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ABSTRACT OF THE DISSERTATION

Wired to Fire: Electric Signaling in Biofilms and Spores

by

Kaito Kikuchi
Doctor of Philosophy in Biology with a Specialization in Quantitative Biology
University of California San Diego, 2022

Professor Giirol Mehmet Siiel, Chair

Cells, the fundamental unit of life, exist in an ever-changing environment. The ability to
sense the environment and decide on a suitable strategy is therefore one of the most important
cellular functions. In this dissertation, I will describe two examples of signal transmission and
processing that utilize ions. In Chapter 2, I will demonstrate how Bacillus subtilis cells self-
organize to optimize longe-range signal transmission, in a striking example of statistical physics
informing multilevel cellular behavior. In Chapter 3, I will show how B. subtilis spores use stored
ions to integrate external signals to decide whether to revive from dormancy. Taken together,
these examples show the integral role of ions in biological signaling: weaving communication

wires that span thousands of cells, and working to reignite life from a complete stop.
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Chapter 1

Introduction

1.1 Cells as a unit of signal transmission and processing

Cells, whether in isolation in the wild or embedded within our bodies, reside in dynamic
environments with constantly shifting landscapes of nutrient availability and different stress
sources. This makes it important to have a sophisticated array of sensory mechanisms as well
as mechanisms that enable cells to evaluate sensory information and choose the best way to
cope with the environment. For example, bacterial cells are able to sense the gradient of nutrient
concentrations as they swim through liquid and move towards the source by changing how their
molecular propellers (flagella) rotate. This process, known as chemotaxis, is a classic example
of dynamic cellular decision making that integrates external information and translates that into
cellular behavior. While cellular motility is by nature a string of highly transient decisions, other
decisions such as those that involve cell-fate differentiation would be harder (if not impossible)
to reverse, and therefore the decision making process there will need to be made carefully.
Furthermore, signal transmission and processing does not come free, as like any cellular process,
they would also have to be budgeted from a finite supply of energy. Biologists have uncovered

many strategies that cells and organisms take in order to maximize fitness (likelihood of growth



or retaining progeny) in face of uncertain futures and biological costs.

1.2 Communication is key to decision making

Any well-informed decision, as the term suggests, needs information. In the case of cells,
this information may come in the form of external signals such as the presence of nutrients or
stress, or internal signals such as cell volume or DNA replication errors. In one particularly
important avenue, cell-to-cell communication, cells themselves relay signals to each other for
collective behavior. Organismal biology is full of such communications and are essential to
developing and maintaining a healthy cellular and organismal state.

Bacteria often form complex multicellular communities named biofilms. Biofilms function
like a multicellular organism in the sense that individual cells benefit from collective protection
from external threats, as well as providing common goods or value in the form of division-of-labor.
As expected, biofilms also are prime examples of cell-to-cell communication influencing cellular
decisions. For instance, a growing biofilm needs to balance growth with nutrient supply in
order to keep the whole community healthy. In absence of a resource management mechanism,
cells located in peripheral regions with ample contact with external nutrients may gobble up all
the food, leaving cells in the interior of the biofilm to starve. Bacillus subtilis biofilms solve
this problem by cell-to-cell communication. When cells in the interior regions sense nutrient
starvation, they open potassium ion channels in their membranes to release intracellular potassium.
This sudden increase in local extracellular potassium ions depolarize neighboring cells, which
induce growth arrest and subsequent potassium release. This continues throughout the biofilm in
a bucket-brigade fashion all the way to the periphery, halting cell growth to allow nutrients to
diffuse into the biofilm, replenishing supply throughout the community. The process repeats itself
when peripheral growth restarts and the internal cells starve, leading to a characteristic oscillatory

growth behavior [1, 2].



At the single-cell level, there is a further level of cellular decision making involved in this
form of electric signaling. Each individual cell balances the cost (growth arrest during signaling)
and benefit (health of the community). One extreme scenario would be every cell participating
in the signaling process, which would ensure full signal transmission at the cost of full growth
arrest. The other extreme would be zero participation, which would have obvious detrimental
effects to biofilm health. As such, biofilms need to situate themselves somewhere between these
extremes to achieve their objective of full connection without incurring unnecessarily large cost.

In Chapter 2, I will address this process by combining experimental microbiology with
statistical physics. By observing signaling biofilms at single-cell resolution, we first noticed
that not all of the cells were participating in the process, and that those that participate seemed
to be organized in space in a connected network-like structure. Percolation theory, which is a
model from statistical physics that describes signal transmission through spatial organization,
allowed us to explain how the biofilm balances the cost and benefit of electrical signaling by
having a statistically optimal fraction of the cells to participate, ensuring a connected signalling

path without unnecessary bloat.

1.3 How to wake up when you’re a rock

In face of uncertain environmental outcomes, cell populations often resort to maximizing
the fitness of the group as a whole, by diversifying the cell fates that individual cells differentiate
into, in effect spreading their bets on hitting the correct strategy that matches the environment. One
classic example is the decision making around forming spores in Bacillus subtilis communities.
Spores are specialized cell structures that encapsulate a copy of the genome in many layers of
protective layers designed to withstand extreme stress. Spore-forming bacteria such as B. subtilis
generate spores in response to starvation to function as a seed, from which future generations

of the cell can revive in case nutritional availability increases. Dormant spores do not grow (or



have any measurable metabolic activities), therefore they carry a large fitness cost to the cell that
creates them. This creates a dilemma for the cells: if the environmental downturn is temporary,
creating a spore would be unnecessarily costly with minimal gain, but if the nutrient scarcity
persists, then all non-spore states will eventually perish, leaving the population to go extinct. B.
subtilis solves this problem by bet-hedging, committing only a fraction of cells to sporulation,
almost as a backup strategy, as the rest of the population continues vegetative growth or alternative
and less costly coping strategies such as temporary differentiation into competency (enabling
external DNA uptake to potentially gain novel genetic functions).

Of course, as the spore needs to function as a seed, the decision to cease being a spore
is as important as the decision to become. The process of spore germination, or more broadly,
revival, is a fascinating sequence of events that lead from metabolic death to dynamic growth. In
this process, spores rehydrate, remodel their cell wall, repair DNA, and restart macromolecular
synthesis. However, one question remains to be answered: how does a metabolically dead spore
decide to start this process? How does a rock think?

In Chapter 3, I will describe my findings in how B. subtilis spores use stored ions to
integrate external signals and make decisions during complete dormancy. By combining genetic
mutants, chemical perturbations, mathematical modeling, and fluorescence microscopy, we
discovered that spores release potassium ions in response to external stimuli, which in turn causes
a shift in the electrochemical potential. This moves the dormant spore towards a threshold that,

once crossed, starts the irreversible germination program towards complete metabolic revival.



Chapter 2

Signal Percolation within a Bacterial

Community



2.1 Abstract

Signal transmission among cells enables long-range coordination in biological systems.
However, the scarcity of quantitative measurements hinders the development of theories that
relate signal propagation to cellular heterogeneity and spatial organization. We address this
problem in a bacterial community that employs electrochemical cell-to-cell communication. We
developed a model based on percolation theory, which describes how signals propagate through
a heterogeneous medium. Our model predicts that signal transmission becomes possible when
the community is organized near a critical phase transition between a disconnected and a fully
connected conduit of signaling cells. By measuring population-level signal transmission with
single-cell resolution in wild-type and genetically modified communities, we confirm that the
spatial distribution of signaling cells is organized at the predicted phase transition. Our findings
suggest that at this critical point, the population-level benefit of signal transmission outweighs
the single-cell level cost. The bacterial community thus appears to be organized according to a

theoretically predicted spatial heterogeneity that promotes efficient signal transmission.



2.2 Introduction

Biological systems, such as tissues or bacterial communities, often require reliable sig-
nal transmission among cells to coordinate actions at a distance [3, 4]. In metazoans, highly
specialized and sophisticated structures are dedicated to signal transmission, such as axons that
relay electrical signals in the nervous system. Densely packed bacterial communities have also
been shown to benefit from coordinating their metabolic activities over long distances (exceeding
hundreds of cell lengths) to cope with nutrient competition [1, 5]. However, these bacterial
communities face at least two major challenges to coordinate cellular actions at long distances.
First, it is unclear how bacterial communities can achieve reliable signal propagation to desired
target sites without specialized structures that direct the signals. Second, bacterial communities
exhibit significant cell-to-cell heterogeneity that can constitute a key obstacle for long-range signal
propagation [6, 7, 8]. For example, if only a fraction of cells contributes to signal transmission, the
resulting cell-to-cell heterogeneity could cause the propagating signal to die out before reaching
its desired target [9, 10, 11, 12]. It is thus important to establish the relevance of heterogeneity in
bacterial communities in the context of long-range signal transmission (Fig. 2.1A). The molecular
mechanism that underlies signal propagation from the interior of a Bacillus subtilis community
toward its edge is based on ion channel-mediated electrochemical cell-to-cell signaling (Fig.
2.1A). Specifically, electrochemical signaling is initiated by cells in the biofilm interior when
they experience glutamate starvation during biofilm expansion. This nutrient starvation leads to
the opening of the metabolically gated YugO potassium ion channel and subsequent release of
intracellular potassium. The resulting local increase in extracellular potassium causes immediately
adjacent cells to depolarize, which interferes with their uptake of glutamate, a charged amino
acid. Consequently, the depolarized neighboring cell also experiences glutamate limitation and
opens its potassium ion channels, releasing its own potassium ions [2]. This cell-to-cell relay

mechanism gives rise to a chain reaction that propagates the signal to the biofilm periphery. When



the electrochemical signal reaches the biofilm edge, it halts growth of peripheral cells and thereby
reduces their nutrient consumption. This reduction in nutrient consumption allows higher nutrient
availability to the stressed cells in the biofilm interior.

When nutrient stress in the interior is alleviated, signaling ceases. Now the biofilm
resumes growth, which again results in a renewed starvation of interior cells and initiation of the
electrochemical signal. This signaling process thus increases the overall fitness of the biofilm
against chemical attack by maintaining a viable population of sheltered interior cells. In addition
to the population-level benefit, electrochemical signaling carries a measurable cost to individual
cells, in the form of a reduction in growth rate (Fig. 2.1B) [1]. This trade-off between single-cell-
level cost and population level benefit suggests that it might be advantageous for the biofilm that
not all cells carry the burden of relaying the signal for long-range transmission to succeed. But it is
unclear what fraction of signaling cells is needed and how these cells would be organized in space
to transmit the signal. Notably, signal propagation through such inhomogeneous populations is not
a problem exclusive to biological systems, but a general question that has been deeply explored
in fields such as physics, chemistry, and materials science [13, 14, 15]. Percolation theory has
emerged as the simplest statistical physics approach that directly addresses this problem. This
theory has been commonly applied to study signal propagation through various spatially extended
heterogeneous systems [16, 17]. In particular, it describes the emergence of a connected path
(connected cluster of cells) that spans the entire size of a spatially extended system, providing a
conduit for signal transmission.

Here, we apply the framework of percolation theory to understand how electrochemical
signals are propagated across a heterogeneous B. subtilis biofilm community. By incorporating
excitable dynamics into a percolation model, we predict the ability of a biofilm to transmit a signal
given different fractions of cells participating in signaling, as well as different signaling dynamics.
We define cost and benefit for each set of signaling parameters and predict a region in parameter

space, determined by the critical percolation point, where the signaling benefit outweighs the



associated cost. Integration of mathematical predictions with quantitative experimental data
from wild-type and mutant biofilms suggests that wild-type biofilms operate near this region.
Our findings are likely to apply to other percolation systems where the benefit exhibits a sharp
sigmoidal shape due to its population-level character, while the cost is associated with the
individual units that comprise the system and thus increases linearly with the fraction of signaling
units. We argue that in such systems, the benefit will outweigh the cost near the percolation

threshold.



2.3 Results

To address the problem of long-range signal transmission in biofilms, we began by
constructing a percolation-theory-based model to investigate how a population of cells with
heterogeneous electrical activity can reliably propagate signals (Fig. 2.1A, Methods). Percolation
theory predicts the transition of a network from having only localized short-range connections to
the emergence of a fully connected path that spans the entire system (Fig. 2.1C). Specifically, for
a defined two-dimensional lattice, the onset of percolation occurs when the fraction of randomly
positioned firing cells, ¢, reaches a critical value, ¢, [18]. At this point, the system undergoes a
sharp phase transition in its connectivity, giving rise to a connected cluster of firing cells with
a size close to that of the entire system. Below the critical ¢, too few cells are firing to have
sufficient adjacent cells to comprise a fully connected cluster that can span the entire size of the
system. Therefore, the probability of having a fully connected conduit for signal transmission
across the system remains zero below the critical fraction, but then suddenly jumps to 1 (complete
connectivity) as ¢ reaches the critical value. In other words, only when ¢ has reached the critical
fraction of firing cells can there be clusters of firing cells that are large enough to span the system.
This gives rise to the characteristic sudden phase transitions associated with criticality (Fig. 2.1G)
[18].

