jove

Quantification of Interbacterial Competition using Single-
Cell Fluorescence Imaging

Stephanie Smith', Alecia N. Septer1

1 Department of Earth, Marine, and Environmental Sciences, University of North Carolina

Corresponding Author

Alecia N. Septer

asepter@email.unc.edu

Citation

Smith, S., Septer, A.N. Quantification

of Interbacterial Competition using

Single-Cell Fluorescence Imaging. J. Vis.

Exp. (175), e62851, doi:10.3791/62851
(2021).

Date Published

September 2, 2021

DOI

10.3791/62851

URL

Interbacterial competition can directly impact the structure and function of
microbiomes. This work describes a fluorescence microscopy approach that can be
used to visualize and quantify competitive interactions between different bacterial
strains at the single-cell level. The protocol described here provides methods
for advanced approaches in slide preparation on both upright and inverted
epifluorescence microscopes, live-cell and time-lapse imaging techniques, and
quantitative image analysis using the open-source software FIJI. The approach
in this manuscript outlines the quantification of competitive interactions between
symbiotic Vibrio fischeri populations by measuring the change in area over time for
two coincubated strains that are expressing different fluorescent proteins from stable
plasmids. Alternative methods are described for optimizing this protocol in bacterial
model systems that require different growth conditions. Although the assay described
here uses conditions optimized for V. fischeri, this approach is highly reproducible and

can easily be adapted to study competition among culturable isolates from diverse

jove.com/video/62851 . .
microbiomes.

Introduction

This article outlines a method for quantifying bacterial
competition at the single-cell level using fluorescence
microscopy. The structure and function of microbial
communities is often shaped by competitive interactions
among microbes, and in many cases characterizing
these interactions requires observing different bacterial
strains in coincubation:2:3:4.5.6.7.8 Traditionally, bacterial
competition is quantified at the population level by counting

colony forming units (CFUs) of inhibitor and target strains

before and after a coincubation period2*9. Mechanisms for
microbial competition are broadly distributed among bacteria
and may rely on either diffusion or cell-cell contact to inhibit

target cellg10.11,12,13,14,15,16,17,18,19

Although bacterial strains are often observed in coincubation
at the population level, this manuscript outlines an assay
for single-cell quantification of bacterial competition. Further,
this work includes suggestions for adapting the protocol

for the use with other bacterial species. While the specific
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techniques in this article are used to study contact-dependent
intraspecific competition between strains of the symbiotic
bacterium Vibrio fischeri?0-21:22 they can be adapted for
competition between many organisms. This article provides
instructions for slide setup on both upright and inverted
microscopes, and all analysis is described using the open-
source software FIJI?3 so that the method can be used
by researchers with access to different imaging setups
and analysis programs. Given the importance of studying
microbial competition at both the population and single-cell
level, this method will be a valuable resource for researchers
to quantify competitive interactions, particularly those that do

not have access to proprietary analysis software.

Protocol

1. Optimization of bacterial strains

1. Choose two bacterial strains for single-cell bacterial

competition assays. Here, two strains of V. fischeri are
used: a target strain (ES11424) and an inhibitor strain
(MJ1 125) that is known to kill the target strain using the

type VI secretion system on chromosome |l (T6SSZ)1,

which is a contact-dependent killing mechanism.

2. Determine the appropriate controls for the experiment. In
this example, the appropriate control is to incubate both
the wild-type and the T6SS mutant inhibitor strains with
the target strain to quantify the effect of T6SS-mediated
killing.

NOTE: Additional controls can include a target strain that
expresses the necessary immunity gene(s) to prevent
T6SS-dependent killing or an inhibitor mutant strain

expressing wild-type copies of the mutated genes in trans

to restore T6SS activity1 .

3. When possible, transform strains with stable plasmids
encoding genes for different fluorescent proteins (e.g.,
GFP or RFP) to visually distinguish strain types on the
microscope. Here, the inhibitor strain is tagged with a

GFP-encoding plasmid (pVSV102), and the target strain

is tagged with a dsRed-encoding plasmid (pVSV208)26.
NOTE: If it is not possible to use stable plasmids,

fluorescent tags can be introduced onto the bacterial

chromosome for visualizationZ”+28 .

