the opposite is true on uncompressed substrates (Figure 5.3 E).
These differences in trajectory quickly add up to differences in average displacement from the
flares’ beginning. It takes no more than a few hours for the flares on compressed substrates to
move further away from their origin than flares on uncompressed substrates do (Figure 5.3 F).
These differences continue to pile up over time such that, on average, flares undergoing
polymertropism reach nearly twice as far away from their origin than comparable flares on

uncompressed substrates do (Figure 5.3 F).

These same general trends observed in B. mycoides also appear when flare behavior in
the other three species are analyzed (Figure 5.5, 5.6, 5.7). While B. mycoides is not the fastest
species we tested on compressed substrates, B. cereus is, B. mycoides’ flares persist
approximately twice as long (Table 5.2), which implies that while flare speed is surely important
in the polymertropism response, speed alone may not be sufficient to cause the drastically
elongated colonies characteristic of the strongest polymertropism responses. It is important to
note however, a weakness in this kind of analysis: quantifying flare duration for quickly moving
flares will result in an artificially lower average duration, as flares which cross the entire field of
view rapidly may persist for much longer, though only their time within the field of view can be

counted. Average flare duration on compressed substrates in Table 5.2 should therefore be
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treated as the bottom of a range, the flares’ true average duration will not be lower than
calculated average duration, but may in fact be much greater. For relatively slower species this
problem is less severe, as fast-moving flares can move directly across the field of view in a short

period of time.

B. subtilis (Fig. 5.5) and B. cereus (Fig. 5.6) behave similarly to B. mycoides; their flare
speed, duration, and final displacement are all increased on compressed substrates, though
unlike B. mycoides, these two species have characterized motility systems; they move with

15,16

flagella™™". M. xanthus (Fig. 5.7) also has a well-characterized motility system, as discussed

previously, which does not involve flagella”. In M. xanthus the motor which is most relevant to

the polymertropism response is the focal adhesion gliding motor®*®%2

. It does not appear that
one particular motility apparatus is more well-suited to the polymertropism response, the
greatest fold increase in flare duration and displacement was observed in M. xanthus, while the
greatest fold speed increase was observed in B. subtilis (Table 5.2). It is interesting to note that
the fold increases measured in B. cereus and B. mycoides are nearly identical (Table 5.2), if B.
myecoides is truly non-motile it seems unlikely that its spreading speed should be increased in

the same fashion as a known flagellar species. B. mycoides colonies spread quickly, more

rapidly than any other species we

Motility (slope) Polymertropism (slope)
tested (Fig. 5.8), which is also B. mycoides 0.0982 0.1150
B. subtilis 0.0092 -
surprising for a canonically non- B. cereus  |0.0100 0.0139
M. xanthus |0.0150 0.0044
motile species. Table 5.3. Colony motility and polymertropism. Slope

of the line of best fit for average colony diameter (Fig.
5.6) and aspect ratio over time (Fig. 5.7). Aspect ratio
of B. subtilis colonies too widely varied for a good fit.
This analysis was performed by David J. Lemon.
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The change in the aspect ratio of the colony over time allows us to quantify the rate of
the polymertropism response (Figure 5.9). B. subtilis’ whole-colony response is highly variable
(Fig. 5.9 B), and B. cereus’ becomes increasingly so over time (Figure 5.9 C). B. mycoides (Fig.
5.9 A) and M. xanthus (Fig. 5.9 D) have relatively consistent responses, though B. mycoides
spans the width of the plate after 36 hours. That B. cereus and B. subtilis have similar rates of
motility (Fig. 5.8), but differ in their polymertropism responses is also interesting, as B. cereus’
flares moved more than three times the as fast as B. subtilis’ on uncompressed substrates
(Table 5.3), which reinforces the notion that speed change alone is insufficient for producing
the polymertropism response of elongated colonies. That changes in flare speed are not
recapitulated at the whole-colony level suggests that polymertropism is an emergent behavior,

and may vary wildly at differing temporal scales and cell number or concentration.

5.3 Materials & methods

Wild-type DK1622 M. xanthus grown at 30° in CTTYE broth containing 1% casitone, 0.2%
yeast extract, 1mM KH,PO,4, 10mM Tris-HCI (pH 8.0), and 8mM MgSQ, or on plates containing
CTTYE broth and 1.5% agar. Other species” were tested on both agar and k-carrageenan gels,

2425 that yielded the most pronounced polymertaxis response to

with nutrient media
compression by 5.56 mm diameter Tygon tubing, as indicated on Table 5.1. Additional species

tested obtained as noted on Table 5.1. For this and all tests 5.56 mm diameter Tygon tubing

was used for compressing the substrates.

