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ABSTRACT Bdellovibrio bacteriovorus is a predatory bacterium preying upon Gram-negative bacteria. As such,
B. bacteriovorus has the potential to control antibiotic-resistant pathogens and biofilm populations. To survive and reproduce,
B. bacteriovorus must locate and infect a host cell. However, in the temporary absence of prey, it is largely unknown how
B. bacteriovorus modulate their motility patterns in response to physical or chemical environmental cues to optimize their energy
expenditure. To investigate B. bacteriovorus’ predation strategy, we track and quantify their motion by measuring speed distri-
butions as a function of starvation time. While an initial unimodal speed distribution relaxing to one for pure diffusion at long times
may be expected, instead we observe a bimodal speed distribution with one mode centered around that expected from diffusion
and the other centered at higher speeds. What is more, for an increasing amount of time over which B. bacteriovorus is starved,
we observe a progressive reweighting from the active swimming state to an apparent diffusive state in the speed distribution.
Distributions of trajectory-averaged speeds for B. bacteriovorus are largely unimodal, indicating switching between a faster
swim speed and an apparent diffusive state within individual observed trajectories rather than there being distinct active swim-
ming and apparent diffusive populations. We also find that B. bacteriovorus’ apparent diffusive state is not merely caused by the
diffusion of inviable bacteria as subsequent spiking experiments show that bacteria can be resuscitated and bimodality restored.
Indeed, starved B. bacteriovorus may modulate the frequency and duration of active swimming as a means of balancing energy
consumption and procurement. Our results thus point to a reweighting of the swimming frequency on a trajectory basis rather
than a population level basis.

SIGNIFICANCE Bdellovibrio bacteriovorus is a predatory bacterium that may help control Gram-negative bacterial
populations in environmental and clinical settings. To locate its prey in solution, B. bacteriovorus must expend energy to
fight hydrodynamic drag. This raises the question as to how B. bacteriovorus should expend its energy reserves in the
absence of chemical cues from its prey. Here, we show that B. bacteriovorus adapts its motility to minimize energy
expenditure (due to fighting drag in swimming) upon prolonged starvation by exploiting two motility states.

INTRODUCTION iors of biomedical interest (7,13,14) such as biofilm
formation (15) and bacterial swarming (16,17).

Here, our focus is in understanding the hunting strategy of
predatory bacteria, such as Bdellovibrio and like organisms
(sometimes called BALOs), driven by external resources.
Understanding such strategies is helpful in exploiting Bdel-
lovibrio and like organisms for a number of tasks including
the degradation of hazardous microbial biofilms on surfaces
(15,18-21), purifying water and soil (22-24), and serving as
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Bacterial cues drawn from the environment—mediated
through a number of factors such as hydrodynamic interac-
tions (1,2), external flows (3-5), or other direct chemical
signaling and quorum sensing (6—12)—are critical in under-
standing cell-cell interaction and emergent collective behav-
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animal models such as zebrafish (30). Indeed, the bacterial
predator, Bdellovibrio bacteriovorus, has been shown to
significantly decrease populations of many other species
of Gram-negative bacteria (31,32) across habitats
(14,15,18,19,22-24,28-30,33,34).

The biphasic life cycle of B. bacteriovorus involves an
attack phase in which predatory B. bacteriovorus locate
their bacterial prey and enter the periplasm where they com-
plete the replicative growth phase, ending with the progeny
lysing from the host (35-41). Although B. bacteriovorus
was discovered half a century ago (42—-44) and is now stud-
ied as a model predator, it is largely unknown how
B. bacteriovorus locate individual prey. For instance, previ-
ous studies suggested that B. bacteriovorus bumps into its
prey at random (19,22,34,38,45-48).

In previous work, we revisited this hypothesis (2) and inves-
tigated the role hydrodynamics plays in B. bacteriovorus’
hunting strategy. Our own previous efforts built upon recent
literature suggesting that bacteria sense and respond to envi-
ronmental hydrodynamic flows (3—5) and self-generated flows
(1,49-54). In particular, we found that, on account of
B. bacteriovorus’ unusually high speed, passive hydrody-
namic forces could drive it toward surfaces where prey tend
to be present in larger numbers (2), thereby improving the
odds of a chance collision.

This finding raises the following question: given that hy-
drodynamic forces induced by B. bacteriovorus’ unusually
high speeds are critical in bringing it toward prey, how
might B. bacteriovorus, in the absence of prey in its environ-
ment, allocate its energy reserves to overcome hydrody-
namic drag as it propels itself through solution in search
of prey? Naively, one may expect a unimodal speed distribu-
tion at high speeds across a trajectory to shift to a unimodal
speed distribution at longer times to coincide with a peak
around that expected for pure diffusion. On the other
hand, prey bacteria such as E. coli are known to modulate
swimming behavior based on environmental cues (55,56)
(mainly the presence of predator bacteria) so it does not
seem unreasonable to expect the predator to modulate its
swimming behavior in the presence of prey.