4. During the initial optimization period, image clonal
cultures of the tagged strains under each of the
fluorescent filters that will be used during the experiment
to ensure that cells are only visible in the intended
channel. For example, ensure that a GFP-tagged strain

is only visible in the FITC channel.
2. Agarose pad preparation

1. Prepare agarose pad solution by dissolving 2% low-melt
agarose (w/v) into mPBS. Heat the solution briefly in the
microwave and vortex until the agarose is completely
dissolved. Keep this solution warm by placing it in a
55°C water bath until ready to use. See the Discussion
section for more information about preparing agarose
pads.

NOTE: Here, mPBS was prepared by adding 20 g/L NaCl
to standard 1x PBS.

2. Wrap a piece of lab tape around a glass slide five times.
Repeat this process a second time on the same slide
so that the distance between the two pieces of tape is

slightly smaller than the width of a coverslip (Figure 1A).

For example, if using 25 mm?2 coverslips, the pieces of

tape should be spaced approximately 20 mm apart.
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NOTE: While the number of times the tape is wrapped
around the slide can be modified to adjust the thickness
of the agarose pad, it is important that the layers of tape
are the same height on both sides of the slide so that the

agarose pad remains flat.

Pipette warm agarose solution between the two pieces of
tape and immediately top with a coverslip so that it rests
on the pieces of tape. This will ensure that the surface
of the agarose pad remains flat. The volume of agarose
solution pipetted in this step should be enough that the
coverslip makes contact with the liquid and pushes out
any bubbles in the agarose solution. For this particular

setup, 200 pL of warm agarose is sufficient.

Let the agarose pad solidify at room temperature for at

least 1 h prior to the coincubation assay. Step 2.2 will

produce an agarose pad of approximately 20 mm?2.

Cut this agarose pad with a razor blade into four, 5 mm?2

pads to be used for imaging.
NOTE: Agarose pads can be made up to one week prior
to the experiment and stored at 4°C in an empty, sterile

Petri plate sealed with parafilm to prevent drying.

3. Prepare strains for co-incubation

Streak out each strain to be used in the coincubation
assay from -80 °C stocks onto LBS agar plates
supplemented with the appropriate antibiotics and
incubate overnight at 24°C. For this example, three
strains are used: the wild-type inhibitor strain, the type VI

secretion system mutant, and the target strain.

The next day, start overnight cultures in biological
duplicate by picking two colonies from each strain and

resuspending them in LBS medium supplemented with

the appropriate antibiotics and incubate overnight at

24°C with shaking at 200 rpm.

On the following morning, subculture each biological
replicate 1:1000 into fresh LBS medium without
antibiotics and incubate at 24°C with shaking for 4-5 h or

until cells reach an ODgQg of ~1.5.

NOTE: The timing of steps 3.1, 3.2, and 3.3 may need
to be optimized for different bacterial species as their
growth rate may vary substantially. For this assay, cells
were aimed to be in mid-log phase at the start of the

coincubation assay.

4. Coincubate bacterial strains

Starting with mid-log cultures from step 3.3, measure

and record the optical density at 600 nm (ODggQ) for all

samples.
Normalize each sample to an ODggg = 1.0, which

corresponds to approximately 10° CFU/mL for V.

fischeri, by diluting the culture with LBS medium.

Mix the two competing strains together at a 1:1 ratio
based on volume by adding 30 pyL of each normalized
strain to a labeled 1.5 mL tube. Vortex the mixed-strain
culture for 1-2 s.

NOTE: In some cases, it may be appropriate to mix
cocultures in different ratios. For example, when one
strain grows much faster than the other, it may be
necessary to start the slower growing strain at a
numerical advantage in order to observe the competition.

Optimization may also be required if ODggg does not
correspond to similar CFU/mL for both strains.
Repeat step 4.3 for each biological replicate and

treatment. In the example shown here, this will resultin a

total of four mixed-strain tubes: two biological replicates
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with the wild-type inhibitor strain mixed with the target
strain and two biological replicates with the type VI
secretion system mutant strain mixed with the target

strain.