Given the experimentally constrained size of the system and a modal value of six neighbors
for the biofilm cells (Fig. 2.1D), the model predicts an onset of signaling connectivity (percolation)
when the fraction of firing cells in the biofilm reaches 0.45 (Figs. 2.1E-G, see Fig. S2.1C for
lattices with different numbers of nearest neighbors). At this critical fraction, a firing cell is likely
to have at least one immediately adjacent neighbor that is also a firing cell. Consequently, the
cluster size distribution of firing cells will have a long tail. In other words, there is always a finite
probability of finding a very large, system-spanning cluster of firing cells. Specifically, theory

predicts that near this critical percolation threshold, and only near this point, the distribution

10



of cluster sizes formed by signaling cells follows a power-law decay with an exponent of 2.05
[18](Figs. 2.1H and S2.2). While the critical value for the fraction of firing cells depends on the
specifics of the lattice, such as the number of neighboring cells, the exponent is universal (Fig.
S2.1D). This means that the exponent value is the same for any two-dimensional lattice and thus
a very stringent and general prediction [19].

To reiterate, percolation theory thus makes two precise predictions required for signal
transmission to become possible in bacterial communities: (1) the fraction of firing cells in
the biofilm should be at, or above, the critical percolation threshold of 0.45, and (2) near the
percolation threshold, the distribution of cluster sizes formed by firing cells should follow a
power-law decay with a slope of 2.05.

To test these theoretical predictions, we determined the spatial arrangement of signaling
cells within biofilms. We utilized a microfluidic platform to grow B. subtilis biofilm communities
[1] and image them with single-cell resolution (Fig. S2.3). The microfluidic growth chamber
contained designated regions where the biofilm was constrained in height to a two-dimensional
monolayer. This allowed us to accurately quantify the spatial organization and dynamics of
electrochemical signaling at the single-cell level. Furthermore, the two-dimensional geometry
allowed us to directly investigate signal transmission in a geometry where the number of neigh-
boring cells is limited, compared with three-dimensional regions of the biofilm where each cell
has more than six neighbors on average. The ability of the biofilm to transmit signals even in a
monolayer is crucial, since the leading edge of the biofilm is predominantly a monolayer [20] and
constitutes the destination for electrochemical signaling (Fig. 2.2A).

To measure membrane potential of individual bacteria within biofilms during electro-
chemical signaling, we used the previously characterized fluorescent reporter thioflavin-T (ThT),
which acts as a Nernstian membrane potential indicator [2]. Specifically, the higher the membrane
potential of the cell, the larger the amplitude of the fluorescent ThT signal. Single-cell resolution

measurements of the biofilm show that only some cells exhibit pulses in electrical activity, while

11



others do not appear to participate in signaling (Figs. 2.2A,B, andS2.4). Analysis of all cells
reveals a bimodal distribution of membrane potential amplitudes during signal propagation, with
the fraction of signaling cells being ¢ = 0.43 £+ 0.02 (Fig. 2.2B, Methods), in agreement with
the theoretically predicted percolation threshold. We then measured the spatial distribution of
signaling (firing) cells and determined that they were clustered in space (Fig. 2.2C). Moreover, the
distribution of cluster sizes follows a power-law decay that extends across three decades and has
an exponent of approximately 2 (Fig. 2.2D). Both the fraction of firing cells and the distribution
of firing cell cluster sizes are thus consistent with percolation theory predictions. These results
suggest that the spatial organization of signaling cells within the bacterial community may be
organized near the percolation threshold.

Signal transmission is an inherently dynamic process that unfolds over time. In our system,
the signal propagates from one cell to the next, where each cell undergoes an excitable pulse
(firing) in its membrane potential. The amplitude of the pulse must be sufficiently high to trigger
a response in the neighboring cell. It is also important that the cell does not spend excessive time
in the firing (and thus non-growing) state, as this would result in unnecessary cost (Fig. 2.1B).
In its simplest form, percolation theory is a statistical framework that does not account for such
pulse durations and signaling dynamics of cells. Therefore, we created a model that takes into
account both the spatial arrangement of firing cells and the single-cell dynamics during signal
transmission.

We described the electrochemical signals in the biofilm with the FitzZHugh-Nagumo (FN)
model of excitable dynamics (Fig. 2.3A) [21]. This simple model, commonly used for studying
action potential dynamics in neurons, accounts here for excitable dynamics in individual cells
as well as for the transmission of signals between neighboring cells (Figs. 2.3B,C). It contains
three parameters: the first is the activation or firing threshold, ug, which defines the amplitude
that an external signal has to exceed in order to trigger a response in the form of a pulse. The

second parameter is the recovery time, T, which sets the pulse duration of a given response and
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thus governs the signaling dynamics. The third parameter is the ratio € of excitation to cell-to-cell
coupling strength, which when sufficiently high supports pulse-coupled wave propagation (see
Methods)(Mirollo and Strogatz, 1990). To account for heterogeneity in signaling, different
fractions of cells can be assigned as firing cells by giving them a higher value for T than the
other cells (Fig. 2.3D). We integrated the FN model with percolation theory by evolving the
dynamics on a twodimensional lattice of excitable cells. Simulations show that successful signal
propagation through the lattice of cells depends on both the firing duration and the fraction of
firing cells. Importantly, for the same dynamic parameters, a fraction of firing cells near or
above the percolation threshold enables successful signal transmission, while a fraction below the
threshold fails to propagate the signal (Figs. 2.3D,E).

To experimentally investigate how biofilm dynamics and spatial structure jointly determine
signal transmission and to integrate our findings with mathematical predictions, we utilized three
gene-deletion strains that generate biofilms with altered structure and dynamics (Fig. 2.4A,
Methods). We first focused on structural differences among biofilms and began by investigating
the ArrkA strain, which lacks the TrkA gating domain of the YugO potassium ion channel and
is known to be deficient in electrochemical signaling (Humphries et al., 2017; Liu et al., 2017;
Prindle et al., 2015). Indeed, biofilms formed by the AfrkA strain contain a low fraction of
firing cells, 0.13 £ 0.04 (mean £ SEM), compared with 0.43 £ 0.02 observed in wild-type
biofilms (Figs. 2.4B,D). We also utilized a strain that lacks the KtrA potassium pump ( AktrA) and
generates biofilms with a fraction of firing cells similar to wild-type biofilms (0.48 + 0.11). In
contrast, deletion of SinR ( AsinR), a transcription factor that represses expression of the YugO ion
channel [22], results in biofilms with a higher fraction of firing cells, 0.74 £ 0.04 (Figs. 2.4B,D).
Biofilms formed by these strains thus contain structural differences as defined by differences in
the fraction of firing cells.

To characterize the signaling dynamics of each strain, we tracked hundreds of individual

cells within the wild-type and genetically modified biofilms and measured their electrical activity
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during signal transmission (Fig. 2.4C). We found that the wild-type biofilm has the shortest pulse
duration, followed by AsinR and AtrkA biofilms (Fig. 2.4E). The absence of the KtrA potassium
uptake pump extends the pulse duration, presumably by delaying the recovery of intracellular
potassium stores. Notably, wild-type and AktrA biofilms have a similar fraction of firing cells,
despite their difference in average pulse durations. In contrast, AfrkA and AsinR biofilms have
similar pulse durations, even though AzrkA biofilms contain the lowest and AsinR biofilms the
highest fraction of firing cells (see Fig. S2.5 for single-cell traces from the model). Together,
these strains show that the fraction of firing cells and average pulse durations can be separately
modulated, allowing us to experimentally explore the phase space defined by the structure and
dynamics of biofilms during signal transmission (Fig. 2.4F).

The different combinations of biofilm structure and dynamics that are accessible through
genetic perturbations provide an opportunity to investigate why the wild-type cell-to-cell het-
erogeneity is organized near the critical percolation threshold. Motivated by the notion that
biological processes carry not only a benefit, but also a cost, we asked whether the observed
spatial organization of wild-type biofilms could be explained by the balance between the benefit
and cost of signal transmission. The benefit is defined by the ability to successfully transmit
the signal within the biofilm, since such signaling has been previously shown to increase the
population-level fitness against chemical attack [1]. Therefore, we can experimentally define the
population-level benefit of signaling based on the fidelity of signal transmission. Specifically,
we measure the relative fraction of cells that relay the signal at the two most distant locations
within the field of view of our experimental set up (approximately 25 cell lengths in Fig. 2.5B).
We find that the wild-type and mutant biofilms that contain a fraction of firing cells that are
near or above the critical percolation threshold can successfully transmit the signal without a
decay in its amplitude (Figs. 2.5A,B). In contrast, the AtrkA strain, which has a fraction of
firing cells well below the percolation threshold (Figs 2.44D,F), fails to transmit the signal (Figs.

2.5A,B). We can now relate this experimentally determined benefit to the mathematical model
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based on the fidelity of signal transmission. In particular, the model predicts that as a function
of f, the benefit will sharply rise in a sigmoidal manner (Fig. 2.5C). This sudden rise in the
population-level benefit is due to the sudden transition in connectivity at the percolation threshold
that enables signal transmission through the system. Beyond the percolation threshold, the benefit
is predicted to saturate, since a fully connected conduit for signaling has already been formed,
and a further increase in the fraction of firing cells does not qualitatively alter signal transmission.
Our experimental data are consistent with the mathematically predicted benefit function (Fig.
2.50).

On the other hand, community-level benefit is also associated with a single-cell-level cost.
Specifically, firing cells incur a metabolic burden during their electrical activity, as illustrated
by the experimentally observed reduction in their cell elongation rate (Fig. 2.1B). Therefore,
we define population-level cost as the fraction of firing cells multiplied by their mean signaling
duration (Fig. 2.5D). The biofilm incurs greater cost with an increasing number of firing cells,
or longer firing durations per cell. Consequently, the cost function increases gradually with the
fraction of firing cells. While both the cost and benefit increase as a function of the fraction of
firing cells, the smooth rise of the cost function and the sharp sigmoidal shape of the benefit
function imply an intriguing cost-benefit relationship (Figs. 2.5C,D).

We find that the intersection of a nonlinear benefit function and a linear cost function
gives rise to a non-monotonic benefit-to-cost relationship. Specifically, the cost rises at a constant
rate, while the benefit jumps at the percolation threshold and then saturates (Figs. 2.6A,B). This
suggests that the benefit-tocost ratio would be highest near the percolation threshold. Indeed,
when we plot the benefit-to-cost ratio from the model as a function of the fraction of firing cells,
we find a well-defined peak near the percolation threshold (Figs. 2.6C,D). The result does not
depend on the specific way in which benefit and cost are compared: subtracting the cost from
the benefit, for instance, also yields a peak near the percolation threshold (Fig. S2.6). The

experimentally determined values place the wild-type biofilm near this region defined by the peak,
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while the mutant biofilms are located away from this region (Fig. 2.6D). These results indicate
that the spatial organization of heterogeneity in the wild-type biofilm promotes efficient signal
transmission by residing near the percolation threshold.

We note that given a sharp rise in the benefit due to the critical phase transition, the benefit
will outweigh the cost near the percolation threshold for a broad range of slopes of the cost
function (Figs. 2.6C,D inset). We also note that linearity is not required, for as long as the cost
function increases gradually, the benefit-to-cost function will always be dominated by the jump in

the benefit.
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2.4 Discussion

It has been suggested that biological systems across different scales exhibit properties
consistent with critical phase transitions. This claim is often justified by the observation of
scalefree behaviors, such as power-law dependencies [23, 24, 25]. However, two common
concerns are that many biological systems lack an underlying theoretical justification of a critical
phase transition, and that the biological purpose of operating near a phase transition is unclear
[26]. Here we demonstrate that the spatial organization of a bacterial biofilm is consistent
with percolation theory, which is well-known to exhibit a critical phase transition. Specifically,
we observe a power law that arises at the predicted value (percolation threshold) and with the
predicted exponent. Furthermore, we offer a biological rationale for why the system would be at
criticality, by showing that the benefit outweighs the cost near the critical point. The scale-free
nature of the critical point also suggests that efficient signal transmission is independent of the
size of the biofilm. In other words, signals can be efficiently transmitted as the biofilm grows,
without the biofilm having to adjust the fraction of firing cells. It is thus intriguing to speculate
that a cost-benefit negotiation may be an organizing principle that drives the biofilm structure
to the critical percolation threshold. Our findings suggest that the cost and benefit of signal
transmission may play a role in promoting spatial heterogeneity that is organized near criticality.
Consequently, the theory developed in statistical physics to describe criticality may also describe
the spatiotemporal organization of diverse biological systems and provide a conceptual framework

to uncover the functional pressures that drive these systems to phase transition points.
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2.5 Methods

2.5.1 Bacillus subtilis Strains

We conducted all experiments with B. subtilis NCIB 3610. All strains used in this
study can be found in Supplementary Table S2.1. Wild-type 3610 was a gift from W. Winkler

(University of Maryland) [27]. All other strains were derived from it and verified by sequencing.