A naive search strategy where active motility persists un-
til the available energy—used to maintain metabolic ho-
meostasis, as well as overcoming both translational and
rotational hydrodynamic drag—is expended may suggest
that B. bacteriovorus would not be revivable once energy re-
sources are depleted and, possibly, that its proteome might
be catabolized in an effort to locate prey by active swim-
ming. On the other hand, an alternative use of energy may
involve the active modulation of motility as a function of
both internal energy reserves (i.e., age) and environmental
cues (i.e., potential sources of energy and nutrients)
before reaching a point of no return, at which point
B. bacteriovorus would no longer have the reserves needed
to fight hydrodynamic drag in search of prey despite
external cues suggesting its availability. We partly address
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this question by monitoring changes in large numbers of
B. bacteriovorus trajectories under starvation conditions as
a function of age and buffer conditions. We found that key
dynamical features—instantaneous and trajectory-averaged
speed distributions—monitored over the course of 40 h may
suggest behavior consistent with what can described as an
exploitative search strategy.

We corroborated these results by subsequently perform-
ing spiking experiments in which starved bacteria are resus-
pended in rich media, showing that B. bacteriovorus can be
resuscitated and their active motility restored. Our results
help shed light on the compromises B. bacteriovorus must
make when hunting in the absence of environmental cues
and how switching between an active state and an apparent
diffusive state can be used to cope with unfavorable environ-
mental conditions.

MATERIALS AND METHODS
Bacterial strains and growth conditions

To avoid any possible variations in the motile behavior of B. bacteriovorus
due to expression of a fluorescent protein, the wild-type strain 109 (Bdello-
vibrio bacteriovorus Stolp and Starr, ATTC no. 15143; American Type Cul-
ture Collection, Manassas, VA) was used to carry out these studies.
Escherichia coli strain OP50 which was grown in lysogeny broth (LB)
(10 g/L yeast extract, 20 g/L tryptone, 20 g/L sodium chloride [pH 7.5])
at 37°C on a 300-rpm shaker was used as B. bacteriovorus’ prey. After mul-
tiple washes with HEPES medium, the OD (600 nm) was taken of the
E. coli and the bacteria were stored at 4°C until use for synchronization cul-
tures as described below.

Synchronization of B. bacteriovorus

Modifications to the synchronization protocols outlined in the literature
(7,57) allow for the synchronized observation of many B. bacteriovorus
of the same age. This was achieved by growing B. bacteriovorus
in nutrient-poor medium (HEPES medium [HM]) (25 mM HEPES [pH
7.4], 3 mM CaCl,, 2 mM MgCl,) containing approximately 10® (OD 1)
E. coli cells overnight at 28°C on a 300-rpm shaker. The next day,
B. bacteriovorus was isolated by centrifugation at 7900 rpm for 30 min
at 4°C. The predators were then resuspended in fresh HM buffer containing
E. coli cells at 0.7 OD. An hour after introduction to fresh E. coli, the
formed bdelloplasts were isolated and resuspended in fresh medium several
times via centrifugation (2000 rpm for 10 min at room temperature). This
eliminated the majority of leftover predators. After an additional 4 h, the
lysed progeny were collected by passing the culture through a 0.45-um Mil-
lex HP syringe filter twice. The isolated B. bacteriovorus remained in
nutrient-poor medium to begin starvation conditions.

The effectiveness of the isolation method was tested by passing an E. coli
OP50 culture of OD 1 through the filter and adding nutrient-rich medium.
The culture was monitored for several days, with no bacteria growing,
showing that E. coli was effectively removed by filtration.

Starvation of B. bacteriovorus experiments

The synchronized B. bacteriovorus was obtained as described above. The
culture remained shaking at 28°C on a 300-rpm shaker during the total
duration of the experiment (approximately 48 h). A small aliquot was taken
from the culture every hour for sample preparation and data acquisition
described below.
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Spiking of B. bacteriovorus with rich medium
experiments

The B. bacteriovorus was synchronized as described above. Four hours af-
ter the culture was filtered, the culture was divided into three 2-mL total vol-
umes: a control, and two cultures that were spiked with rich medium. The
B. bacteriovorus was spiked with nutrient-rich medium, LB (10 g/L yeast
extract, 20 g/L tryptone, 20 g/L NaCl [pH 7.5]) at hour 4 and hour 20 after
filtration. The cultures that were spiked had 1.75 mL of B. bacteriovorus
added and 0.25 mL of rich medium. The cultures remained shaking at
28°C on a 300-rpm shaker during the total duration of the experiment.
Small aliquots were taken from the three cultures for measurements.

Memory of B. bacteriovorus experiments

The B. bacteriovorus was synchronized according to synchronization of
B. bacteriovorus. Six hours after filtration, the culture was divided into three
2-mL total volumes: a control, and two cultures that were spiked with
rich medium at hour 6. The cultures that were spiked had 1.75 mL of
B. bacteriovorus added and 0.25 mL of rich medium. The cultures were
observed 15 min after exposure. To initiate starvation conditions again, all
three cultures were centrifuged (30 min after initial exposure time) at
13,000 rpm for 4 min at room temperature. The control culture and one of
the spiked cultures were resuspended in 2 mL fresh HM. The other spiked
culture was resuspended in 1.75 mL of HM and 0.25 mL of LB. (58). The
cultures remained shaking at 28°C on a 300-rpm shaker during the total dura-
tion of the experiment. Small aliquots were taken from the three cultures for
measurements. The effects of centrifugation can be seen in Fig. S2.