To ensure competing cells are sufficiently dense for
contact-dependent killing in the coincubation on the
agar pad, concentrate each mixed culture 3-fold by
centrifuging the mixed culture in a standard 1.5 mL
centrifuge tube for 1 min at 21,130 x g, discarding the
supernatant, and resuspending each pellet in 20 yL LBS
medium. Repeat for each sample.

NOTE: Some bacterial cells are sensitive to damage by

centrifugation at high rcf; in such cases the mixed culture

can be centrifuged for 3 min at 4600 x 929. Additionally,
when quantifying contact-dependent competition, it is
important to ensure sufficient cell density on the slide
to observe Kkilling. In this article, "crowded" treatments,

where killing is observed, had approximately 10 cells/20

pmz; see the Discussion section for more information.

5. Slide setup

When using an upright microscope, place a ~5 mm?

agarose pad onto a standard 1 mm glass slide. Spot 2

uL of a mixed culture onto the agarose pad and place a

#1.5 coverslip (25 mm2) over the spot. See Figure 1B

for an example.

When using an inverted microscope, spot 2 pL of a
mixed culture onto the #1.5 coverslip bottom of a 35 mm
Petri dish and place a ~5 mm? agarose pad over the

coincubation spot. Place a 12 mm circular glass coverslip

over the agarose pad. See Figure 1C for an example.

Repeat step 5.1 or 5.2, depending on the microscope
setup used, for the remaining three mixed cultures,

resulting in four slides or dishes to be imaged.

Allow slides to sit on the benchtop for approximately 5
min before proceeding to step 6. This allows cells to settle
on the agar pad and eliminates movement during the

imaging process.

. Fluorescence microscopy

Begin by focusing on cells using white light (phase
contrast or DIC) to minimize the effects of photo-
bleaching. Based on the average size of a single bacterial

cell, use a 60x or 100x oil objective.

Adjust the exposure time and acquisition settings for
each channel so that cells are visible in the appropriate
channel with minimal background detection.

NOTE: It is appropriate to use different exposure times
for different channels, but the same exposure time should
be used across all biological replicates and treatments

for a given channel.

For each sample, select at least five fields of view (FOV)
and acquire images in each appropriate channel using
the acquisition settings from step 6.2 (See examples in
Figure 2). Save the XY points from each FOV so that
the same FOV can be imaged during the final time point.
Imaging the same FOV at each time point is necessary
to determine the proportion of area occupied by target or
inhibitor cells during the analysis steps.

NOTE: In this example, the fluorescence of GFP is
detected using a filter with an excitation wavelength of
467 - 498 nm and an emission filter of 513 - 556 nm and is
false-colored green. Fluorescence of dsRed is detected

using a filter with an excitation wavelength of 542 - 582
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nm and an emission filter of 603 - 678 nm and is false-

colored magenta.

4. After 2 h, repeat step 6.3 for each sample using the 6.

previously saved XY points (Fig 2).
NOTE: The timing of subsequent images may need to
be optimized for organisms with different growth rates or

competitive mechanisms.

7. Image analysis in FIJI

1. Download and install the FIJI image processing software

using the instructions found here: https://imagej.net/Fiji/

Downloads

2. Open FIJI and import image files for analysis. [£
NOTE: In most cases .TIFF files will be used for image
analysis, although some image acquisition software will 8.

export using proprietary file types. FIJI can recognize

most proprietary file types and images can be imported

measurement is required for the example analysis shown

here.

Analyze particles (Analyze | Analyze Particles) using
the default settings (Figure 3C). If there are debris in
the sample, it may be necessary to adjust the size or
circularity to filter out non-cell particles. Select Show |
Outlines so that the output of this analysis will include a
numbered outline of all particles analyzed (Figure 3D).

NOTE: Comparing the outline in Figure 3D to the initial
image is especially important in the optimization step to
ensure that (1) all cells are being analyzed, and (2) that

any debris is excluded from the analysis.

Export the measurements from step 7.4 (Figure 3E) into

a spreadsheet software for further analysis and graphing.

Repeat steps 7.1 - 7.5 for all channels and images

acquired during the experiment.