2.5.2 Biofilm Growth Conditions

We grew biofilms in MSgg medium containing 5 mM potassium phosphate buffer (pH
7.0), 100 mM MOPS buffer (pH 7.0, adjusted using NaOH), 2 mM MgClI2, 700 mM CaCl2,50mM
MnCl12, 100 mM FeCl3,1mM ZnCl12,2mM thiamine HCI, 2 mM sodium citrate, 0.5% (v/v) glyc-
erol and 0.4% (w/v) monosodium glutamate. Media were made from stock solutions immediately

before experiments, and the stock solution of glutamate made fresh every two days.

2.5.3 Microfluidics and Experimental Conditions

24 hr before experiments, we streaked strains from -80 C glycerol stocks onto LB agar
plates and grew overnight at 37 C. The day of experiments, we inoculated single colonies from
LB plates into 5 mL of liquid LB media and grew in a 37 C shaker for ~2.5-3 hr. We centrifuged
LB-grown cultures at 4800 rpm for 2 min and resuspended cell pellets in MSgg medium. We then
immediately loaded cells into a YO4D microfluidic plate using the CellASIC ONIX microfluidic
system (EMD Millipore) [1]. After loading, we grew cells in the microfluidics at 37 C and 0.5 psi
(~8 mm/s) flow for ~2 hrs before changing temperature to 30 C and growing overnight under
1.5 psi flow (~24 mm/s). After 12 hr of growth in plain MSgg, ThT dye was flowed in at a

concentration of 10 mM. Experiments were conducted under these conditions.
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2.5.4 Percolation Theory

To describe the connectivity and clustering statistics of firing cells in the biofilm, we
simulate cells on a regular two-dimensional lattice. Because cells in the experimental biofilms
have a modal value of six neighbors (Fig. 2.1D), we use a triangular lattice, in which cells have
six nearest neighbors to which they connect forming triangles [18]. Other lattices that would be
good approximations of the biofilm predict similar results to those of the triangular lattice (Fig.
S2.1). Percolation theory describes the statistics of lattices in which a fraction ¢ of cells are firing.
Firing cells are positioned uniform randomly within the lattice.

Percolation theory predicts that for sufficiently large lattices there is a critical threshold
0. at which several key features occur (Stauffer and Aharony, 1994). First, the probability of a
connected path (a contiguous path of firing cells that spans from one side of the lattice to the
other) transitions from O to 1 at ¢, (Fig. 2.1G). Second, at ¢, the distribution of cluster sizes
becomes a power law, p(n) o< n~* (Fig. 2.1H), where a cluster is defined as a group of contiguous
firing cells, and #n is the number of cells in the cluster. For two-dimensional infinite lattices, the
exponent is o0 = 187/91 ~ 2.05 [18]. Below ¢, the distribution falls off exponentially (Fig. S2.2),
and above ¢ the distribution acquires weight near the lattice size due to the emergence of a giant
cluster (Fig. S2.2).

In all simulations we use a lattice size that corresponds to the approximate observation
window in the experiments, L = 35 cell heights by W =200 cell widths. Connectivity is determined
along the shorter direction L, since this is the direction of signal propagation in the biofilm. The
asymmetric geometry (L # W) is responsible for the deviation of the percolation threshold (¢, =
0.45) seen in the main figures from the predicted value for a symmetric triangular lattice (¢, =

0.5) [18]. Figs. 2.1G,H, and S2.2 were generated using 2000 realizations of the lattice.
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2.5.5 Dynamical Model

To model the single-cell dynamics of electrical pulses in the biofilm, we utilized the
FitzHugh-Nagumo (FN) model (Fig. 2.3A) [21]. The FN model is a minimal model of excitable
dynamics and is commonly utilized for studying action potential dynamics in neurons. Here we
use it to model the bucket-brigade mechanism of effective electrical activation of neighboring cells
reported previously [2]. Specifically, we use a discretized Laplacian term to account for the cell-
cell communication (Figs. 2.3A,C). In general, the parameters of this phenomenological model
do not have a precise mechanistic interpretation, but rather are calibrated from the experiments as
described below.

In all dynamical simulations, cells in the first row are initialized with u = 1 to trigger the
excitable wave; all other cells are initialized with u = 0. We use a lattice of L' = 100 rows by
W =200 and record from a window of L =35 by W = 200 that is positioned just after the first
row. Choosing L' > L avoids boundary effects at the last row. We use an absorbing boundary
at the last row and reflecting boundaries on the other three sides. To evolve the dynamics, we
discretize the FN model in time using the fourth-order Runge-Kutta method with time step A ¢t =
0.02. For the cell-cell coupling we use g; = 1/2 and 1/4 (Fig. 2.3A) for the two short-edge and
four long-edge neighbors, respectively, corresponding to a rectangular cell with a 2-to-1 aspect
ratio on a triangular lattice.

A fraction ¢ of cells are firing and are positioned randomly in accordance with percolation
theory as described above. All firing cells have the same FN parameters, given below. Non-firing
cells have the same parameters as firing cells, except that we reduce the recovery time T by a

factor of 60, which we find strongly reduces the firing propensity of these cells (Figs. 2.3D,E).
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2.5.6 Model Calibration

We calibrate the parameters of the model (Fig. 2.3A) from the wild type (WT) data in
the following way. The fraction of firing cells ¢ = 0.43 is obtained directly from the experiments
(Fig. 2.4D). The excitation strength € must be larger than 1 because otherwise diffusion outpaces
excitation and the wave does not propagate; therefore we set € = 10 (note that because the model
is phenomenological, the diffusion we describe here is effective and does not correspond to the
diffusion of, say, the potassium ions between cells). The threshold uy must be significantly less
than 1 because otherwise signal from a neighboring cell is insufficient to trigger an excitation
and the wave does not propagate; we find that ug = 0.02 suffices (Fig. 2.3D). The recovery time
of firing cells T = 300 is set such that the mean wavelength over 10 simulations is equal to the
approximate experimental wavelength of 35 cells. Finally, we convert from dimensionless time T
to minutes by equating the mean pulse duration in the simulations to the experimental value (Fig.
2.4E). Pulse duration is averaged over all firing cells and defined as the time over which u ;, 0.6.
See Fig. S2.5 for single-cell time traces from model biofilms with parameters corresponding to

each experimental strain.

2.5.7 Model Validation

We validate the model using one of the mutant strains, AsinR. This strain has a higher
fraction ¢ = 0.74 of firing cells than WT. We anticipate that because structure and dynamics
are connected in the integrated model, changing the fraction of firing cells will also change the
mean pulse duration. We test this expectation in the model, setting ¢ = 0.74 and keeping all
other parameters the same as WT. We observe in the simulations that the mean pulse duration
rises from 18.1 min (WT) to 33.2 min (AsinR). In the experiments, we measure the mean pulse
duration for AsinR to be 34.1 min, which agrees very closely with the value from the simulations.

This validates the model and demonstrates that structure and dynamics are tightly connected in
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the integrated model.

2.5.8 Cost-Benefit Curves

To determine the cost and benefit curves in Figs.2.5 and 2.6, we use the following
procedure. In Fig. 2.5C, we vary ¢ while keeping all other parameters as calibrated above. For
each ¢ value, we calculate the benefit as the average over 100 simulations of the ratio of the
number of firing cells in the final five rows to that in the initial five rows. In Fig. 2.6D, we
calculate the cost as the average over 100 simulations of the product of the fraction of firing cells
and the mean pulse duration. In Figs. 2.6 A—C, for each ¢ value, we vary 7T in the range 5 to 1000
and measure the mean duration and benefit-to-cost ratio over 30 simulations for each T value.
Then we use linear interpolation to find the benefit-to-cost ratio corresponding to a particular
duration. This produces curves of benefit-to-cost ratio vs. ¢ at fixed duration. Finally, we smooth

these curves using a Gaussian filter of width 0.01, producing the result in Fig. 2.6C.

2.5.9 Time-Lapse Microscopy

We recorded phase-contrast and fluorescence images of biofilms at regular time intervals
(between 3 and 10 min across experiments). For most experiments, we recorded phase, ThT
fluorescence (for electrical signaling), and YFP fluorescence (for other analysis, see below). We
used an Olympus IX83 inverted epifluorescence microscope with autofocus and a 40X, 0.6 NA or
100X, 1.4 NA objective, depending on the experiment. For each image, we used the minimum
fluorescence exposure time that yielded good signal. For ThT images, exposure time was 17 ms

and for YFP, exposure time was 150 ms.
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2.5.10 Image Analysis

In order to segment single cells in each field of view, we took both ThT and YFP images
with a 40X, 0.6 NA objective at the peak of each signal pulse as determined by the highest average
ThT intensity of each field of view during signaling. Each field of view contained roughly 8000
bacteria. Cells expressed YFP from the citZ promoter, which gave a strong constitutive signal
in each cell. From YFP images, we created thresholded binary images, from which we could
identify the position and outline of each cell. We then thresholded ThT images at a fluorescence
intensity value directly between the two peak peaks of the bimodal ThT intensity distribution
(Fig. 2.2B) to create a binary image with contiguous high ThT regions corresponding to clusters
of firing cells (Fig. 2.2C). Cluster sizes were measured by superimposing the high ThT cluster
outlines on the binarized YFP image and counting the number of cells with a majority of their
area inside each high ThT contour. The fraction of firing cells, f, was computed by dividing the
number of firing cells (high ThT) by the total number of cells in the field of view. All processing

was performed with custom Fiji macros.

2.5.11 Dynamic Analysis

Pulse durations come from single-cell tracking measurements, where a cell was considered
to be pulsing if its ThT level was above the threshold described above. Tracking was performed
with the mTrack]J Fiji plugin by manually clicking on cells in each frame of a time lapse movie
[28]. To measure single cell cost (Fig. 2.1B) we measured elongation rate and ThT signal of

single cells during a signal pulse with custom software written in MATLAB.
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Figure 2.1: A Percolation Theory-Based Model for Electrochemical Signaling in Biofilms.
(A) Biofilms undergo electrochemical signaling where the stressed biofilm interior periodically
signals cells at the biofilm edge (arrows). Bottom cartoon depicts heterogeneous signaling where
some cells participate in signaling (cyan), becoming hyperpolarized, while some cells do not
participate (black). (B) Cell elongation rate is inversely correlated with membrane polarization,
indicating a cost of electrical signaling activity to individual cells (N = 35 cells, error bars,
£SEM). (C) Percolation theory predicts the emergence of a connected path of firing cells (yellow
outline) when the fraction of firing cells exceeds a critical value (left) but not below this critical
value (right). (D) Image illustrating a method for counting the number of neighbors for a given
cell, highlighted in white (left). Scale bar, 2 mm. Histogram (right) indicates the modal number
of nearest neighbors is 6 (N = 100 cells). (E) Using the experimentally constrained nearest
neighbor value of 6 (see also Fig. S2.1), firing and non-firing cells are randomly positioned on
a two-dimensional lattice with probability ¢ (0.5 in this image). (F) Representative snapshots
showing lattice simulations at various values of ¢ (see also Fig. S2.2). (G) Onset of connectivity
(percolation) is predicted when ¢ exceeds 0.45. The ¢ values for the representative images in (F)
are indicated on the graph by their respective colored circles. (H) Model-generated cluster size
distribution at the percolation threshold (¢ = 0.45), where clusters are distributed according to a
power law.
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Figure 2.2: Electrochemical Signaling within Biofilms Is Heterogeneous at the Single-Cell
Level.