Sample preparation

A small volume (10 uL) of the culture was aliquoted onto a microscope
coverslip containing vacuum grease along the outer edge and secured
with a slide. Focusing on the midplane (approximately 70 um from the sur-
face) allowed for the observation of the bacteria without restricting their
movement due to a confined vertical depth (2).

Data acquisition

Using an inverted phase contrast microscope (Nikon, Melville, NY), the bac-
teria were imaged with a 1024 x 1024 pixel ROI using a 60 (1.4 NA) oil im-
mersion objective. Each hour data were collected by recording six 20-s videos
at 8 ms exposure using a Hamamatsu (Shizuoka, Japan) ORCA-Flash4.0 3V
sCMOS camera. These videos were then processed to obtain velocity distribu-
tions over thousands of bacterial trajectories as described in data analysis.

Data analysis

The bacteria in the images are clearly visible by eye and could in principle
be tracked by hand (Fig. S3). However, due to the volume of data, we auto-
mated tracking. The motility of the bacteria was tracked by using a package
for feature detection, TrackPy (59), which provides the ability to locate fea-
tures (e.g., bacteria) in raw image data and link those features across frames
into trajectories. Two of the main parameters used for locating features
were the diameter and minmass. The diameter is determined based on the
size of the object tracked and the minmass is the minimum integrated
brightness used to eliminate spurious features. As B. bacteriovorus is about
1 wm long (i.e., 11 pixels), we conservatively chose an all-inclusive
15-pixel diameter. The minmass varies between runs given the overall
brightness of the video. Changes in this value may affect the overall number
of bacteria tracked within the focal plane, but would not influence conclu-
sions drawn on the overall motility of individual bacteria; i.e., it only re-
duces the statistics available. To link bacteria across frames, the search
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range was consistently set to 20 pixels as the bacteria are unlikely to travel
further than this number of pixels between consecutive frames (19). As bac-
teria move in and out of focus, there is a sampling bias in speed measure-
ments at the start and end of trajectories toward slow speeds (i.e., a bias
toward a larger velocity component orthogonal to the focal plane).
Removing the first and last two frames of all trajectories was sufficient to
mitigate this bias (Fig. S4; Table S1). Also for this reason, we ignored
any traces shorter than 10 consecutive frames.

Window averaging of the bacterium’s position was calculated to more
accurately track its movement. The effect of different windows can be seen
in Fig. S5. Based on these results, a window of three was used for all bacteria
located. As windowing essentially decreases the number of original data
points, we also tested downsampling (decimating) the data to assure ourselves
that the shape of the distributions did not greatly vary (Fig. S6).

Once each trajectory is recorded as a time series of two-dimensional co-
ordinates, the distance the feature moves between each consecutive frame
and the exposure time of the camera are used to calculate the instantaneous
speeds. A central difference of the positions with respect to time was used to
get a more accurate speed estimate. The average speed for each trajectory
was obtained by taking the average of the instantaneous speeds of each bac-
terium’s trajectory along the whole trajectory.

For robustness, we compared the above tracking method with a method
leveraging neural networks to localize the bacteria, and parameter-free
Gaussian process regression to obtain velocities at each frame (see support-
ing material). In brief, key results uncovered in the speed histograms
(namely bimodality, discussed shortly) (Figs. | and 2), were recovered us-
ing the parameter-free analysis, further suggesting that the bimodality is a
feature of the data and not a tracking artifact.

RESULTS

To see how B. bacteriovorus adapts to environmental cues,
we first observed the swimming behavior of synchronized
B. bacteriovorus in the absence of prey and nutrients. The
bacterial trajectories after different periods of starvation
can be seen in Fig. 3, in which the normalized speeds are
plotted in blue. Under such starvation conditions, we moni-
tored the instantaneous speed of each bacterium at each
frame as well as the average speed of each bacterium along
its trajectory (Fig. 1). The instantaneous speed is obtained
using the smoothing algorithm described in the materials
and methods. The average speed of each bacterium is simply
the average of the instantaneous speeds for the bacterium.
We uncover a reproducible bimodal instantaneous speed
distribution with peaks at roughly 10 and 40 um s~ ' with
the relative weight of each peak being sensitive to
B. bacteriovorus’ age and buffer conditions.

We then introduced B. bacteriovorus to nutrient-rich me-
dium (LB)—effectively providing them with an external en-
ergy source—to determine whether the bacteria were merely
inviable or swimming less frequently at later times. We
monitored the changes in the speed distributions (Fig. 2)
compared with a starving control of equal age.