Mixed culture assays were performed with single species cultures were adjusted to

1x10° cells / mL and mixed together in the prescribed ratios immediately prior to being spotted



85

in 4 pL drops and incubated at 30°C. After 24 hours the cells were scraped up, resuspended,
briefly sonicated, diluted, and spread onto a plate of 3% agar CTTYE broth for counting colonies

18 hours later.

For the response to substrate compression over time assays colony perimeters were
marked 24 hours after inoculation and periodically until 72 hours after inoculation. From these
perimeters colony width and height measured by hand. Aspect ratios were calculated by
dividing colony width by colony height for each colony at each time point, these values for each
colony at each time point were combined to generate an average aspect ratio for each
combination of species and time. The slope of a line of best fit for each species’ aspect ratio vs.
time function could then be compared to the speed increase a species derives from the

polymertaxis response calculated as described above.

Time-lapse videos were obtained with an Olympus CK2 inverted microscope with 3.0
megapixel AmScope USB ocular camera and Toupview image capture software. One image was
captured each minute for 1440 minutes or until the field of view became overgrown. Flares
were tracked using Imagel)’s?® Manual Tracking plug-in, from when they initially emerged from
the bulk of the colony until they merged with another, merged with the colony, or moved off
the screen. Tracking was done before any slices were removed from the videos to decrease file
size for publishing, such that every 1 minute interval, or slice, was represented in the analysis.

After tracking was completed X,Y values from the results table were exported to Excel for

analysis.
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Maximal values for X,Y for each given track were subtracted from the raw X,Y data and
were multiplied by -1 as needed such that all flare trajectories reached their largest deflection
from the X and Y axes in quadrant | and each flare started at 0,0, which we refer to as zeroed
X,Y. The value of these zeroed X,Y for each slice number was averaged, which enabled
comparison between average flare shape across conditions. Slice-to-slice distance was
calculated for each pair of successive images, and averaged across all intervals for all tracks of
each condition, to measure the average distance which a flare covered in one minute, which we
refer to as speed. A similar calculation was performed when determining displacement,
distance between 0,0 and the ultimate zeroed X,Y for the final location of each track was
calculated for each track and averaged across all tracks for a given condition, which we refer to

as displacement as shown in Figure 5.4.
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Chapter 6 - Implications for bacterial behavior and organization

6.1 Possible mechanism

In M. xanthus it is known that Adventurous (A) motility is required for the
polymertropism response’. From the results presented and discussed in previous sections we
now know that during its response to compression-induced alignment of polymers M. xanthus
flares move faster and in a different overall direction during this polymertropism response than
do flares on uncompressed and unaligned substrates (Figure 5.7, Table 5.2). These effects

should be unpacked separately.

Perhaps M. xanthus flares move more rapidly on compressed, aligned substrates
because their motility apparatus is somehow more efficient. This seems plausible, as nutrient
content is held constant between compressed and uncompressed substrates during these
experiments, and previous work has shown M. xanthus motility to be sensitive to physical
changes in the substrate, especially stiffness®>. As stiffness in agar/agarose gels is principally a
function of the concentration of agarose polymerse'g, cells are known to be sensitive to changes
in stiffness, and compression likely causes an increase in polymer packing, it seems logical then
that this increase in polymer packing may be related to the increased speed. If focal adhesion
complexes are more or more stable on stiffer substrates, which has been reported, or if the
focal adhesions generally form or stabilize at locations of relatively high local polymer density,
perhaps then their number, effectiveness, or stability is enhanced on the tightly packed

polymers present during the polymertropism response. In this case the packing of the



polymers would be responsible for the speed
increase, could the orientation of their
alignment give rise to the changes in flare

behavior we have observed?