(A) Membrane polarization is heterogeneous at the single-cell level within signaling biofilms.
Cyan overlay indicates fluorescence of Thioflavin T (ThT), a cationic membrane polarization
reporter. Scale bar, 10 mm (see also Fig. S2.3). (B) Histogram of individual cell ThT intensity
(N = 14,936 cells) during a signal pulse. The bimodal shape of the histogram indicates that only
a fraction of firing cells (cyan) participate in signaling (0.43 &+ 0.02, mean + SEM). (C) Firing
cells are spatially clustered within biofilms. Yellow outlines indicate cluster edges identified
by image analysis based on ThT fluorescence. Scale bar, 10 mm. (D) Cluster sizes (N = 7,034
clusters) are distributed according to a power-law decay across 3 decades with an approximate
exponent of 2. These properties indicate that the arrangement of firing cell clusters within the
biofilm can be described by percolation theory.
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Figure 2.3: An Excitable Model for Signal Propagation in Biofilms.

(A) Model equation combines excitation (blue) and cell-cell communication (orange) to give
rise to excitable propagation. The geometric factor gj is one-fourth at the cell poles and one-
half otherwise. (B) A cartoon trace illustrates firing (blue-shading) followed by a refractory
period (gray-shading) for a given excitable cell. (C) Cell-cell communication (arrows) allows
directional signal propagation from one cell to another. Refractory cells are gray and excited
cells are blue. (D) Example model snapshots depict complete signal propagation (direction
indicated by arrow) in the regime above the percolation threshold (left, ¢ = 0.5) and incomplete
signal propagation below the percolation threshold (right, ¢ = 0.2). Both cases have the same
values for the dynamic parameters, € = 10, up = 0.01, T = 300 for firing cells or T = 5 for
non-firing cells. (E) Example amplitude profiles for the images shown in (D) (error bars indicate
+ SEM, N =3).
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Figure 2.4: Experimental Tuning of Firing Cell Fraction and Pulse Duration with Mutant
Biofilms.

(A) A series of cartoons illustrates the function of genes deleted in the mutant strains. (B)
Representative images from time points of peak signaling activity depicting the fraction of firing
cells for each strain (cyan ThT fluorescence). Scale bar, 10 mm. (C) Heatmaps depict single-cell
ThT trajectories (N = 100) for all strains. Each column is one cell trace, with time progressing
downward. The color scale varies across strains due to baseline fluorescence differences among
experiments (see also Fig. S2.5). (D) Mutant strains exhibit decreased ( AfrkA, 0.13 + 0.04,n =
7, mean + SEM) or increased ( AsinR, 0.74 + 0.04, n = 4 and AktrA 0.48 4= 0.11, n = 4) fraction
of firing cells relative to wild-type (0.43 £ 0.02, n = 12). Wild-type is near, but slightly below,
the percolation threshold, ¢. = 0.45. The AtrkA strain (purple), which lacks the gating domain
of the potassium channel YugO, is expected to exhibit reduced signaling activity. The AsinR
mutant (orange) lacks a transcription factor (SinR) that represses expression of YugO, resulting
in higher signaling activity. (E) Pulse duration measurements, where pulse duration is defined
as the amount of time membrane polarization remains above baseline level. All mutant strains
( AtrkA 30.6 £ 2.6, 124 cells, three biofilms, and AktrA 45.7 + 2.4, 204 cells, three biofilms,
and AsinR 34.1 & 2.0, 165 cells, three biofilms, mean + SEM) have larger pulse durations than
wild-type (18.1 £ 1.0, 383 cells, three biofilms). (F) A phase plot of pulse duration and fraction
firing for each strain. ArrkA lies below the percolation threshold (dotted line) and AsinR above,
both with longer pulse duration than wild-type. Wild-type and AkzrA lie near the threshold, but
with different pulse times (error bars, = SEM).
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Figure 2.5: Signal Transmission Occurs near or above the Percolation Threshold.

(A) Phase images with overlaid ThT intensity (cyan) during peak signaling show steady signal
propagation in wild-type (top) and spatial signal decay in AfrkA (bottom). Scale bar, 10 mm. (B)
Transmission amplitude measurements show that wild-type (n = 7), AktrA (n = 4), and AsinR (n
= 4) propagate the signal at a constant amplitude, while AfrkA (n = 5) does not. Transmission
amplitude is defined as the fraction of firing cells at a given position divided by the firing fraction
at the beginning of the field of view (error bars, = SEM). (C) Collective benefit of signaling is
defined as the ratio of transmission amplitudes at the biofilm edge and at the beginning of the
field of view. Experimental data are shown by points (error bars, = SEM). The model output
for wild-type parameters (black curve) illustrates the nonlinear nature of collective benefit. (D)
Collective cost of signaling is defined as the product of the firing cell fraction, f,andmean pulse
time. Experimental data are shown as points (error bars, = SEM). Lines represent the cost that
would be incurred for each strain given its mean pulse time.
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Figure 2.6: Cost-Benefit Negotiation in Signal Transmission.

(A) The benefit (transmission efficiency) is plotted for different dynamic parameters as a function
of ¢ and resulting pulse time (green color scale). When plotted as a function of ¢ only, the curves
line up with benefit rising near the threshold (inset). (B) The cost function is plotted for the
corresponding benefit curves from (A). (C) Benefit/cost ratio is plotted as a function of ¢ for the
different model curves in (A) and (B), illustrating that, no matter the dynamic model parameters,
benefit/cost ratio has a peak near the percolation threshold. This comes from the fact that benefit
is highly nonlinear in f, while cost increases smoothly for any set of dynamic parameters (inset).
(D) Measured benefit/cost ratio is plotted for each strain (dots, error bars indicate + SEM),
along with the model output given wild-type parameters (curve). The ratio exhibits a peak due
to the linear cost but highly nonlinear benefit, with wild-type near the maximum (see also Fig.
S2.6). Inset plot overlays cost and benefit on separate y axes.
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Figure S2.1: Disordered lattices have the same percolation properties as triangular lattices.
(A) A disordered lattice may be created by starting with a triangular lattice and adding random
noise (o) to the height of each cell. (B) his yields a model biofilm with a distribution of nearest
neighbor numbers, as shown in this histogram from a 6 = 0.4 biofilm. Some cells have more than
6 nearest neighbors, some fewer. (C) These perturbations do not affect the percolation threshold,
as shown in this connectivity plot near the threshold value of ¢, = 0.45. ¢ = 0 represents the
triangular lattice used in the paper. All curves overlap. (D) For different ¢ values, the cluster
size distribution is not significantly changed near the percolation threshold, as shown in this
cluster size distribution plot for different ¢ values.
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Figure S2.2: Cluster size distribution in model biofilms changes with fraction of firing cells.
Model-generated cluster size distributions for values of ¢ depicted in Fig. 2.1F, G. Only when ¢
= 0, are clusters distributed according to a power-law (black circles). Above the percolation
threshold (magenta circles), a giant cluster develops near the system size.
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Figure S2.3: Microfluidic system for single molecule measurements of biofilms.
(A)Schematic of microfluidic device used in these experiments. Cells are seeded under a strip of
PDMS (bottom) and allowed to grow into a biofilm as media flow is controlled. During biofilm
growth, the edge region under the PDMS strip is confined to single cell thickness (e.g. blue
rectangle), enabling imaging at single-cell resolution, as shown in the phase image in (B), Scale
bar, 20 um.
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Figure S2.4: Cells generally do not switch signaling state between pulses.

A heatmap of 320 single cell ThT traces from two consecutive pulses in a wild-type biofilm.
Each column is a ThT trace from one cell with time increasing along the vertical axis. The
traces are organized with hierarchical clustering. The heatmap illustrates that the cells maintain
their firing state. Cells that fire on the first pulse have a much higher probability of firing on the
second pulse than those that do not and vice versa.
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Figure S2.5: The model predicts heterogeneous single-cell time traces.

Heatmaps displaying time traces from the model for 100 randomly chosen cells from biofilms
with parameters matched to those of the four experimental strains (see Methods for details).
For each heatmap, a single column is that trace from one cell and time moves from top to
bottom. The time point of excitation for each heatmap is marked with an asterisk. Compare to
the experimental heatmaps from Fig. 2.4C of the main text.
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Figure S2.6: Benefit minus cost yields a peak near the percolation threshold.

Benefit minus cost is plotted as a function of fraction of firing cells for experimental data
(colored points) and the model with wild-type parameter values (black line). Because benefit is
a number between 0 and 1 and cost unbounded, we normalize cost by dividing it by the highest
pulse time value measured. The curve bends down at higher ¢ values because the pulse time
from the model slightly increases with ¢ for the same T value (see Methods). As with benefit
divided by cost, this function exhibits a peak near the percolation threshold.
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Table S2.1: Bacillus subtilis strains used in Chapter 2.

Strain Genotype Source
Wild type B. subtilis NCIB 3610 [27]
P.iz-YFP sacA::Peiiz-yfp (CmF) This study
AtrkA trkA::NeoR [2]

AsinR sinR::NeoR [29]
AktrA ktrA::ErmR [30]
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Chapter 3

Electrochemical potential enables dormant

spores to integrate environmental signals
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3.1 Abstract

The dormant state of bacterial spores is generally thought to be devoid of biological
activity. We show that despite continued dormancy, spores can integrate environmental signals
over time through a pre-existing electrochemical potential. Specifically, we studied thousands of
individual Bacillus subtilis spores that remain dormant when exposed to transient nutrient pulses.
Guided by a mathematical model of bacterial electrophysiology, we modulated the decision to exit
dormancy by genetically and chemically targeting potassium ion flux. We confirmed that short
nutrient pulses result in step-like changes in the electrochemical potential of persistent spores.
During dormancy, spores thus gradually release their stored electrochemical potential to integrate
extracellular information over time. These findings reveal a decision-making mechanism that

operates in physiologically inactive cells.
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3.2 Introduction

The formation of bacterial spores (sporulation) is a common and well-characterized
survival strategy in many microbial species [31, 32, 33]. Spores are partially dehydrated cells
enclosed by a protective coat that can survive environmental extremes and remain dormant for
years, which need to be robust to environmental fluctuations to avoid exiting their dormant state
(germinating) prematurely. At the same time, spores need to germinate if they detect favorable
conditions [34] (Fig. 3.1A). Germination requires the re-hydration of the spore which is promoted
by the release of Calcium-Dipicolinic Acid (CaDPA) [35]. Aside from degradation of RNA
immediately following sporulation [36], dormant spores appear to be deprived of measurable
metabolic or biological activity [37]. Therefore, it remains unclear whether dormant spores
possess any activity that could affect the choice of whether or not to germinate. We thus tested
whether dormant Bacillus subtilis spores experience any physiological changes in response to
subtle environmental signals that do not trigger germination. Addressing these questions could
reveal how spores reconcile their robust dormant state with the need to process extracellular
information and make an informed decision on whether to continue or exit their dormancy.

Spores can be pre-treated with nutrients to promote germination [38, 39, 40]. TThese
findings imply that spores can somehow integrate extracellular signals despite their dormancy, and
thereby alter their future likelihood of triggering germination. While there are no well-established
mechanisms for dormant cells to integrate extracellular information, the ability of spores to
modulate their future response suggests a conceptual similarity to a decision-making mechanism
in neuroscience known as integrate-and-fire [41, 21]. TThis mechanism describes how neurons
respond to small synaptic inputs before reaching the threshold that triggers an action potential
[42]. Tt is unclear whether dormant spores employ a similar mechanism to process environmental
inputs and modulate their approach towards a threshold that triggers germination.

Given the physiological inactivity of spores, we investigated a possible integration mech-
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anism based on passive ion flux, which does not require cellular energy. Our findings indicate
that physiologically inactive spores integrate environmental signals by modifying pre-existing
ion gradients that were established during sporulation. Dormant spores can thus use stored
electrochemical potential energy to regulate their cell-fate decision without requiring de-novo
ATP synthesis. In this way, spores can alter their distance to the germination threshold depending
on environmental inputs, while still in the dormant state. This mechanism also reconciles the
robust dormancy of spores with the ability to gradually become sensitized to future environmental

signals.
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3.3 Results

3.3.1 Bacillus subtilis spores can remain dormant despite exposure to ger-

minant pulses

We confirmed that similar to laboratory strains, undomesticated Bacillus subtilis spores
can be pre-treated with short nutrient (germinant) pulses to increase the likelihood of germination.
Specifically, we imaged spores (Fig. 3.1B) within a microfluidic device that allows single-cell
monitoring and precise control over media conditions (see Methods). We optically tracked the
switch in phase-contrast brightness that results from the re-hydration of spores during germination
[34, 43] (Fig. 3.1C, Fig. S3.1A,B). Using this experimental approach, we exposed thousands of
spores to a single short germinant pulse (10 mM L-alanine for 3 minutes), and found that 95% of
spores remained dormant (95.2% + 1.9%, n = 2,244; Fig. 3.1D). We used the germinant L-alanine
because it is a naturally occurring nutrient that triggers germination through designated receptors
in bacterial spores [44]. Spores that did not germinate upon stimulation remained dormant for at
least the next 20 hours of imaging (Fig. S3.1C). Any spore that did germinate in response to the
germinant pulse did so on average within 15 minutes (14.85 + 1.07, n = 1,831; Fig. S3.1D).