To further investigate the nature of B. bacteriovorus’
search strategy bimodal speed distribution, we monitored
B. bacteriovorus’ behavior with a cycle of starvation, rich
medium exposure, and then restarvation. This resulted in
bacteria repopulating the active swimming state and then
the apparent diffusive state (Fig. S7).
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FIGURE 1

Under starvation conditions, the instantaneous and average speed distributions of B. bacteriovorus shift across time. (A) Instantaneous speed

distributions are bimodal with a substantial shift toward an apparent diffusive state over the first 6 h. (B) Beyond hour 6 during starvation, the instantaneous

speed distribution relaxes to a unimodal distribution about the expected diffusive speed for a Brownian particle of B. bacteriovorus’ size (= 9.40 ums™ ',

1

dashed lines). (C) Distributions of speeds averaged over individual trajectories are largely unimodal over the first 6 h. (D) Average speed distributions over
45 h eventually relax to the expected diffusive speed. The sampling statistics for each histogram can be found in supporting material, sampling statistics for

main text figures.

Diffusive speed calculations

As mentioned before, Fig. | contains a bimodal instantaneous
speed distribution with peaks at 10 and 40 um s~'. We inter-
pret these peaks as a diffusive state and a swimming state,
respectively. To justify our interpretation, we compare our in-
ferred diffusive speed (10 um s~ ") with the expected diffusive
speed calculated using the Stokes-Einstein equation.
Assuming the bacterium is a sphere, we can calculate the diffu-
sion coefficient as given by the Stokes-Einstein equation:

T
6w’

M

where v is the dynamic viscosity and r is the radius of the
sphere. The dynamic viscosity of water at 28°C (the temper-

ature of the incubator) is approximately 8.318 x 10 * kg
ms ', and the radius of the bacterium is approximately
0.375 um. By substituting these values and Boltzmann’s
constant, k, the diffusion coefficient can be estimated as
0.707 ,um2 s~!. The exposure time, At, between two frames
is 0.008 s. Therefore, the diffusive speed is approximately
9.40 um s, as given by:

D/At 2)

Vit =

whose outcome is consistent with our measurement.

As an aside, we can compare this to the diffusive speed
of an E. coli. A rough calculation for E. coli’s diffusive
speed can be obtained by approximating the cell as a
sphere and taking its volume to be =1 um?, giving a radius

Biophysical Journal 122, 3060-3068, August 8, 2023 3063



Xu (Rf%%) et al.

Culture:
3 control
spiked

FIGURE 2 After addition of LB, B. bacteriovorus
begins to swim more frequently even after long starva-
tion times. We compare the instantaneous speed distri-
butions of our control, starving B. bacteriovorus
(blue), to that of cultures spiked with LB at hour 4 (or-
ange) and hour 20 (green). Both spiked cultures were
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of 0.6 um. From Eq. 2 above, we get vgir = 7.4 um s L

Considering the approximations made in this calculation,
E. coli’s diffusive speed of 7.4 um s~ is actually similar
to the diffusive speed of B. bacteriovorus, which is approx-

imately 9.4 um s~ .

Starvation of B. bacteriovorus

Representative traces, exhibiting both active swimming
states (light blue) and apparent diffusive states (dark blue)
visited within individual trajectories, are shown in Fig. 3.
As described in the materials and methods, hour O is
observed 10 min after filtering.

In Fig. 1, we show the instantaneous and average speed
distributions as a function of age. Starting from hour 0,
the instantaneous speeds exhibit a bimodal distribution,
with peaks around 10 and 40 um s~ '. The former peak is
centered around the expected diffusive speed of a spherical
particle the B. bacteriovorus’ size, as predicted by the
Stokes-Einstein relation (Fig. 1, dashed line) (see the previ-
ous section for calculation).

As bacteria age over the first 6 h under starvation condi-
tions, we observe a decrease in the higher-speed population
and an increase in the apparent diffusive population of our
bimodal distribution. The observed shifts suggest the possi-
bility that the bacteria are actively adjusting the amount of
time spent swimming in response to persisting starvation
conditions. The evolution of the speed distribution, from
hour O up to hour 45, is shown in Fig. I B (with bimodality
shifting to unimodality around the 20-h mark). In the mate-
rials and methods, we describe tracking details.

We highlight that, by contrast to B. bacteriovorus which
continues swimming for hours poststarvation, E. coli stops
swimming as soon as we can image it when under starvation
as shown in Fig. S1.
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observed after 2 h of exposure. (A) After 2 h of expo-
sure, the culture spiked at hour 4 (orange) exhibits a
small repopulation of the active swimming speed
peak. (B) After 2 h of exposure, the culture spiked
at hour 20 (green) has faster speeds than the control
(blue). (C) The culture spiked at hour 20 can be
seen after several hours of exposure with negligible
difference (21-26), indicating that, after several hours
of exposure, the nutrients are in excess. The sampling
statistics for each histogram can be found in support-
ing material, sampling statistics for main text figures.