If, as demonstrated earlier, we assume
that the alignment of polymers is indeed
increased due to compression, and this
alignment is perpendicular to the axis of
compression, then both the polymers which
prompt the polymertropism response and the
cells which are undergoing it are both aligned
perpendicular to the axis of compression. If
we again think of the focal adhesion
complexes which link the cell to its underlying

2,3,9,10

substrate , it may be the case that these
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Compressed

i

Increased alignment

No polymer alignment

Figure 6.1. Strain-induced alignment and
slime trail following lead to aggregation.
Initially random, unaligned polymers
become relatively aligned due to
compression of the gel shown in A. Cells
(grey) lay down slime trails (green) which
induce other cells to follow the same path,
reinforcing the trail shown in B. Over time
(left to right in B) this feed-forward loop
leads to increased cell density and
alignment.

focal adhesions are better able to push off against and move along the long axes of these

polymers, rather than across them. This would be somewhat akin to climbing along a rope

rather than climbing across a net of them.

If a given input on the focal adhesion complex gives a greater return on a network of

aligned polymers in one direction than another, and these complexes tend to form where

polymers or groups of polymers are relatively highly packed, this may explain how the first cells
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to respond to polymer alignment alter their orientation and motility; purely through the
physical interaction with their substrate. These cells then will lay down slime trails, which will

reinforce the change in direction, influencing later cells to follow their lead (Figure 6.1).
6.1.1 Adventurous motility

Previous work has shown that, in general, A motiliy is required for polymertropism®. In
collaboration with the Tam Mignot lab in Marseilles, France, we have tested mutants defective
for single genes in the putative focal adhesion complex. Preliminary results show that each
protein in the focal adhesion core®is required for polymertropism, a complete and functional
AgIRQS motor complex to power the movement of these focal adhesions down the length of
the cell is required, and every other component protein, with the possible exception of AglH, is

necessary for the polymertropism response.
6.1.2 Screening knock-out mutants

In addition to the mutants defective for portions of the A motility apparatus described
above, we also tested a handful of genes known to be important to early biofilm

113 (Figure 6.2). While these results did not reveal any fully defective mutants,

development
the techniques involved in such a screen are easily scalable, and though a purely physical
mechanism for polymertropism may make a larger scale screen unnecessary the techniques
involved are readily scalable. Future screens for genetic mutants defective for polymertropism
should focus on loci related to motility, especially the focal adhesion complex, slime production

and secretion, stretch-sensitive ion channels which may help the cell perceive its physical

surroundings, and signal transduction pathways which may leverage the polymertropism
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response or be involved in pathways most relevant to the portions of the M. xanthus lifecycle
most relevant (especially early development and fruiting body formation). While a purely
physical model for polymertropism may eliminate the need for a biological feedback loop to
sense and respond to aligned polymers, that is not to say that the cells’ biological processes

may not have evolved to leverage this response in some way.
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Figure 6.2. Polymertropism defects in M. xanthus mutants. A handful of M. xanthus
single gene mutants were screened for defects in polymertropism and their %
difference in average aspect ratio from wild-type graphed +S.E.M. (n = 3-6). The genes
targeted were genes known to be involved in early development and gene expression
regulation. This experiment was performed by David J. Lemon.

6.2 Proposed model for polymertropism

On uncompressed, randomly oriented substrates the initial movements of cells will

14,15

leave behind slime trails as discussed previously™"~". These slime trails, being composed of

16-18

polysaccharides and extruded through relatively small nozzles in the cell’s surface™ ", may be

themselves composed of alighed polymers. In this case, initially random movements of cells
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will form the characteristics patterns observed in denser swarms of M. xanthus cells through
slime trail following alone™ by way of polymertropism. This effect would be reinforced over
time, as additional cells following existing slime trails will continue to deposit slime along these
trails in a feedforward loop. This condition may be even more pronounced on polymer
substrates which are already aligned, as compressed gels are, which may explain the
anisotropic colony spreading patterns characteristic of the polymertropism response;
underlying aligned polymers with aligned slime trails on their surface may be elicit the most
potent polymertropism response, but the aligned polymers found in nature as slime trails also

have effects on cell and flare behavior**°,

6.3 What these results mean for M. xanthus and microbiology
6.3.1 Early biofilm development

The response to aligned polymers can sufficiently explain bacterial cells’ tendency
toward following slime trails deposited by cells which have moved over an area before them

without a need for a biochemical, diffusible signal”’”’zo'22

. At the earliest stages of biofilm
formation, when a small number of cells are dispersed and distant from each other, the
polymertropism response to aligned polysaccharide slime trails will help cells find each other
(Figure 6.1). Encountering a slime trail oriented perpendicular to a cell’s present direction
represents a 50% chance to head toward the cell which deposited that trail if it is followed. This
could explain how dispersed cells aggregate initially before diffusible gradients of biochemical,

rather than physical, signals can spread or indeed even be produced. The purely physical

nature of the polymertropism response to slime trail following may also explain why there has
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been considerable difficulty in identifying a biological signal in Pseudomonas aeruginosa

slime?; it may be a physical signal rather than a biological one.