To quantify the integration capacity of spores, we applied a second germinant pulse,
separated by 2 hours from the first pulse to ensure that germination in response to the first pulse
of germinant had subsided. After the second pulse, approximately half of the remaining spores
germinated (52.1% =+ 6.2%). TThe germination propensity of spores was independent of their
location within the microfluidic chamber (Fig. S3.2). We defined the spore’s integration capacity
as the population-level change (difference) in the germination probability in response to two
consecutive germinant pulses (Fig. 3.1E).The germination probability increased by 47% +1%
(mean £ SD, n=9 replicate populations) between the first and second pulse. Spores thus become

sensitized by the first exposure and appear to move closer towards a germination threshold.
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3.3.2 A mathematical model of the role of ion flux in responding to germi-

nant pulses

To explain how physiologically inactive spores could integrate information about ger-
minant exposure over time, we explored an ion flux as a mechanism, since this process could
occur passively with pre-existing ionic gradients established during sporulation. Other processes
such as de-novo gene expression and enzymatic activity typically require energy, which is highly
limited in spores. In particular, we focused here on the flux of potassium, since it is the most
abundant intracellular ion in bacteria, and has physiological roles in the stress response of B.
subtilis [2, 45, 46, 30]. Furthermore, potassium ions have been proposed to stabilize the formation
of bacterial spores [47]. To investigate the possible role of potassium ion flux in dormant spores,
we developed a mathematical model based on the Hodgkin-Huxley (HH) framework [48] (Fig.
3.1F, Appendix B). Our model describes how potassium ion flux can drive a spore towards a fixed
germination threshold via an integrate-and-fire mechanism, without requiring any physiological
activity.

Our mathematical model assumes that potassium ions enter or leave a spore via passive
transport through both selective potassium channels and non-specific ion channels. The direction
and rate of potassium flux across the spore membrane depend on the potassium ion concentration
gradient, as well as on the membrane potential of the spore [2, 45, 46, 30] (see Appendix B). We
assume that spores contain high amounts of potassium [49, 50], which would result in ion efflux
when channels are open. We also assume that ion pumps are inactive during dormancy, given that
they require ATP for transport, which is highly limited and not actively produced in spores [36].
Furthermore, the model assumes that ion channels (both potassium specific and non-specific) are
closed until germinant is added. The channels open in the presence of germinant and close in its
absence. Finally, we assume that the initial potassium content of spores has some variability, and

that germination begins when a spore’s internal potassium concentration drops below a certain
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value ((that is, it reaches the germination threshold,, Fig. 3.1G,H). Given these assumptions, the
model predicts that, when exposed to consecutive short germinant pulses, few spores germinate
during the first pulse, whereas most spores do so during the second, or subsequent pulses (Fig.
3.11I). This increase in the germination probability of spores is consistent with our experimental
observations (Fig. 3.1D). Different germinant concentrations in the first pulse did not markedly
change the fraction of germinated spores (Fig. S3.3). In contrast, the germinated fraction
increased with higher concentration of L-alanine in the second pulse. This difference in the
sensitivity of spores to the first and second germinant pulse concentrations further demonstrates
integration of information. Efflux of potassium from dormant spores was also confirmed with an
extracellular potassium indicator, Asante Potassium Green-4 tetramethylammonium salt (APG-4
TMA) (Fig. S3.4A,B). Our modeling approach thus shows how spores might use intracellular
potassium concentration to integrate information about previous germinant exposures and change

their sensitivity to future exposures.

3.3.3 Initial potassium concentrations define the distance to the germina-

tion threshold

Our mathematical model assumes that the initial potassium content defines the distance to
the germination threshold (Fig. 3.1G,H). TTo test this, we generated a mutant strain in which
the KtrC subunit of the KtrCD potassium importer was deleted, which is expected to lower
intracellular potassium content and, consequently put the spore closer to the threshold compared
to wild-type spores (Fig. 3.2A). KtrC is the major potassium importer expressed in the inner spore
membrane during the sporulation process [51], enabling potassium uptake [52, 53] (Fig. 3.2B,C).
By generating spores in the presence of an intracellular potassium indicator, Asante Potassium
Green-4 Acetoxymethyl ester (APG-4 AM), we confirmed that the AktrC spores contain less
potassium compared to wild-type spores (Fig. S3.4C-F). Accordingly, the AktrC spores are

mathematically predicted to be more likely to germinate in response to the first germinant pulse
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(Fig. 3.2D). Indeed, measurements show that 42% of the AktrC spores germinated after the first
pulse, compared to 5% of the wild-type spores (Fig. 3.2E-G). The germinated fraction of AktrC
spores then further increased after the second pulse (Fig. 3.2H). We obtained similar results with
spores lacking KtrD, the other subunit of the KtrCD potassium importer (Fig. S3.5A).

Given the high germination probability of AktrC spores, almost the entire population
(94%) germinated after only two germinant pulses (Fig. 3.2G). However, because the deletion
of KtrC does not affect potassium efflux in spores, the integration capacity of AktrC spores is
comparable to that of wild-type spores (Fig. 3.2I). To further confirm that the lower potassium
content of AktrC spores caused the higher sensitivity to germinant pulses, we supplied additional
potassium during sporulation of AktrC cells. Increasing the potassium content in Ak#rC spores
should increase their distance to the germination threshold, which in turn would be reflected in
a decrease in their germination probability (Fig. S3.5B). In agreement with those expectations,
the addition of 150 mM of potassium in the sporulation medium resulted in AkzrC spores that
responded to germinant pulses similarly to wild-type spores (Fig. S3.5C,D). These results are
consistent with the modeling prediction and support the idea that the initial intracellular potassium

concentrations of spores specifically define their distance to the germination threshold.

3.3.4 Potassium ion channels contribute to the integration capacity of

spores

We investigated the modeling prediction that spores use potassium efflux to integrate over
consecutive germinant pulses. To this end, we studied a mutant strain lacking the YugO potassium
ion channel (29) (Fig. 3.3A,B). We confirmed that AyugO spores contain less potassium than
do wild-type spores by using the intracellular potassium indicator APG-4 AM (Fig. S3.4C-F).
Therefore, the AyugO spores should be initially closer to the germination threshold and be more
sensitive than wild-type spores to the first germinant pulse (Fig. 3.3A,D). On the other hand, the

absence of the YugO channel also implies a reduced potassium efflux in response to germinant
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pulses. According to our model, such reduced potassium efflux in germinant-exposed spores will
lower their integration capacity, and thus the germination probability for subsequent germinant
pulses will be lower (Fig. 3.3D). In other words, the AyugO spores will not markedly increase
their sensitivity to consecutive germinant pulses, which should distinguish this strain from the
wild-type and the Ak#rC strains. These mutant spores are therefore predicted to approach the
germination threshold more gradually due to reduced potassium efflux.

We experimentally tested these predictions. Essentially, the progressions of the wild-type
and the AyugO spores towards the germination threshold are predicted to exhibit a cross-over
point (Fig. 3.3D). Experiments confirmed that the AyugO spores have a higher response than wild-
type to the first germinant pulse (with 30% vs 5% of the spores germinating, respectively) (Fig.
3.3E,F,H). However, these spores lacked the increase in germination probability in response to
subsequent pulses, exhibited by the wild-type spores (Fig. 3.31). This in turn reflects a substantial
loss in integration capacity of the AyugO spores when compared to wild-type (Fig. 3.3], Fig. S3.6).
The phenotype of the AyugO spores (high initial germination probability, and low integration
capacity) is thus consistent with our modeling predictions. Importantly, the AyugO strain also
indicates that reduced efflux of potassium decreases the integration capacity of spores. These
results suggest that potassium efflux serves as an integration mechanism that modulates the
approach to the germination threshold.

Given the complex phenotype of the AyugO strain, we turned to chemical perturbations of
potassium flux in wild-type spores to independently determine whether potassium flux underlies
the integration capacity of spores. We confirmed that modifying the external potassium concen-
tration changed the integration capacity of wild-type spores (Fig. S3.6). Specifically, the absence
of potassium in the media, expected to promote higher potassium efflux in spores, increases
the integration capacity (from 0.47 + 0.01 to 0.63 + 0.02). In contrast, increasing extracellular
potassium concentration lowers the integration capacity (RM + 600 mM KCI: 0.32 + 0.01; RM +

1 M KCI: 0.03 £ 0.01). To discard the possibility that this reduction in integration capacity is

45



due to increased osmotic stress, we show that adding 1 M sorbitol has no effect on integration
capacity (RM + 1 M sorbitol: 0.44 + 0.02). The electrochemical gradient of potassium thus
influences the integration capacity of spores.

We also tested how the integration capacity of wild-type spores is affected by blocking
potassium channels with the drug quinine (1 mM; Fig. 3.3A,C, Figs. S3.4B, S3.6) [54, 55, 56, 57].
According to our model, such blocking of potassium channels is expected to specifically reduce
the germination probability in response to consecutive germinant pulses (Fig. 3.3D). In agreement
with this prediction, treatment of spores with quinine reduced the response of wild-type spores to
the second germinant pulse, with around 80% of the spores remaining dormant, in comparison
with around 45% in the absence of the drug (Fig. 3.3G,I). These results support the proposed
integrate-and-fire mechanism by showing that similar to the deletion of the YugO channel,
chemical blocking of potassium efflux in wild-type spores also impairs their integration capacity

(Fig. 3.37, Fig. $3.6).

3.3.5 Changes in the electrochemical potential of dormant spores

Our mathematical model proposes that the flux of potassium ions driving the processing
of information during dormancy is modulated by the electrochemical potential of the spores.
According to the integrate-and-fire mechanism, spores that are further from their germination
threshold would require multiple germinant pulses to reach the threshold, each pulse causing
an incremental electrochemical potential change (Fig. 3.4A). Specifically, the transient efflux
of potassium cations triggered by germinant pulses is mathematically predicted to increase the
negative electrochemical potential of spores in a step-like manner, even when the pulses do
not trigger germination (Fig. 3.4B). To test this prediction, we used a previously characterized
cationic fluorescent dye (Thioflavin-T, ThT) to measure changes in the electrochemical potential
of dormant spores (see Methods) [2, 58]. As spores are notoriously impermeable to most

chemicals [59], we expected that peripheral staining by ThT would reflect the spore’s overall
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negative electrochemical potential [47].

To experimentally test our modeling prediction of electrochemical potential jumps, we
tracked thousands of individual wild-type spores over time and simultaneously imaged phase-
contrast and ThT fluorescence intensities (Fig. 3.4C-F). Spores that did not trigger germination
exhibited sudden changes in their electrochemical potential in response to germinant pulses.
Spores that required multiple germinant pulses to trigger germination exhibited a multi-step
progression before reaching their germination threshold. These increases in the ThT signal are
not due to increased spore permeability, as ThT continued to stain the spore’s periphery and did
not transition to its interior (Fig. 3.4D). Therefore, accumulation of ThT on the spore periphery
appears to reflect changes in the ionic content of the spore. We observed no characteristic changes
of the phase-contrast brightness of dormant spores during the increases in the ThT signal (Fig.
S3.7A). We also tested L-valine, another naturally occurring germinant [44], and observed similar
changes in ThT signal (Fig. S3.7B). Furthermore, we used another positively charged dye,
Tetramethylrhodamine methyl ester (TMRM), commonly used to measure the electrochemical
potential of cells [60]. TMRM also stained the periphery of spores, and increases in the TMRM
signal amplitude were qualitatively similar to those measured with ThT (Fig. S3.8A,B). To
validate that the observed jumps in fluorescence during germinant additions were not simply a
staining artifact, we synthesized a charge-neutral version of ThT (Fig. 3.4E inset, Figs. S3.8C,D,
S3.9, Methods, and Appendix B). Although this charge-neutral ThT dye also stained the spore
periphery, we observed no increases in the signal amplitude during germinant pulses. Instead,
the fluorescence signal of the neutral ThT dye monotonically decayed over time likely due to
photobleaching. To exclude the possibility that the observed changes in electrochemical potential
could be related to the release of CaDPA during the initiation of germination, we generated a
mutant strain lacking a subunit of the SpoVA channel, namely SpoVAF (Fig. S3.10A). This
subunit is essential for effective CaDPA release during germination, and its deletion causes a

delay in germination [61]. Deletion of SpoVAF slowed the response time of spores to L-alanine
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(Fig. S3.10B). However, loss of AspoVAF did not impact the electrochemical potential changes
we observed in spores (Fig. S3.10C,D), indicating that CaDPA release is not required for the
integration of information in dormant spores. Together, these results demonstrate that germinant
pulses cause sudden changes in the electrochemical potential of spores that otherwise remain
dormant. As predicted, spores that required multiple germinant pulses to initiate germination also
exhibited multiple jumps in their electrochemical potential, indicating their greater distance to the
germination threshold. The ability to visualize and observe a multi-step and gradual approach of
dormant spores towards their germination threshold provides further evidence in support of the
integrate-and-fire mechanism.