60 80

To determine whether there are two bacterial populations
or two motility states for each bacterium contributing to the
bimodal instantaneous distributions (Fig. 1, A and B), the
average velocity over each bacterium’s trajectory was calcu-
lated (Fig. 1 C). The speed distributions have a similar
average velocity over the first 6 h. This indicates that the
speed of each bacterium is more similar to that of other bac-
teria than the speeds sampled within its own trajectory.
Indeed the instantaneous speed distribution at hour 6 appears
to shift slightly toward higher values compared with hour 5
(see Fig. 1 A). We attribute this shift to noise, for two reasons
1) the width of the distribution at hour 6 is generally consis-
tent with that of previous hours and 2) the number of live bac-
teria decreases at later hours, resulting in poorer statistical
accuracy. However, just as before, the average velocity ap-
proaches the expected diffusive speed after hour 20 (Fig. 1
D, dashed line), suggesting that B. bacteriovorus are appar-
ently diffusing. The absence of a well-defined unimodal
speed distribution is corroborated by direct visual inspection
of bacterial trajectories; representative traces, exhibiting both
active swimming and apparent diffusive states within individ-
ual trajectories, are shown in Fig. 3. Additional runs can be
found in the supporting material (Figs. S8-S10).

To demonstrate that the observations depicted in Fig. |
are not an artifact of the localization method employed,
we also performed deep learning localization on the same
data sets and obtained consistent results. Furthermore, we
conducted Gaussian mixture fitting and provide a list of
all fitted parameters. These results are presented in the sup-
porting material, comparison to another analysis method.

Spiking of B. bacteriovorus

Following up on the preanalysis, we exposed previously
starving bacteria to nutrient-rich medium (LB), as described



y (um)

y (Hm)

in the materials and methods. One of the main ingredients,
yeast extract, has been shown to induce an active chemo-
tactic response in B. bacteriovorus (11). In Fig. 2, we
compare the motile response to the addition of LB with a
control where B. bacteriovorus is kept in nutrient-poor me-
dium (HM), identical to those in Fig. 1.

To determine if B. bacteriovorus is revivable, we took a
B. bacteriovorus culture and separated it into three. One
of these cultures was spiked with LB at hour 4, another
was spiked with LB at hour 20, and the third was never
spiked. The spiked cultures remained in the LB solution
for the duration of the remainder of the experiment. For
both spiked cultures, we then looked at their instantaneous
speed distributions after 2 h of exposure, thus at hour 6
for Fig. 2 A and at hour 22 for Fig. 2 B. We found that bac-
teria move more frequently after spiking. Additional runs
are provided in Figs. S11 and S12.

As seen in Fig. 2 C, after leaving the bacteria in the spiked
rich medium, their speed distributions did not greatly vary,
indicating that over several hours there is an excess of nutri-
ents. To further determine if the concentration of LB used to
spike the cultures at hour 4 and hour 20 had an overall effect
on the speed distributions, we spiked cultures at half the
concentration of LB used to spike the cultures as well as
at 10x the concentration (see Fig. S13). The half LB spiked
cultures exhibited similar results to the initial whole concen-
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FIGURE 3 Representative B. bacteriovorus tra-
jectories depicting instantaneous velocities. Bacte-
rial trajectories are obtained for the first 500
frames at hour 0 (A), hour 4 (B), hour 6 (C), and
hour 20 (D). Trajectories are colored according to
the state at that time level (active swimming is bright
and apparent diffusive is dark) determined by thresh-
olding above and below 30 um/s. This threshold is
selected based on the midpoint of the center of
both peaks in the bimodal distribution in Fig. 1.

tration seen in Fig. 2. At 10x LB, the speed of
B. bacteriovorus was observed to be slower. This can be
attributed to the higher osmolarity of the solution, consistent
with previous reports in the literature (60). Although high
osmolarity is known to generally lower fitness (61), the
exact mechanism by which higher osmolarities lead to
slower B. bacteriovorus speeds is yet to be fully understood
(60). One recent explanation suggests that higher osmolar-
ities can impede the metabolism of B. bacteriovorus and
hinder the regeneration of NADH pools, without necessarily
causing cell death (62).

Spiking B. bacteriovorus at hour 40 resulted in no change
compared with the starving control (Figs. S14 and S15).
This indicates that, although the speed distribution in
Fig. 1 looks similar for hours 20 and 45, the bacteria cannot
be revived after hour 45.

These findings then naturally beg the question as to
whether B. bacteriovorus recovers its bimodal behavior af-
ter reinitialization of starvation conditions (resuspension in
HM) after spiking. Here, we follow up on the spiking exper-
iments (Fig. 2), except that after spiking we centrifuged
B. bacteriovorus and resuspended them in nutrient-poor me-
dium. We then ask how the fraction of swimming versus
apparently diffusing B. bacteriovorus differ from our con-
trol (Fig. S7). Qualitatively, we find that the bacteria
continue to spend more time swimming compared with
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the control—regardless of the tendency of centrifugation to
slow down B. bacteriovorus (see Fig. S2)—suggesting that
there is some degree of memorylessness. In other words,
these results suggest that B. bacteriovorus behave as if
they were exposed to rich medium and starved for the
very first time.

DISCUSSION

Bimodality in the instantaneous speed distributions over the
first 6 h under starvation (Fig. 1, A and B), along with the
absence of bimodality in the trajectory-averaged speed dis-
tributions (Fig. 1, C and D), suggests that B. bacteriovorus
samples both active swimming and apparent diffusive states
of motility within the course of a single trajectory. At any
given time point (after the initiation of starvation), the
motile behavior of a given B. bacteriovorus appears to be
representative of other cells within the population. Indeed,
B. bacteriovorus cells sample speeds from a bimodal distri-
bution, with active swimming and apparent diffusive states,
from the onset of starvation.