6.3.2 Aggregation and fruiting body development

The same processes described above may also enable cells in a loosely organized biofilm
find common centers to initiate fruiting body formation during development or starvation®%°.
By working in concert with diffusible gradients emanating from these highly dense fruiting
bodies, slime trail following through polymertropism will cause the initial trickle of cells into or
toward a common center to become a flood. The cells nearest to a fruiting body can be drawn
into it in response to biological or physical signals, which will feedforward, again reinforcing the
effect as cells even further away follow the diffusible gradient or slime trails toward the fruiting
body, over and over again until fruiting body locations become static and development ceases.
This dovetails nicely with the observation that slime trails alone are sufficient to induce

organization in M. xanthus™ and with a coarsening model that predicts large fruiting bodies will

grow at the expense of smaller nearby fruiting bodies?’.

6.3.3 Clinical & eukaryotic microbiology

Motile eukaryotic cells should be investigated for responses to aligned polymers, as they

28-31

have previously been shown to actively cause said alignment™ ", communicate through the

28,32-35 36-43

substrate , are sensitive to changes in the stiffness and orientation of the substrate™ ™,

and substrate alignment has been implicated in disease progression“‘46

. Additionally, it may be
possible, if these cells do have some response to substrate alignment as predicted, to leverage

this response to induce cells into alignment, culture tissues with appropriate mechanical
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properties for grafting, or guide cells into 3D scaffolds for implantation. Physical models of
focal adhesion stability and force transduction, experimental observation that motile
mammalian cells are sensitive to changes in the concentration of polymers (durotaxis), and
simulations which suggest actively moving cells can pull their substrates into alignment,
possibly even use this to communicate with their distant neighbors all point to a plausible
likelihood that motile mammalian cells may also respond to alignment of their substrate’s

component polymers.

Perhaps the simplest example of a clinical application that may be possible through
greater understanding of the biological response to aligned polymers is an improvement to the
indwelling urinary catheter. These catheters are problematic, as they are associated with a
staggering number of hospital-acquired infections*’ due to the infiltration of bacteria from
outside the body to the inside via the catheter’s lumen. There is a presently understood need
for improvements in catheter design®, perhaps the extrusion process of manufacturing or the
tensile strain on an indwelling catheter causes its component polymers to become relatively
aligned, which could present a metaphorical highway into the body to any bacterial species
which could leverage this polymer arrangement. Indeed Proteus mirabilis, a common cause of
complicated urinary tract infections*, does respond to polymer alignment (Table 5.1). Perhaps
a subtle change to the manufacturing process, for example adding an element of rotation to the
extrusion process so that the polymers of the catheter form a helical screw rather than a
straight line, can dramatically slow down the species’ advance through the catheter and reduce
nosocomial infections. That the production of slime is also known to be related to the

50,51

emergence of pathogenicity and the previously discussed importance of polymertropism to
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interactions between bacterial cells and slime or slime trails also lends credence to the notion

that there may be clinical relevance to understanding the polymertropism response.

Taken together, these results and their potential application to both prokaryotic and
eukaryotic microbiology should encourage future study of physical interactions between cells
and substrates, especially on substrates which have been aligned due to compression.
Compression of hydrogels, as described in this work, represents an inexpensive, easy, and fast
way to produce aligned polymer substrates, and the biological responses these substrates elicit
from the cells moving on their surfaces may well be leveraged in novel ways to examine even

more complex or relevant behaviors going forward.

6.4 Materials & methods

4 pL drops of M. xanthus liquid culture at 10° cells/mL were spotted on 1.5% agar CTTYE
media compressed with 5.56 mm diameter Tygon tubing as described previously. After 24
hours aspect ratios were calculated for mutants and wild-type colonies, average aspect ratio

S.E.M. presented as a percentage of comparable values for wild-type colonies.

Gene-deletion mutants from the Tam Mignot lab were grown overnight and inoculated
onto compressed agar media as described above. Colony perimeters were marked every 24
hours for 120 hours. Mutants with average aspect ratios which increased linearly over time, as
wild-type does, were classified as polymertropism positive, while mutants with aspect ratio vs.

time graphs that did not increase were categorized as defective.
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