We investigated whether the integration capacity that we determined from population-level
statistics correlated with the independently observed jumps in the electrochemical potential of
individual spores. In particular, a higher integration capacity should correlate with a higher
change in electrochemical potential. We therefore measured germinant-induced changes in the
electrochemical potential for thousands of spores obtained from various perturbations considered
in this study (Fig. 3.4F,G). Higher integration capacity correlated with a higher average increase
in electrochemical potential (Fig. 3.4H). Specifically, wild-type and Ak#rC spores, which have
similarly high changes in electrochemical potential, also exhibited relatively higher integration
capacities. Furthermore, the AyugO and the quinine-exposed wild-type spores, which both
exhibited lower average changes in their electrochemical potential, had reduced integration
capacities. These findings support the prediction that dormant spores integrate environmental

information through ion flux-induced changes in their electrochemical potential.
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3.4 Discussion

We studied how physiologically inactive spores detect and respond to transient germi-
nant pulses. Our results reveal that despite their dormancy, spores can integrate extracellular
information and alter their intrinsic state. This ability to process information appears to be
supported by pre-existing ionic gradients generated during sporulation. In this way, dormant
spores can reach the decision to initiate germination by using electrochemical potential energy,
rather than requiring a source of cellular energy, such as ATP. Spores may thus be analogous to a
biological capacitor, in that they store and utilize an electrochemical potential to move closer to
the germination threshold (Fig. 3.41). The integrate-and-fire model proposed here provides both a
conceptual and mechanistic explanation for how spores can respond to an environmental signal
despite being physiologically inactive. The ability to sum inputs over time prior to reaching a
threshold ensures that germination is triggered only when favorable conditions persist, while also
ignoring small environmental fluctuations. While the integrate-and-fire model is used to describe
how neurons process information, our work suggests that this concept may represent a more
general solution to the need for information-processing in diverse biological systems including

energy-limited cells.
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3.5 Methods

3.5.1 Strains

All experiments were performed using the Bacillus subtilis strain NCIB 3610. The wild-
type strain was a kind gift from W. Winkler [27] (University of Maryland). All strains used in
this study can be found in Supplementary Table S3.1. The AktrC and AspoVAF strains were
made by PCR amplifying 1 kb regions upstream and downstream of the gene to be deleted and
cloning them into the pER449 vector (gift from W. Winkler) flanking a spectinomycin resistance
cassette. NEB turbo competent E. coli cells (New England Biolabs, Ipswich, MA, USA) were
used for cloning purposes. Constructs were sequence verified and chromosomally integrated
using a standard one-step transformation procedure [62]. Luria Broth (LB) agar plates containing
appropriate antibiotics were used to select B. subtilis transformants (spectinomycin, 100 ug ml-1;

neomycin 9 ug ml-1; tetracycline 6 ug ml-1)

3.5.2 Growth conditions

Sporulation was induced by resuspension medium (RM); composition per 1 L: 46 ug
FeCly, 4.8 g MgSOy4, 12.6 mg MnCl,, 535 mg NH4Cl, 106 mg Na,;SO4, 68 mg KH,PO4, 96.5
mg NH4NO3, 219 mg CaCl,, 2 g monosodium L-glutamate [63]. For RM without potassium
used in Fig. S3.4, KH,PO,4 was replaced with an equivalent amount of NaH,PO4. Germination
was induced by 10 mM L-alanine, a condition typically employed in Bacillus subtilis germination
studies [64, 65], or 100 mM L-valine. Monosodium L-glutamate and L-alanine solutions were

made fresh weekly.
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3.5.3 Preparation of spores with the Resuspension Method

Spores were prepared according to the Resuspension Method, known to promote sporu-
lation in B. subtilis strain NCIB 3610 [63]. A single B. subtilis colony was used to inoculate 5
mL of LB, and incubated overnight in a shaking incubator at 37 °C (200 rpm). The culture was
diluted in 20% (v/v) LB at OD600 0.1 and incubated at 37 °C with shaking until reaching OD¢00
0.6 - 0.8. The culture was then centrifuged at 4,000 rpm for 10 min, resuspended in 1 volume of
pre-warmed RM, transferred to a large vessel (250 mL Erlenmeyer flask for 50 mL culture) to
ensure aeration, and incubated for three days at 37 °C in a shaking incubator (200 rpm).

The resulting spore suspension was washed with distilled water three times and suspended

in 1 volume of distilled water. The spore suspension was stored at 4 °C.

3.5.4 Preparation of spores containing APG-4 AM and measuring APG-4

AM fluorescence

Asante Potassium Green 4 AM (APG-4; ION Biosciences, Texas, USA), a cell-permeant
potassium fluorescence indicator dye, was used to measure intracellular spore potassium con-
centration. Spores were prepared according to the method described above, with 2 uM APG-4
AM added to RM during the incubation time of three days. Spores were then washed and stored
as described above. For fluorescence measurements, spores were placed in agar pads made
from RM + 1.6% low-melting point agarose. Phase contrast and fluorescence snapshot images
were taken with a Hamamatsu Orca-Flash4.0 LT+ camera under a 100X objective lens, using an
Olympus IX83 inverted epifluorescence microscope. Single spores were segmented based on the
phase-contrast image as described below in ‘Single-spore tracking’ and the resulting binary mask

was used to measure APG-4 AM intensity for each spore.
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3.5.5 Calibration of the intracellular potassium indicator APG-4 AM

A single B. subtilis colony was used to inoculate 5 mL of LB, and incubated 2 h in a
shaking incubator at 37 °C (200 rpm). Then, 2 uM APG-4 AM were added to the media during
the incubation time of 45 min. Following the incubation, cells were washed with MSgg media (5
mM potassium phosphate (pH 7.0), 100 mM 3-(N-morpholino)propanesulfonic acid (pH 7.0),
2 mM MgCl,, 700 uM CaCl,, 50 uM MnCl,, 100 uM FeCls, 1 uM ZnCl,, 2 uM thiamine,
0.5% glycerol, 0.5% glutamate) and incubated 1 h. Later, 10 ug.ml-1 valinomycin was added
in the media for 1 h to equilibrate intracellular and extracellular potassium concentrations [66].
Following this treatment, we loaded cells in four independent chambers of the microfluidic device
and exposed them to the addition of different extracellular potassium concentrations (0, 100, 200,
and 400 mM KCl), respectively, and inoculated 1 h to stabilize. Phase contrast and fluorescence

snapshot images were taken and analyzed for each condition, as described above.

3.5.6 Microfluidic germination assay with germinant pulses

For microfluidic culturing, we used the CellASIC ONIX Microfluidic Platform and Y04D
microfluidic plates (EMD Millipore). Prepared spore suspension was loaded into the microfluidic
chamber, and incubated for 1 h at 37 °C with RM supplied at 0.75 psi each from two wells for
stabilization of the plate. After 1 h from the start of image acquisition, germinant pulses were
delivered by switching to a well containing RM with 10 mM L-alanine for 3 min at 2.5 psi every
2 h. After the germinant pulse, RM was supplied from two wells at 2.5 psi each to wash the
chamber before returning to the baseline condition of 0.75 psi. The 3-minute pulse duration was
selected based on the consideration of our 5-minute imaging rate, to allow sufficient time for

germinant introduction and removal in the device.
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3.5.7 Microfluidic germination assay with potassium channel blocker

For experiments using the potassium blocker quinine (Figs. 3.3 and 3.4), spores were
prepared as usual and loaded into a microfluidic plate. 1 mM quinine (MilliporeSigma, St. Louis,
MO, USA) was added to all wells containing RM, including the wells with 10 mM L-alanine.
Before starting the experiment, spores were incubated in the presence of quinine at 37 °C for
45 min to ensure the efficacy of the drug. The germination assay was done according to the

germinant pulse method described above.

3.5.8 Time-lapse microscopy

Spore germination was monitored with phase-contrast microscopy using an Olympus
IX83 inverted epifluorescence microscope. Images were taken with an Orca-Flash 4.0 LT+ camera
(Hamamatsu) and an X-Cite Turbo light source (Excelitas Technologies) under a 100X objective

lens. Spore images were taken every 1 or 5 mins.

3.5.9 Dyes and concentrations

Electrochemical potential dynamics were measured using the fluorescent cationic dyes
Thioflavin-T (ThT) or Tetramethylrhodamine, Methyl Ester, Perchlorate (TMRM), both at a
concentration of 10 uM. The charge-neutral version of Thioflavin-T (neutral ThT) was used at a
concentration of 10 uM. The extracellular potassium indicator APG-4 TMA and the intracellular

potassium indicator APG-4 AM were used at a concentration of 2 uM.

3.5.10 Synthesis of charge-neutral ThT

The synthesis of neutral ThT was accomplished using a modification of a reported proce-

dure [67]. The spectroscopic and analytical data of the synthesized compound were identical to
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those reported in the literature [68]. For the synthetic procedures and compound characterization

see Fig. S3.9 and Appendix B.

3.5.11 Experimental reproducibility

Data shown in the main figures were drawn from a minimum of three independent
experiments. For multiple strains or conditions in the same panel, such as Figs. 3.2G and 3.3H,
head-to-head experiments with WT spores (separate chambers in the same microfluidic device)

were done on the same day as a control.

3.5.12 Single-spore tracking

Single spores were tracked using a combination of Fiji plugins. The stage drift in time-
lapse phase-contrast images was corrected using the MultiStackReg plugin. After drift correction,
single dormant spores were segmented based on Otsu thresholding. Non-spore particles were
discarded through size and shape filtering, and further manual inspection. The resulting binary
mask was then used to measure the phase-contrast and fluorescence intensity of individual spores

throughout the movie with the MultiMeasure plugin.

3.5.13 Determination of germination time

Phase-contrast intensity data acquired through the previous step was analyzed by custom-
written software in Python to calculate the germination time for each spore. Based on the
well-known phase-contrast darkening that indicates spore rehydration following germination
initiation [34], we define germination time as the time where the phase-contrast intensity of the
spore darkens beyond the background (Fig. S3.1A,B). Statistical analyses and data visualization

were also performed by custom-written software in Python.
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3.5.14 Calculation of germination probability and integration capacity

The germination probability for each pulse was calculated by dividing the number of
spores that germinated in response to the pulse, by the number of remaining dormant spores
before the pulse. Integration capacity was defined as the average pairwise difference of concurrent
germination probabilities, calculated up to the pulse of half-maximum dormancy. The half-

maximum dormancy was determined from the corresponding dormant fraction curves.

3.5.15 Calculation of change in electrochemical potential

Change in electrochemical potential (Fig. 3.4F,G) was calculated for each spore by
normalizing the ThT value for each spore with its initial ThT value. The average potential
change (Fig. 3.4H) was obtained by extracting an average ThT value over a 20-minute window
between each germinant pulse to establish the baseline of each step-wise increase. Then, the
difference between each step was calculated to obtain the step sizes. Finally, the average step size
across all the spores was obtained, up to the pulse were half of the population remained dormant

(half-maximum dormancy).
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Figure 3.1 (following page): Bacillus subtilis spores integrate over two consecutive germinant
pulses.