8. Calculating the percent of initial target area

and analyzed as follows.

3. Foreachimage acquired in steps 6.3 and 6.4, convert the
image to grayscale, separate the channels, and begin by
thresholding (Ctrl + Shift + T) and creating a binary mask
of the preprocessed image (Figure 3A,B).

NOTE: Here, the default thresholding settings in FIJI are
used. In some cases, it may be necessary to change
those settings, in which case the same settings should

be used for all images in that experiment.

4. Set scale on the image (Analyze | Set Scale) using the 2.
appropriate values for the microscopy setup23.

5. Set measurements (Analyze | Set Measurements) and
select Area. 3.

NOTE: Other measurements can be added if they are

appropriate for the experiment. Only the object Area

over time

For each field of view analyzed in section 7, ensure that
the exported file contain an individual area measurement
for each particle that was analyzed. Beginning with the
target strain's fluorescence channel, calculate the sum
particle area for each individual field of view. For two
biological replicates with five FOV each, this should result

in ten sum areas per treatment at each time point.

Calculate the percent of initial target area over
time for each FOV using the following equation:

(final sum area)
——+ 100

(-'\r'rl.ir.iu.? sum area) )

Repeat this calculation for all treatments and graph the
percent of initial target area (result of the equation from

step 8.2) for each treatment (Figure 4A).
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4. Determine whether there is a net increase in the
target population (indicating growth), a net decrease in
the target population (indicating death), or no change
(indicating no growth or death) for each treatment.
NOTE: Percent of initial target area with values greater
than 100 indicate net target growth, and values lower
than 100 indicate net target death. Percent of initial target
values that remain at 100 indicate no net change in
target population. See discussion for suggested follow-

up experiments.

9. Calculating the percent of initial inhibitor area
over time

1. Repeat steps 8.1 to 8.3, this time using the

measurements collected from the inhibitor strain's

fluorescence channel in section 7 (Figure 4B).

2. Determine whether there was a net increase in
inhibitor population (growth); a net decrease in inhibitor
population (death), or no change for each treatment.
Values greater than 100 indicate net inhibitor growth, and

values lower than 100 indicate net inhibitor death.

Representative Results

To visualize and quantify competitive interactions between
bacteria at the single-cell level, a protocol was developed
and optimized for V. fischeri by modifying our well-established
CFU-based assay1 2 This method utilizes GFP- and dsRed-
encoding stable plasmids to visually distinguish different
strains of V. fischeri. The competitive outcome of these
interactions can be quantified by analyzing the images
acquired from this assay using the open-source software
FIJI. As an example, the following experiment was performed
using V. fischeri isolates. An inhibitor strain harbored a

plasmid that encodes GFP, and a target strain harbored a

plasmid that encodes dsRed. Given that the T6SS2 encoded
by the inhibitor is a contact-dependent killing mechanism,
treatments were included where cells were either crowded
(high cell-cell contact) or disperse (low cell-cell contact) on a
slide to highlight the impact of experimental setup on the final
results of this assay. In the sample data, competing strains
were mixed at a 1:1 ratio and incubated on an agarose pad
for 2 h, and both initial and final (2 h) images were taken.
As a control, a T6SS2 mutant strain was also coincubated
with the target strain in both crowded and disperse conditions.
Cultures of each strain were prepared and coincubated as
described above and slides were prepared as shown in

Figure 1.

Figure 2 shows representative fluorescence microscopy
images of each experimental treatment with the same field
of view imaged at an initial and final time point. For each
treatment, either a wild-type inhibitor or T6SS mutant strain
harboring a GFP-encoding plasmid was mixed at a 1:1 ratio
with the target strain harboring a dsRed-encoding plasmid.
During a 2 h coincubation period with this experimental setup,
growing V. fischeri cells may go through 1-2 divisions (Figure
2; gray arrows). In Figure 2A, cell-cell contact was forced
between the target and inhibitor by concentrating the mixed
culture before spotting onto the slide. Multiple target cells
are observed to become rounded and/or disappear over the
course of 2 h, consistent with target cells being eliminated by
the inhibitor (Figure 2; white arrows). See the Discussion
section for more information on interpreting rounding or lysing
target cells. In Figure 2B, the same coincubation was spotted
onto a slide, this time without concentrating the mixed culture
so that the cells remained disperse and there was minimal
contact between strains on the slide. Here, no target cells are
observed to disappear or round, suggesting that the target

strain was not inhibited in this treatment. Figure 2C and
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Figure 2D show the same crowded and disperse treatments
described above, this time using a T6SS mutant as the
inhibitor strain. Target cells were not observed to disappear
or round when coincubated with a T6SS mutant in either
crowded or disperse conditions, again suggesting that the

target was not inhibited in either treatment.