B. bacteriovorus remains active over hours and our
spiking experiments not only show that B. bacteriovorus
can be resuscitated after even 20 h of starvation, but that
those bacteria that do stop swimming (and revert to apparent
diffusion) can be stimulated back into sampling the high-
speed state of its velocity distribution. Indeed, shortly after
spiking, B. bacteriovorus increases the fraction of time it
spends swimming. As the reinitiation of starvation condi-
tions (Fig. S7) produced behavior similar to initial starva-
tion, it is likely that B. bacteriovorus allocates energy
reserves for active motion in direct response to its environ-
ment, regardless of previous conditions, and that the
B. bacteriovorus population eventually enters an energy-
conserving apparent diffusive state if starved for long
enough. Previous studies in which bimodal speed distribu-
tions are observed are normally associated with the bundling
of flagella for peritrichously flagellated species (e.g., the
run-and-tumble paradigm (56,63)), which is not a feasible
mechanism for the uniflagellated B. bacteriovorus and oc-
curs on second timescales far shorter than the hours and
days timescales involved in reweighting motility states.

The subtle way in which B. bacteriovorus modulates
which of the states of its speed distribution it samples is
worthy, in and of itself, of future molecular attention. This
is especially meaningful in light of the stark contrast in its
ability to keep swimming under starvation compared with
its prey, E. coli. To wit, it is already known that
B. bacteriovorus dramatically varies its gene expression
levels between attack and growth phases (57,64,65) with,
most recently, work exploring B. bacteriovorus’ motility
reduction under starvation linked to cyclic-di-GMP effec-
tors playing the role of “motility brakes” (66).

These findings, in turn, beg broader questions associated
with the cost, both hydrodynamic and transcriptional, tied to
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motility reinitiation by B. bacteriovorus. Our work here pro-
vides a piece of the puzzle toward assessing the energetic
cost associated with motility with time from the onset of
starvation. It remains to be seen whether, in the end, active
swimming state modulation with age is tied to transcrip-
tional activity and part of a global strategy to jointly mini-
mize hydrodynamic and transcriptional energy expenditure
to maximize the probability of locating prey.
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Figure S1: E. coli immediately decreases its speed under starvation conditions. Two runs were conducted in which each
E. coli culture was grown in LB (Hour -1) and either resuspended in HM (green) or LB (orange) at Hour 0. (A) The culture
resuspended in HM (Hour 0, dotted green) had an increase in population of instantaneous slow speeds as compared to before
starvation (Hour -1, solid green). (B) The motile trajectories (at least one instantaneous speed within the trajectory above
5 ums~!) of E. coli have broader instantaneous speed distributions before centrifugation (Hour -1, solid orange and green) and
after resuspension in LB (Hour 0, orange dotted) as compared to the starved culture (Hour 0, dotted green). (C) The culture
resuspended in HM (Hour 0, dotted green) had an increase in population of average slow speeds as compared to prior to
starvation (Hour -1, solid green) and the culture resuspended in LB (dotted orange). (D) The motile trajectories of E. coli have
broader average speed distributions before centrifugation (Hour -1, solid orange and green) and after resuspension in LB (Hour
0, orange dotted) as compared to the starved culture (Hour O, dotted green).
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Figure S2: There is an increase in the apparent diffusive state population after centrifugation. A B. bacteriovorus culture
starved for 6 hours was split as seen in the spiking experiments. One culture was not centrifuged (blue) while the other was
centrifuged (orange) as discussed in the Methods section. There is no noticeable change between the control (blue) at Hour 6
and Hour 6.5. However, there is an increase in the apparent diffusive population after centrifugation (orange).

Manuscript submitted to Biophysical Journal 3



Xu et al.