(A) Bacterial spores can remain in dormancy (shaded area in blue) for years seemingly without
any biological activity. It is thus unclear how spores sense environmental cues while dormant,
and before triggering germination. (B) ) Filmstrip from phase-contrast microscopy showing
the fractional germination response to the pulses. Spores contained in a microfluidic chip were
subjected to 3 min germinant pulses (10 mM L-alanine, dotted vertical lines) separated by 2-hour
intervals. These pulses triggered germination of a subset of spores, detected by phase-contrast
imaging: white dormant spores become phase dark when germinating as they rehydrate. Spores
that maintain dormancy, despite exposure to germinant pulses, provoke the question of whether
they can sense and process such environmental information. Scale bar indicates 5 um. (C)
Single-cell time traces showing the change in the normalized phase-contrast intensity during
spore germination (n = 200, subset of data from Fig. 3.1D). We note that collective fluctuations
in the image intensity are due to subtle changes in camera focus. (D) Fraction of dormant spores
after each germinant pulse (n = 2,244). The abrupt decrease in the dormancy fraction after
the second germinant pulse indicates a priming effect, or in other words the ability of spores
to integrate signals over consecutive pulses. (E) The germination probability in each pulse is
calculated based on the remaining dormant spores before each germinant pulse. The difference
in the germination probability between the two pulses (vertical arrow) provides a metric to
quantify the information integration by spores. (F) Cartoon showing the main components of
our mathematical model. The flux of potassium in a spore is assumed to depend partially on the
difference between its internal (K;) and external (K,) concentrations, the K-channel conductance
(gk), and the membrane potential (V') of the spore. (G) The spore’s approach to germination is
dictated by initial potassium content (K;) and potassium efflux. (H) In the mathematical model,
the initial potassium content (K;, t = 0) and the K-channel conductance (gk) determine the
potassium dynamics in spores (K;(t)). These dynamics determine the spore’s ability to maintain
dormancy (See Appendix B). (I) Simulated fraction of dormant spores after each germinant
pulse.
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Figure 3.2: Role of potassium in the germination threshold.

(A) The model predicts that the deletion of the KtrC importer reduces the distance of spores
to their germination threshold. This in turn will increase the germination propensity of AktrC
spores, compared to wild-type (WT) spores. (B) Wild-type cells contain both potassium
importers and ion channels. (C) The ktrC mutant spores (AkzrC) lack the gene for the potassium
importer KtrC. (D) Model-generated dormant fraction of the WT (blue), and the AktrC (green)
strains. Dotted vertical lines indicate germinant pulses. (E&F) Phase-contrast microscopy
filmstrips for representative WT (E) and AktrC spores (F), respectively. Snapshots show spores
before and after the indicated germinant pulses. Scale bars indicate 5 um. (G) Dormant fraction
from single-cell experimental results for WT (blue, mean + SD, n = 2,244, data from Fig.
3.1D), and AktrC (green, mean + SD, n = 2,154). Dotted vertical lines indicate germinant
pulses. (H) germination probabilities of the WT and the AktrC spores increase with consecutive
pulses. Both strains reach 50% dormancy out of all initial spores (half-maximum dormancy)
after two consecutive pulses. Error bars represent standard deviation. (I) Barplot showing the
integration capacity of the WT and the AktrC strains (0.47 = 0.01 and 0.48 + 0.03, respectively)
calculated from the differences in germination probabilities shown in panel (H). Error bars
represent standard deviation.
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Figure 3.3 (following page): Potassium ion flux underlies integration capacity of dormant
spores.

(A) The AyugO mutant spores are expected to have be initially closer to the germination threshold
but have slower potassium efflux, impacting their approach to the threshold. The inhibition
of potassium channels in WT spores is similarly expected to impact their approach to the
germination threshold. (B) The AyugO mutant spores lack the gene for the YugO channel, which
is the only known potassium-specific channel in B. subtilis spores. (C) The drug quinine targets
potassium channels, blocking ion efflux. (D) Model-generated dormant fraction of WT (blue),
AyugO (red), and quinine addition to WT spores (purple). (E-G) Filmstrips for representative
WT (E) and AyugO (F) spores, and WT spores in the presence of 1 mM quinine (G), respectively.
Snapshots show spores before and after the indicated germinant pulses. Scale bars indicate 5
um. (G) The dormant fraction from single-cell measurements of WT (mean + SD; blue, n =
2,244, data from Fig. 3.1D), AyugO (mean =+ SD; red, n = 1,058), and 1 mM quinine addition
to WT spores (mean =+ SD, purple, n = 4,491). (H) Germination probabilities of the WT and
the AktrC spores increase with consecutive pulses. Both strains reach 50% dormancy out of
all initial spores (half-maximum dormancy) after two consecutive pulses. Error bars represent
standard deviation. (I) The germination probability until half-maximum dormancy for WT (data
from Fig. 3.2H), AyugO, and quinine addition. The inhibition of potassium efflux reduces the
germination probability, requiring three pulses to reach the half-maximum dormancy. Error
bars represent standard deviation. (J) The genetic and chemical inhibition of potassium efflux
(AyugO and quinine addition, respectively) reduces the integrative capacity of spores (WT 0.47
4 0.01, data from Fig. 3.2, AyugO 0.17 £ 0.04, and quinine 0.18 &+ 0.01; mean 4 SD).
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Figure 3.4 (following page): Dormant spores exhibit sudden changes in their electrochemical
potential, visualizing integration over germinant pulses.

(A) Cartoon illustrating the hypothesis that spores release potassium after each germinant pulse,
generating a change in their electrochemical potential. (B) Mathematically predicted stepwise
membrane potential (mV) jumps when spores are exposed to germinant pulses (dotted vertical
lines). Depicted are representative time traces for individual spores that germinate in response to
different germinant pulse numbers. The termination of the time trace indicates germination. (C)
Phase-contrast images of a spore that remains dormant (phase bright) despite exposure to three
consecutive germinant pulses. Dotted vertical lines indicate germinant pulse exposure. Scale bar
indicates 1 ym. (D) Top fluorescence filmstrip shows the color-coded electrochemical potential
amplitude (ThT, a.u.) of the spore depicted in panel (C). The other three filmstrips below
show individual spores, each of which germinate in response to different germinant pulses. (E)
Single-cell time traces of the electrochemical potential signal (ThT, a.u.) for the corresponding
spores in Fig. 3D (see Fig. S3.7A for corresponding phase-contrast traces). The termination of
the time traces indicates germination. The inset shows the time trace of a single spore stained
with the charge-neutral ThT fluorescent dye (see Fig. S3.8D for data from multiple spores). (F)
Measurement of 3,484 individual WT spores showing amplitude color-coded time traces that
show the changes in electrochemical potential signal (ThT, a.u.) triggered by germinant pulses
(dotted vertical lines). The termination of the time trace (white region) indicates germination.
(G) Single-cell time traces of the potential change (ThT, a.u) for AktrC (n = 8,790), AyugO (n =
2,380), and WT with 1 mM quinine (n = 3,653), respectively. Each line represents a single-spore
time trace until germination (white region). Germinant pulses are indicated with arrows and
dotted vertical lines. (H) Scatter plot of the integration capacity as a function of the average
potential change (ThT, a.u) of all strains and conditions tested in this study: WT, AktrC, AyugO,
and WT with quinine. (I) Conceptual summary of the proposed integrate-and-fire mechanism.
Spores integrate germinant exposure information over time through efflux of potassium ions.
The resulting change in electrochemical potential drives them towards a germination threshold.
Spores that reach the threshold “fire” the germination program which is marked by the abrupt
change in phase-contrast refractility.
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Figure S3.1: Germination dynamics of spores in response to a single germinant pulse.

(A) Filmstrip of a representative germinating wild-type (WT) spore. The snapshot bordered in
magenta corresponds to the timepoint where the spore is considered to germinate (germination
timepoint). Scale bar indicates 1 ym. (B) Corresponding single-cell time trace of the spore in
panel A showing phase-contrast intensity (a.u.). After subtracting the background signal, the
germination timepoint (magenta circle) is detected as the timepoint where the phase contrast
intensity goes below zero. The 3-minute pulse of germinant (10 mM L-alanine) is indicated
with a dotted vertical line. (C) Normalized phase-contrast intensity time traces of WT spores
exposed to a single germinant pulse (n = 200). Notice that changes in camera focus create global
changes of phase-contrast values. (D) Histogram of germination timepoints in response to a
single 3-minute germinant pulse (14.68 £ 0.66 minutes, n = 104). Data from Fig. 3.1D.
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Figure S3.2: Germination does not correlate with spatial position within the microfluidic
chamber.

(A) Cartoon illustrating the microfluidic chamber used in this study. Spores are trapped in a
chamber with media flow on each side. (B) A representative snapshot of WT spores in the spore
trap. Scale bar indicates 10 um. (C) Plot showing WT spores in their respective locations within
the spore trap. Colors correspond to the germinant pulse number in which they germinated.
Scale bar indicates 10 um.

65



=
5 D
p=)
@ c
= [=]
= = 4
| =
@ 3 £
£ LEs
0 =
o a e
a w D
0O .o 2
-
=]
B e S ®
8 ES§
=]
c 3 z3
<] 5 Lo
B ] o]
@ 3 =
— ~
= 0
€ ]
(1] =]
E (1]
]
8 2
=
& E
S 1
¢ _ s |
c =Y 25 mM
S o8 g I
g =06
= 06 <
€ @ 0.4 I
@ 04 g
E 502
S 0.2 o I
o 0
0 Pulse 1 Pulse 2

0246 8101214161820
Time (Hours)

Figure S3.3: The sensitivity of spores to different concentrations of germinant supports the
integrate-and-fire model.

(A-C) Dormant fraction cumulative distribution functions (CDFs) of WT spores subjected to
pulses of 2.5, 10, and 25 mM L-alanine (2.5 mM, n = 3,794; 10 mM, n = 2,244, data from
Figure 2G; 25 mM, n = 2,668). For all cases, the interval between pulses is 2 h. (D) The bar plot
indicates the number of germinant pulses required to reach 80% germination. Data from panels
A-C. (E) The bar plot indicates the dormant fraction for each condition after the 1st and 2nd
pulses. Data from panels A-C. Error bars represent standard deviation.
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Figure S3.4 (following page): Potassium measurements in dormant spores using fluorescent
indicators.

(A) Structure of the extracellular potassium indicator APG-4 TMA. (B) Average fluorescent
time traces from single WT spores stained with 2 uM of the extracellular potassium indicator
APG-4 TMA, without (orange, n = 20) or with 1 mM quinine addition (purple, n = 24). The
3-minutes pulse of germinant (10 mM L-alanine) is indicated with vertical dotted lines. Shaded
regions represent standard deviation. Data was normalized to 1 at the 1-hour mark. All spores
remained dormant during the timescale shown in the plot. (C) Structure of the intracellular
potassium indicator APG-4 AM. (D) Representative fluorescence snapshots of WT, AyugO, and
AktrCspores stained with the intracellular potassium indicator APG-4 AM. Scale bars indicate 1
um. (E) Average fluorescence intensities of dormant WT (blue, n=1,037), AyugO (red, n=776),
and AktrC(green, n=1,107) spores that were generated in the presence of 2 uM APG-4 AM.
Both AyugO and AktrCintensities were significantly lower compared to WT (pj1*10-14, two
sample Kolmogorov-Smirnov test). Error bars indicate SEM. (F) Calibration curve for the
intracellular potassium fluorescence indicator APG-4 AM. The black data points indicate APG-4
AM measurements for cells exposed to the addition of different KCI concentrations (0, 100, 200,
and 400 mM KCl). Error bars indicate standard deviation. The mean values for dormant WT,
AyugO, and AktrCspores are indicated with the dotted lines (data from panel D).
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Figure S3.5: Rescue of the AkzrC phenotype confirms that intracellular potassium concentrations
determine the distance to the germination threshold.

(A) Dormant fraction for single-cell experiment results for WT (blue, mean + SD, n = 2,244, data
from Fig. 3.1D), AktrC(green, mean = SD, n = 2,154, data from Fig. 3.3G), and AkfrD (brown,
mean + SD, n = 442). The dotted vertical lines indicate timepoints where 3-minute pulses of 10
mM L-alanine were applied. (B) Cartoon illustrating that higher potassium concentration in the
sporulation medium increases the distance of AktrCspores to the germination threshold, rescuing
the AktrC phenotype. (C) Snapshots for representative WT, AktrC, and AktrC spores with 150
mM potassium addition during sporulation. Snapshots show spores after the 1st germinant pulse.
Scale bars indicate 5 ym.
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Figure S3.6: Modulation of potassium efflux recapitulates AyugO phenotype.