Figure 3 shows the FIJI analysis workflow used to quantify
competition in this protocol. A representative image from
the target channel was selected (Figure 3A) and a binary
mask was created using the default threshold settings in FIJI
(Figure 3B). The image scale was set appropriately for this
microscopy setup. Particles were analyzed using the size
parameter = 0 - infinity, circularity parameter = 0.00 - 1.00,
and Show Outlines was selected (Figure 3C). The results of
this particle analysis are shown as both a numbered outline of
each particle (Figure 3D), and as a table with columns for the
particle number, file name (label), and particle area in pmz

(area) (Figure 3E).

In Figure 4, data obtained from Figure 3E is graphed and
analyzed. In Figure 4A, the percent of initial target area at
the final timepoint is presented for each treatment according
to step 8.2. If the percent of initial target area is greater than
100, this represents net increase in target (i.e., growth) and
is observed in conditions where the target population is not
significantly inhibited. However, if the percent of initial target
area is lower than 100, this result indicates a net decrease
in the target (i.e., death) and is observed in conditions
where the target population is significantly inhibited. When the
target was coincubated with a wild-type inhibitor in crowded
conditions, the data show a net decrease in the target area.

By contrast, when the target was coincubated with either a

wild-type inhibitor in disperse conditions or a T6SS mutant
in crowded or disperse conditions, the data show a net
increase in the target area. The percent of initial target area
when the target was coincubated with a wild-type inhibitor
in crowded conditions was below 100 and significantly lower
than all other treatments according to a one-way ANOVA
followed by a Tukey’s multiple comparisons test across all
treatments (p < 0.00017). These data indicate that target cell
death is dependent on a functional T6SS in the inhibitor and
underscores the importance of an experimental setup that
allows sufficient cell-cell contact, in order to detect cell death

from a contact-dependent killing mechanism.

Figure 4B presents the percent of initial inhibitor area at the
final timepoint for each treatment. In this example, net growth
of the inhibitor strain was observed across all treatments.
However, the percent of initial inhibitor area was significantly
higher when a wild-type inhibitor was coincubated with the
target in crowded conditions compared to all other treatments
according to a one-way ANOVA followed by a Tukey's
multiple comparisons test across all treatments (p < 0.0007).
Initially, we considered that the net increase in inhibitor area
may be driven by the increase in available space to grow into
as target cells are eliminated. However, this same increase
in inhibitor growth was not observed in disperse treatments,
where inhibitor cells had room to grow from the beginning of
the coincubation. Alternatively, this result could suggest that
nutrients released from lysing target cells allow for a greater
increase in the inhibitor population. Taken together, these
results suggest that the inhibitor strain eliminates the target in
a T6SS-dependent manner only when high cell-cell contact is

forced by crowding cells on the slide.
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Figure 1: Agarose pad preparation and slide setup for coincubation assays. (A) Setup for making 2% agarose pads.

Five layers of lab tape (green) are wrapped around a cover slip at two points approximately 20 mm apart. Next, warm 2%

2 cover slip and

agarose in mPBS (yellow) is pipetted between the pieces of tape and immediately covered with a 25 mm
allowed to solidify for at least 1 h at room temperature. Use a razor blade to cut the agarose pad into ~5 mm?2 pieces and
use tweezers to transfer the pad to a new slide for imaging. (B) When imaging on an upright microscope, place the 5 mm?
agarose pad directly onto the slide, followed the mixed culture (blue) and a 12 mm circular #1.5 cover slip. (C) When imaging
on an inverted microscope, spot the mixed culture directly onto the #1.5 glass cover slip bottom of a 35 mm Petri dish, and
place an agarose pad on top of the culture followed by a second 12 mm circular cover slip to flatten the agarose pad. Please

click here to view a larger version of this figure.
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target
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final (2 h)
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Crowded