Figure S3: Localization errors in the analysis of B. bacteriovorus datasets. We selected a frame (1024x1024 pixels, 8 ms)
containing multiple B. bacteriovorus from inverted phase contrast images. Three 30x30 pixel regions were then selected and
presented in panels A-C. The ground truth B. bacteriovorus locations, annotated by eye, are denoted by a white star, while the
automated (neural net) localization is indicated by a blue dot. The average error between our automated localizations and the
hand-annotated localizations across all frames that have been manually annotated is denoted by a circle. The circle’s radius
represents our localization error.
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Figure S4: Varying cutoffs of endpoints of trajectories does not affect the bimodal distribution. From S1, the relative
biases of cutting off different endpoints was seen for Hour 0. However, looking at the distributions after removing these frames
from each trajectory, there is no noticeable effect on the structure of the bimodal distributions.
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Figure S5: Using different window averaging has minimal affects on the speed distribution and velocity autocorrelations.
The bimodal distribution for Hour O seen in figure 1 was observed using different window averaging. Overall a larger window
causes the speed distributions to shift slightly to the left, but the overall distribution shape remains the same. The velocity
autocorrelation is very similar regardless of the window. The histogram data was divided into 100 evenly spaced bins.
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Figure S6: Decimating the data has minor effects in the speed distributions. To further test the bimodal behavior seen at
early hours of starvation, the data was decimated. For example, for a decimation of 5, every fifth data point of a trajectory was
used, thus also decreasing the number of samples. (A) Decimating the data does not show a noticeable effect even as much as
taking only every tenth instantaneous speed of a bacterial trajectory at Hour 0. (B) A slight shift to a slower average speed is
seen when utilizing fewer data points, but the overall shape of the distribution does not vary greatly at Hour 0. (C) Decimating
the data at Hour 5 has an increase in the height of the apparent diffusive peak when taking every fifth to tenth data points. (D)
The average speed distributions also show a shift to the left at Hour 5 with larger decimations. As the number of data points is
less for Hour 5 compared with Hour O, this may be a cause for further effects of using larger decimations (fewer data points).
All data in the instantaneous speed and average speed histograms was divided into 100 and 30 evenly spaced bins, respectively.
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Figure S7: Fraction of time over which B. bacteriovorus swim. Here we plot the fraction of the B. bacteriovorus population
swimming over time for our three experiments (no spiking, spiking at Hour 4, and spiking at Hour 20). We determine the
fraction of B. bacteriovorus that are swimming by thresholding their speeds around 30um/s, which is the midpoint line between
the two speed peaks in figure 1. The top panel shows the control, the middle panel shows the B. bacteriovorus that have been
spiked at Hour 4, and the bottom panel shows the B. bacteriovorus that have been spiked at Hour 20. Black vertical lines
represent the spiking time.
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Figure S8: Under starvation conditions, the instantaneous and average speed distributions of B. bacteriovorus shift
across time. [run 2]. We follow a similar convention to figure 1 in the main text. The only relevant difference is the number
of data points contributing to each histogram. For (A) and (B), the number of instantaneous speed observations ranges from
93,196-172,376; for (C) and (D), the number of average speed observations ranges from 1,327-3,277.
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Figure S9: Under starvation conditions, the instantaneous and average speed distributions of B. bacteriovorus shift
across time [run 3]. We follow a similar convention to figure 1 in the main text. The only relevant difference is the number
of data points contributing to each histogram. For (A) and (B), the number of instantaneous speed observations ranges from
25,959-60,393; for (C) and (D), the number of average speed observations ranges from 247-982.
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Figure S10: Under starvation conditions, the instantaneous and average speed distributions of B. bacteriovorus shift
across time [run 4]. We follow a similar convention to figure 1 in the main text. The only relevant difference is the number
of data points contributing to each histogram. For (A) and (B), the number of instantaneous speed observations ranges from
49,264-107,299; for (C) and (D), the number of average speed observations ranges from 500-2,065.
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Figure S11: After addition of LB, B. bacteriovorus begins to swim more often even after long starvation times [run 2]. We
follow a similar convention to figure 2. The number of instantaneous speed observations ranges from 65,795-110,082 for (A),
84,361-174,041 for (B), 80,625-95,618 for (C), and 141,373-96,026 for (D). Distributions were constructed from 100 evenly

spaced bins over the range of instantaneous speed measurements.
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Figure S12: After addition of LB, B. bacteriovorus begins to swim more frequently even after long starvation times [run
3]. We follow a similar convention to figure 2 The number of instantaneous speed observations ranges from 71,290-64,100 for
(A) and 68,325-126,841 for (B). Distributions were constructed from 100 evenly spaced bins over the range of instantaneous

speed measurements.
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Figure S13: The speed distributions of spiking experiment is concentration dependent. A culture starved for four hours and
then split into three cultures. One culture remained starving (blue) while the other two were spiked with 10X LB (green) or
1/2X LB concentration (magenta). The culture spiked with the higher concentration resulted in an increase in the apparent
diffusive peak whereas the 1/2X culture exhibited an increase in the higher mode peak. This is likely due to an increase in the
osmolarity of the solution with the greater concentration of LB. The number of instantaneous speed observations ranges from

49,390-96,644. The data were divided into 100 evenly spaced intervals.
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Figure S14: B. bacteriovorus shows no signs of revival after 40 hours of starvation. We compare the instantaneous speed
distributions of our control, starving B. bacteriovorus (blue), to that of cultures spiked with LB at Hour 20 (green) and Hour 40
(magenta). Both spiked cultures were observed after 2 hours and 20 hours of exposure. (A) After two hours of exposure, the
culture spiked at Hour 20 (green) has faster speeds than the respective control (blue). (B) After two hours of exposure, the
culture spiked at Hour 40 has no noticeable change from the control (blue). (C) After 20 hours of exposure, the culture spiked at
Hour 20 still has faster instantaneous speeds than the control. (D) After 20 hours of exposure, the culture spiked at Hour 40 has
no noticeable change from the control. The number of instantaneous speed observations ranges from 23,472-45,607 for (A),
28,377-79,194 for (B), 46,801-91,407 for (C), and 38,886-84,523 for (D). Distributions were constructed from 100 evenly
spaced bins over the range of instantaneous speed measurements.
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Figure S15: B. bacteriovorus shows no signs of revival after 40 hours of starvation [run 2]. We follow a similar convention
to S14. The number of instantaneous speed observations ranges from 36,346-37,567 for (A), 53,562-114,970 for (B), 72,445-
110,723 for (C), and 80,017-188,080 for (D). Distributions were constructed from 100 evenly spaced bins over the range of
instantaneous speed measurements.