Integration capacities of WT spores (n = 2,244, data from Fig. 3.1D), WT spores in various
external KCI concentrations (RM without K+, n = 903; 600 mM, n = 1,061; 1 M, n = 1,699),
WT spores in presence of 1 M sorbitol (n = 2,819), WT spores in presence of 1 mM quinine
(n = 4491, data from Fig. 3.3J), and AyugO spores (n = 1,058, data from Fig. 3.3J). Error bars
indicate standard deviation.
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Figure S3.7: Phase contrast of spores during germinant pulses and ThT dynamics in response
to L-valine pulses.

(A) Single-cell time traces of min-max normalized phase-contrast intensity for spores shown in
Fig. 3.4D and E. Notice that changes in camera focus create global changes of phase-contrast
values. The dotted vertical lines indicate timepoints where 3-minute pulses of 10 mM L-alanine
were applied. (B) Mean fluorescence time trace of WT spores stained with 10 uM ThT (mean +
SD, n = 3,730). The dotted vertical lines indicate timepoints where 3-minute pulses of 100 mM
L-valine were applied. The shaded area corresponds to the standard deviation.
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Figure S3.8: Comparison of charged and uncharged electrochemical potential reporter dyes.
(A) Chemical structure of the cationic fluorescent dye Tetramethylrhodamine methyl ester
(TMRM). (B) Mean fluorescence time trace of WT spores stained with 10 uM TMRM (mean +
SD, n =460). The mean is calculated from fluorescence values before each spore’s germination
timepoint. The shaded area corresponds to standard deviation. (C) Chemical structure of the
charge-neutral ThT. (D) Mean fluorescence time trace of WT spores stained with 10 uM neutral
ThT (mean + SD, n = 542). The mean for all germinated spores shows a decrease in signal likely
due to photobleaching. The shaded area corresponds to standard deviation.
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Synthesis of neutral ThT
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Figure S3.9: Synthesis and characterization of neutral ThT.
(A) Intermediates for the synthesis of neutral ThT: (1) p-toluidine, (2) 1-(p-tolyl)thiourea, (3)
6-methylbenzo[d]thiazol-2-amine, (4) 2-amino-5-methylbenzenethiol, (5) N,N-dimethyl-4-(6-
methylbenzo[d]thiazol-2-yl)aniline (“neutral ThT”). Reactions and conditions: (A) 1.0 equiv
1, 1.1 eq NH4SCN, 27% aq. HSOy, 20h, 85 °C, 61%; (B) 1.0 equiv 2, 0.1 equiv HBr, conc.
H,SOy4, 2h, 80 °C, 57%; (C) 1.0 equiv 3, 40% NaOH, 20h, 100 °C, 31%; (D) 1.0 equiv p-
dimethylaminobenzaldehyde, 1.2 equiv 4, cat. amberlite IR-120, EtOH, mw irradiation, 3h, 100
°C, 40%. (B) 'H Nuclear Magnetic Resonance (NMR) spectrum of neutral ThT. The observed
signals correspond to the protons in neutral ThT and are used to confirm the chemical structure.
Green lines represent the integration (number of protons corresponding to each signal, annotated
under the peaks). The signal for the solvent (CHCI3) is at 7.26 ppm. (C) '*C NMR spectrum
of neutral ThT. The observed signals correspond to the carbons in neutral ThT and are used to
confirm the chemical structure. The signal for the solvent (CDCl3) is at 77.41, 77.16, and 76.91
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Figure S3.10: Deletion of the SpoVAF subunit of the SpoVA CaDPA channel does not affect
electrochemical dynamics in dormant spores.

(A) Cartoon illustrating the efflux of CaDPA through the SpoVA channel, a well-known process
in the germination program following germination. (B) Normalized histogram of germination
time in response to a single germinant pulse for WT (n = 104, data from Fig. 3.1D and S3.1D)
and AspoVAF (n = 64) spores. (C) Mean fluorescence time trace of dormant AspoVAF spores
stained with 10 uM ThT (n = 852). The dotted vertical lines indicate 3-min pulses of 10 mM
L-alanine. The shaded area corresponds to standard deviation. (D) Bar plots indicating average
electrochemical potential change of WT (n = 3,484, data from Fig 3.4F) and AspoVAF (n = 852,
data from panel C) spores. Error bars represent 99% confidence intervals.
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Table S3.1: Bacillus subtilis strains used in Chapter 3.

Strain Genotype Source

Wild type B. subtilis NCIB 3610 | Gift from Wade Winkler laboratory (Univer-
sity of Maryland, College Park, MD)

AyugO yugO:: neo Laboratory collection

AktrC ktrC:: spec This study

AktrD ktrD:: tet Gift from Daniel Kearns laboratory (Indiana
University Bloomington, IN)

AspoVAF spoVAF:: spec This study
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Chapter 4

Conclusion and Closing Remarks

In this dissertation, I described two studies that examine how bacteria transmit and process
signals using ions and electrochemical charges. In Chapter 2, we saw how single bacterial cells
within biofilms are spatially organized to optimize signal transmission, and in Chapter 3, we
made the first foray into understanding how signal processing is driven in metabolically dormant
spores. I hope to have conveyed the sense of wonder that comes from seeing cells employ these
surprisingly sophisticated and elegant mechanisms, and cannot wait to see what future research

will uncover in this field.
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Appendix A

Mathematical model for Chapter 3

A.1 Hodgkin-Huxley based potassium flux model

To describe the effect of potassium efflux on spore germination, we developed a Hodgkin-
Huxley-based model of potassium flux in a dormant spore. We consider the germination event to
be when the internal potassium concentration of the spore decreases below a certain threshold K.
We assume that the initial potassium levels of a spore population follow a normal distribution.

Potassium ions can cross the spore membrane through ion channels. Potassium flux
across the membrane depends on the fraction of ion channels that are open (n), the potassium
ion concentration gradient, and the membrane potential of the spore (V'), similar to a previously
described model of potassium flux [2]. We explicitly modeled the dynamics of the intracellular

and local extracellular potassium concentrations, K; and K,, respectively:

dK,

o= Fgxn*(V —=Vg)+Fgun*(V —=V,) —Ye(K, — Kp,) (A.1)
dK;
dt’ — —Fggn*(V = Vi) — Fg,n*(V —V,) (A.2)

Potassium can enter and leave the spore through both dedicated potassium channels and nonspe-
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cific ion channels. The first term in both equations describes potassium flux through potassium
ion channels, and the second term describes potassium flux through nonspecific ion channels.
The nonspecific ion Nernst potential is approximated by the parameter V,, and the potassium

Nernst potential Vi is given by the equation:
VK = VK() In (Ke/Ki) (A3)

The dynamics of the spore’s membrane potential is described by the following ordinary differential

equation:
av
o= —gxn* (V —Vg) —gun* (V—=V,) (A4)
The ion channels are assumed to effectively have four subunits, which can be in an open or closed
position. The fraction of subunits n that are in the open position is described by the following

equation, where the first term represents the opening of the channels due to germinant exposure

and the second term represents their closing:

dn

% =o(l—n)—Pn (A.S)

When germinant is not present, o = 0; otherwise, o = 0l;. As a consequence, in the
absence of germinant, the entire system is at steady state with channels closed, reflecting the idea

that spores are dormant and stable.

A.2 Modeling genetic and chemical perturbations

We assume that cells lacking KtrC are less able to actively transport potassium into the cell
than wild-type cells. Therefore, we assumed that AktrC spores have lower average intracellular

potassium levels than wild-type spores. Consequently, the starting membrane potential for AktrC
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spores is more negative than for wild-type spores.

Cells lacking the YugO channel have a potassium channel conductance of 0, or gx = 0.
Potassium ions can only enter or leave the AyugO spore through the nonspecific ion channels,
which have a much lower conductance for potassium, so potassium efflux is slower than in
wild-type spores. In addition, AyugO spores have less intracellular potassium than wild-type
spores, and correspondingly a slightly more negative membrane potential. Finally, we assume
that AyugO cells are less able to regulate potassium levels before and during sporulation, thus
causing the distribution of initial intracellular potassium levels to be more variable than those of
wild-type cells.

Quinine is assumed to decrease channel conductance, to gk, and g, for potassium

channels and nonspecific ion channels, respectively.
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Appendix B

Chemical synthesis procedures for Chapter

3
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Figure B.1: Reactions and conditions for the synthesis of Neutral ThT. (a) 1.0 equiv (1), 1.1
eq NH4SCN, 27% aq. HySOy4, 20 h, 85 °C, 61%; (b) 1.0 equiv (2), 0.1 equiv HBr, conc.
H,SOy4, 2 h, 80 °C, 57%; (c) 1.0 equiv (3), 40% NaOH, 20h, 100 °C, 31%; (d) 1.0 equiv
p-dimethylaminobenzaldehyde, 1.2 equiv (4), cat. amberlite IR-120, EtOH, mw irradiation, 3 h,
100°C, 40%.

1-(p-tolyl)thiourea (2) [69]: To an aqueous solution of HySOy4 (27%, 10.0 mL) was
added in one portion commercially available p-toluidine (1) (5.00 g, 46.66 mmol, 1.0 equiv.)
and ammonium thiocyanate (3.91 g, 51.33 mmol, 1.1 equiv.). The reaction was allowed to stir
overnight at 85 °C. Upon completion (tlc monitoring), toluene (10.0 mL) was added and the
reaction mixture was refluxed for 'H. The solution was neutralized with NH4OH and filtered
to yield compound (2) as a white solid (61% yield). Ry = 0.35 (1:9 EtOAc:DCM); 'H NMR
(300 MHz, CDCl3): & 7.87 (bs, 'H), 7.24 (d, J = 8.2 Hz, 2H), 7.12 (d, J = 8.3 Hz, 2H), 6.03
(bs, 2H), 2.37 (s, 3H). [70] 6-methylbenzo[d]thiazol-2-amine (3) [69]: To a solution of 2 (2.00
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g, 12.03 mmol, 1.0 equiv.) in conc. H2SO4 (4.0 mL) was added slowly 48% HBr (0.08 mL,
1.20 mmol, 0.1 equiv.). The reaction was allowed to stir at 80 °C for 2 h. The reaction was
diluted with cold water, neutralized with NH4OH and extracted with EtOAc (3 x 15.0 mL) to
afford (3) as a pale-yellow solid (57% yield). Ry = 0.10 (1:9 EtOAc:DCM); 'H NMR (300 MHz,
CDCl3): §7.44 (d,J = 8.19, 'H), 7.41-7.40 (m, 'H), 7.12 (dq, J = 8.2, 0.6 Hz, 'H), 5.07 (b,
2H), 2.40 (s, 3H). 2-amino-5-methylbenzenethiol (4) [71]: To a solution of 40% NaOH (12.5
mL) was added (3) (1.00 g, 6.09 mmol, 1.0 equiv.) and the reaction was heated at 100 °C for
20h. Upon completion (tlc monitoring), the solution was neutralized with AcOH then filtered
to yield compound 4 as an off-white solid (31% yield). Ry = 0.75 (100% EtOAc); 'H NMR
(300 MHz, CDCl3): § 6.99-6.95 (m, 2H), 6.64 (d, J = 7.9 Hz, 'H), 4.18 (s, 2H), 2.13 (s, 3H).
[72] N,N-dimethyl-4-(6-methylbenzo[d]thiazol-2-yl)aniline (Neutral ThT, 5) [73]: To a 5.0 mL
microwave vial was added p-dimethylamino benzaldehyde (0.05 g, 0.34 mmol, 1.0 equiv.) and
4 (0.05 g, 0.40 mmol, 1.2 equiv.) in EtOH (3.0 mL). A few beads of Amberlite IR-120 were
added, and the reaction was subjected to microwave radiation at 100 °C for 3h. The precipitate
was collected via filtration to provide (5) as a pale yellow solid (40% yield); Ry = 0.85 (1:9
EtOAc:DCM); 'H NMR (500 MHz, CDCl3): § 7.94 (d, J = 8.9 Hz, 2H), 7.86 (d, J = 8.3 Hz,
'H), 7.63 (s, 'H), 6.25 (dd, J = 0.8, 8.6 Hz, 'H), 6.74 (d, J = 8.9 Hz, 2H), 3.05 (s, 6H), 2.47 (s,
3H); 13C NMR (125 MHz, CDCl3): &: 167.95, 152.54, 152.14, 134.75, 134.35, 128.82, 127.62,
121.87,121.60, 121.33, 111.80, 40.33, 21.63; HRMS (ESI-TOF) calculated for [C{6H;7N,S]+
[M+H]+: 269.1107; found 269.1106 [68].
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