T655 mutant
(FITC)

target

(TRITC) Merged

initial

final (2 h)

B. Dispersed

WT inhibitor
(FITC)

target
(TRITC)

Merged

initial

final (2 h)

Dispersed

T655 mutant
(FITC)

target

(TRITC) Merged

initial

final (2 h)

Figure 2: Time lapse images of coincubation spots in either crowded or disperse conditions. (A) Representative

images at initial and final time points where a mixed culture of target and wild-type inhibitor was concentrated 3x prior to

spotting on the slide to force cell-cell contact between strains. White arrows in TRITC channel indicate examples of target

cells that round or lyse throughout the course of the experiment. (B) Representative images where a mixed culture of target

and wild-type inhibitor was spotted without concentrating so that cells are disperse and there is minimal cell-cell contact

between strains. Gray arrows in FITC and TRITC channels indicate examples of cell division throughout the course of

the experiment. (C) Representative images where mixed culture of target and T6SS™ mutant was concentrated 3x prior to

spotting on the slide to force cell-cell contact between strains. (D) Representative images where mixed culture of target and

T6SS™ mutant was spotted without concentrating so that cells are disperse and there is minimal cell-cell contact between

strains. Scale bars = 5 ym and are consistent across all images; TRITC channel is false-colored magenta, FITC channel

is false-colored green. Deconvolution was performed on all images; background was subtracted, and brightness/contrast

adjusted uniformly across all images. Please click here to view a larger version of this figure.
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Figure 3: FIJI analysis workflow. (A) Representative image for analysis. This workflow is repeated for both channels
across all fields of view and samples. Scale bars = 5 ym and are consistent across all images; TRITC channel is false-
colored magenta, FITC channel is false-colored green. (B) Binary mask created by thresholding the image using the default
settings in FIJI. (C) Example of settings for particle analysis used in this manuscript. Size range = 0 - infinity umz; circularity
= 0.00 - 1.00; show = outlines. (D) Particle outline created as an output of particle analysis in (C). The particle outline in (D)
should be compared to the original image (A) to ensure that all cells were captured in the particle analysis. (E) Results table
created as an output from particle analysis in (C). Object number (column 1) corresponds to individual particles (one or more
cells) outlined and labeled in red in panel (D). Label = file name of analyzed image; Area = total particle area in pmz. Please

click here to view a larger version of this figure.
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Figure 4: Sample data for assessing whether target strain is inhibited. The percent of initial area at the final time points

for the target strain (A) and inhibitor strain (B), at different initial cell densities. Slide density indicates either a starting cell

density that is crowded (high cell contact between strains), or more disperse (low cell contact between strains) as described

in Figure 2. Inhibitor genotype indicates that either a wild-type or the T6SS mutant (T6SS") strain was coincubated with the

target strain. Asterisks indicate a significant difference in % change comparing all treatments (one-way ANOVA followed by a

Tukey's multiple comparisons test comparing all treatments; (p < 0.00017). Dashed line indicates no net change in strain area

between the initial and final timepoint; a % change > 100 indicates net increase (i.e., growth) and % change < 100 indicates

net decrease (i.e., cell death). Please click here to view a larger version of this figure.

Discussion

The protocol described above provides a powerful tool
for quantifying and characterizing interbacterial competition
at the single-cell level. This assay, which was developed
by modifying our CFU-based competition assay on agar

plates1 2 ,

allowed for the visualization of single-cell
competition among V. fischeri isolates and suggestions
are provided for optimizing the method for a wide range
of systems and microscopy setups. Although the method
described here was optimized for the light-organ symbiont
V. fischeri, it can be easily modified to accommodate many
diverse, culturable microbes. It is important to note that
competitive mechanisms can be regulated by any number
of environmental variables, including temperature, salinity,

and viscosity30'31’32'33’34. Previous work has confirmed

that V. fischeri competes using a contact-dependent Type

VI Secretion System that is active on surfaces®?