Sampling statistics for main text figures

Figure 1: The area of each histogram is normalized to unity. For (A) and (B), the number of instantaneous speed observations
ranges from 65,795-151,604; for (C) and (D), the number of average speed observations ranges from 621-2,589. Instantaneous
speed distributions were constructed from 50 evenly spaced bins over the range of instantaneous speed measurements; average
speed distributions were constructed from 30 evenly spaced bins over the range of average speed measurements.

Figure 2: The area of each histogram is normalized to unity. The number of instantaneous speed observations ranges from
39,244-39,862 for (A), 29,943-30,707 for (B), 18,841-20,320 for (C), and 56,115-60,393 for (D). Distributions were constructed
from 100 evenly spaced bins over the range of instantaneous speed measurements.

Table S1: Speeds measured at bounding frames after removal of n edge frames.

Number of frames removed from edge
Bounding frames 0 1 2 3 4 5
<30ums! 4303 (55%) | 3310 (43%) | 2885 (37%) | 2921 (38%) | 2976 (38%) | 3039 (39%)
> 30 ums~! 3464 (45%) | 4457 (57%) | 4882 (63%) | 4846 (62%) | 4791 (62%) | 4728 (61%)
Total 7767 (100%) | 7767 (100%) | 7767 (100%) | 7767 (100%) | 7767 (100%) | 7767 (100%)

Speeds measured at the beginning or end of a trajectory are biased towards lower speeds because bacteria moving into or out of
focus are more likely to have a z-component to their velocity while motion occurs in the xy-plane. To determine the degree of
bias, between 0 and 5 edge frames were trimmed from the beginning and end of all trajectories and the speeds re-measured for
the three bounding frames (at the beginning and end of each trajectory). The number (and percentage) of samples above and
below 30 ums~! are counted after trimming a given number of edge frames. Removing roughly two edge frames (emphasized
above) is sufficient to compensate for the slow speed bias at the ends of trajectories; the percentage of slow speed samples
settles around 38%.
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Figure S16: Recreation of figure 1 with parameter free inference.
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Comparison to another analysis method

To confirm that our results are independent of the analysis method we performed the same localization and tracking analysis
using a different framework. For this secondary analysis method we annotated roughly 1000 images by hand, then trained a
neural network (based on MMDetection (1)) to automate the remaining localizations. The mean error between hand annotated
localizations and neural net localizations was roughly 4 pixels, as seen in figure S3, which is small considering the average
width of a B. bacteriovorus’ diffraction pattern is around 10 pixels (see figure S3). We linked localizations across frames using
TrackPy (2). In order to smooth the linked localizations (i.e., tracks), we used a Gaussian process with a squared exponential
kernel (3). The parameters of the kernel were then determined by maximizing the likelihood of the trajectory assuming a
Gaussian emission model for the localization error.

Figure S16 shows the results of our inference on the same data as in figure 1. As seen in figure S16 we recover a speed
histogram that closely matches that of figure 1. In particular the bimodal behavior is evident in both figures. We note however
that the secondary analysis method underestimates the speed in the later experimental hours (> 20 hours of starvation). This is
because, in the absence of movement the Gaussian process smoothing averages over the stochastic Brownian motion resulting in
a speed distribution close to zero. For this reason, we only use this inference to validate the bimodality of the speed histograms,
and we use the window average smoothing method explained in the Methods section for the core of our analysis.

In order to further demonstrate the bimodality of B. bacteriovorus, we performed a Gaussian mixture fitting on the results
of instantaneous speed, as shown in Table S2. The fitting results for the distributions of instantaneous speed during Hours 0-6
revealed two consistent means, approximately 14 yums~! and 35 ums~!. Furthermore, the weight of the faster speed increased
from Hour 0 to Hour 6. After a 20-hour period of starvation, our fitting results indicated that the mean value of 35 ums~! was
no longer present.

Table S2: Instantaneous speed distributions at different Hours fitted by Gaussian mixtures.

Hour 0 1 2 3 4
Weights 0.440, 0.560 | 0.427,0.573 | 0.508,0.492 | 0.479,0.521 | 0.437,0.563
Means (ums™') 15.3,38.5 13.7,36.5 15.7,37.1 13.7,34.2 13.9,33.9
Variances (um?s~2) | 65.1,67.3 57.5, 66.1 59.0, 62.1 52.4,63.2 58.6, 61.5

Hour 5 6 20 25 45
Weights 0.565, 0.435 | 0.591, 0.409 | 0.408, 0.592 | 0.420, 0.580 | 0.648,0.352
Means (ums™") 13.3,33.7 15.0,33.4 391, 15.8 3.59,17.2 4.20,11.3

Variances (um’s~2) 53.8,634 54.0, 66.9 6.17,51.4 4.90, 73.7 5.52,31.0
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Figure S17: Gaussian mixture fitting discussed in table S2 visualized at some represent times. The orange and blue curves
represent the probability density functions (PDFs) of the individual Gaussian components, while the green dashed curve
represents the overall PDF.
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