, making
the conditions described in this assay suitable for studying
competition between the example strains. It is also important
to consider the initial density of cells on the slide when
quantifying bacterial competition. Given that contact between
target and inhibitor cells is often required for killing to occur,
the mixed culture should be concentrated such that cell-cell
contact is maximized and cells remain in a single plane on the
slide. Cell cultures should be grown to a similar optical density
(mid-log phase) and then concentrated to force contact rather
than simply growing cultures to a higher optical density due to
the physiological changes of cells in different growth phases.
In other systems, culture conditions and the experimental
setup may need to be modified to ensure that the competitive

mechanism is active and can be detected in the coincubation

condition.
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The agarose pads used in this assay provide several benefits:
they provide stabilization so that cells do not move around
freely, and they prevent the culture from drying out over the
course of the experiment. Additionally, if chemical inducers,
such as isopropyl-p-D-thiogalactoside (IPTG), are required
for the experiment, they can easily be added to the agarose
solution. However, it is important to note that the agarose
preparation will likely need to be adjusted for different
systems. In the example described above, the agarose pad
was prepared by dissolving 2% agarose (w/v) into 20 psu
mPBS, which is the standard salinity used in V. fischeri growth
medium. Furthermore, in some cases a carbon source may
need to be added to the agarose pad in order for cells to
grow and compete over longer experiments. In such a case,
the mPBS in agarose pads can be replaced with any growth
medium, although the nutrients in growth medium may come

with the tradeoff of additional background fluorescence.

Without proprietary image analysis software, it can be very
difficult to get individual cell counts when cell-cell contact is
high, which as we show here is required to observe contact-
dependent killing. This assay was designed to provide an
alternative method for quantification that does not rely on
individual cell counts. Instead, the total cell area for each
fluorescence channel is used to quantify the extent of killing
between coincubated strains. Because this method relies on
area rather than individual cell counts, default thresholding
settings are typically sufficient for outlining the total cell area.
The accuracy of thresholding can be verified by dividing the
total object area for a representative field of view by the
average cell size for the model organism and comparing this
estimated cell number to a manual cell count for the same

image.

In coincubations between one inhibitor and one target (non-
killer) strain, net growth of the inhibitor is predicted. As seen
in Figure 4, inhibitor growth may be significantly higher in
treatments where killing is observed, compared to treatments
where killing is not observed, perhaps because nutrients
released by lysing target cells allow the inhibitor strain to grow
more quickly. In the example shown here, net target death
is observed because T6SS-mediated competition results in
target cell lysis where the target is physically eliminated.
However, it is important to note that not all competitive
mechanisms result in the physical elimination of target cells.
If a target is incapacitated by a toxin that causes growth
inhibition, the protocol outlined here may result in the visible
target population remaining stable over time as target cells no
longer grow but also do not lyse. In such a case, it would be
appropriate to compare the results of this assay with follow up
tests for target cell viability, such as plating for colony forming
units (CFUs) or by performing live-dead assays by staining

with propidium iodide or SYTOX green35'36.

Compared to coincubation assays that rely on CFU counts,
this assay makes it possible to observe and quantify the
spatial structure of competition between strains and track
changes in target cell morphology over time. For example,
inhibitor cells that kill using a T6SS are known to encode
LysM-domain proteins that degrade the target cell wall,
resulting in initial cell rounding and then Iysis13, which we
observed in the example shown in Figure 2A. Further, this
protocol can be used to track competition at high resolution
over very short time scales. In the example shown here,
a significant decrease in the target area is observed after
only two hours when cells are crowded and cell-cell contact
is forced between strains (Figure 4). The image analysis
described here could also be performed using confocal

microscopy, which would make it possible to study bacterial
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competition in vivo or in complex biofilms, without disrupting

the spatial distribution of coincubated strains.

In summary, the assay described here aims to provide
an accessible and easily modified approach for visualizing
and quantifying bacterial competition at the single-cell level
using fluorescence microscopy. This method can be applied
to diverse bacterial isolates and can be used to visualize
bacterial competition even in complex environments such as

within a host or biofilm matrix.
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