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Traditional bacterial virulence assays involve prolonged exposure of bacteria over the course of several hours to host cells. During this time,
bacteria can undergo changes in the physiology due to the exposure to host growth environment and the presence of the host cells. We
developed an assay to rapidly measure the virulence state of bacteria that minimize the extent to which bacteria grow in the presence of host
cells. Bacteria and amoebae are mixed together and immobilized on a single imaging plane using an agar pad. The procedure uses single-cell
fluorescence imaging with calcein-acetoxymethyl ester (calcein-AM) as an indicator of host cell health. The fluorescence of host cells is analyzed
after 1 h of exposure of host cells to bacteria using epifluorescence microscopy. Image analysis software is used to compute a host killing index.
This method has been used to measure virulence within planktonic and surface-attached Pseudomonas aeruginosa sub-populations during the
initial stage of biofilm formation and may be adapted to other bacteria and other stages of biofilm growth. This protocol provides a rapid and
robust method of measuring virulence and avoids many of the complexities associated with the growth and maintenance of mammalian cell lines.
Virulence phenotypes measured here using amoebae have also been validated using mouse macrophages. In particular, this assay was used to
establish that surface attachment upregulates virulence in P. aeruginosa.

Video Link

The video component of this article can be found at https://www.jove.com/video/57844/

Introduction

Bacterial infection is one of the leading causes of mortality in human and animals"2. The ability to measure virulence of bacteria in cultures or
biofilms is important in healthcare and research settings. Here, we describe a versatile, rapid, and relatively simple method to quantify bacterial
virulence. The eukaryotic organism Dictyostelium discoideum (amoeba) is used as the model host or%anism. D. discoideum has been used as

a host to identify virulence factors in Pseudomonas aeruginosa (P. aeruginosa)s""5 and other bacteria®"® and is susceptible to largely the same
virulence factors that kill mammalian cells including type IlI secretion®'®. Previous virulence assays using D. discoideum have involved prolonged
exposure of bacteria with D. discoideum cells over the course of hours®*®. The protocol, here, presents a rapid method of determining virulence
using this amoeba. This protocol (Figure 1) describes how to: (1) grow the amoebae axenically (in the absence of bacteria), (2) grow bacteria for
the assay, (3) prepare bacteria and host cells for microscopy, (4) perform epifluorescence microscopy, and (5) analyze amoeba fluorescence.

Amoebae are initially streaked out from frozen stocks and grown on a lawn of Escherichia coli (E. coli), where the amoebae produce spores.
These spores are picked and inoculated into an enriched medium for axenic growth. The amoebae are maintained through axenic growth in
nutrient-rich conditions until they are ready to be mixed with bacteria for the assessment of bacterial virulence. The survival or the death of the
amoebae is quantified by measurin? the fluorescence of calcein-acetoxymethyl (calcein-AM), which is cleaved by intracellular esterases and,
thereby, activated for fluorescence' "2, Live amoebae exhibit little or no fluorescence whereas stressed and dying cells fluoresce intensely.
This result is due to a little or no incorporation of calcein-AM into healthy amoebae and incorporation and cleavage of the substrate in stressed
amoebae'®. This behavior is notably distinct from calcein-AM fluorescence in mammalian cells 11415,

Bacteria that will be assessed for virulence are grown separately. Here, we describe how to measure the virulence of the opportunistic pathogen
P. aeruginosa and detail how to quantify the virulence of planktonic (swimming) and surface-attached sub-populations. This protocol may be
adapted to test the virulence of other bacteria. In the Representative Results section, we show that virulence is activated in surface-attached
cells and is low in planktonic cells, which was reported previously13. Virulence-activated surface-attached P. aeruginosa kills amoebae while non-
virulent planktonic cells are consumed by the amoebae. If the virulence of planktonic bacteria is solely being assayed, bacteria can be cultured in
ordinary culture tubes rather than using Petri dishes as described in the protocol.

The growth of amoebae and P. aeruginosa cultures must be coordinated such that P. aeruginosa cultures reach the intended growth phase while
the amoebae are growing at steady state in nutrient-rich conditions. This condition typically requires amoebae cultures to be diluted at least 1
day prior to when they are mixed with bacteria. Amoebae and bacteria are immobilized using agar pads, are co-incubated for 1 h, and imaged
using a low resolution (10X, numerical aperture 0.3) objective, green fluorescence protein (GFP) filters, and an imaging camera. Analysis can be
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performed using freely-available ImageJ software or customized image analysis software. Our analysis was performed using our own software
written using a scientific analysis package 3. The software should create a mask using the phase contrast image and extract fluorescence values
from the masked areas in the fluorescence image. Fluorescence values are averaged over at least 100 cells, resulting in a numerical host killing
index.

All experimental procedures were carried out at the University of California, Irvine.

1. Buffers and Solutions

Prepare Lysogeny Broth (LB) in a 1 L glass bottle by adding 25 g of LB-Miller mix in 1 L of double-distilled water (ddH,O). For Petri dishes,
add an additional 20 g of agar. Autoclave to sterilize. Pour 25 mL of molten agar medium into 10 cm-diameter Petri dishes and allow to
solidify at room temperature. Store liquid media at room temperature and agar plates at 4 °C.
Prepare Glucose Yeast Peptone (GYP) plates in a 1 L glass bottle by mixing 1 g of D-glucose, 2 g of peptone, 0.25 g of yeast extract, 4.2 g
of KH,POy, 5.1 g of Na,HPO,47H,0, and 25 g of agar in 1 L of ddH,0. Autoclave to sterilize. Pour 25 mL of molten agar into 10 cm-diameter
Petri dishes and allow to solidify at room temperature. Store at 4 °C.
Prepare Peptone S (PS) medium in a 1 L glass bottle by mixing 10 g of peptone, 7 g of yeast extract, 15 g of D-glucose, 0.12 g of
Na,HPO,7H,0, 1.4 g of KH,POy4, 40 ug of vitamin B4,, and 80 pg of Folic acid in 800 mL of ddH,O. Calibrate an electronic pH meter using
pH 4 and pH 7 standards if the pH meter has not been used within a day.
1. Measure the pH of the PS medium using the pH meter. Add either 5 M KOH or 5 M H3PO, to adjust the pH to 6.5. Adjust the final
volume to 1 L using ddH,O0. Filter sterilize using 0.22 ym vacuum filter and store at 4 °C.
NOTE: Proceed cautiously with the pH adjustments by wearing protective equipment including gloves, protective clothing, eye
protection, and face protection.

Prepare 10x Development Buffer Prime (DB') buffer in a 1 L glass bottle by adding 3.4 g of KH,POy,, 13.4 g of Na,HPO,4 7H,0, and ddH,0 to
a total volume of 800 mL. Calibrate an electronic pH meter using pH 4 and pH 7 standards if the pH meter has not been used within a day.
1. Measure the pH of the buffer using the electronic pH meter. Adjust the pH to 6.5 by gently adding either 5 M KOH or 5 M H3PO,4 as
needed. Adjust the final volume to 1 L using ddH,O and sterilize by autoclaving. Store at room temperature.
NOTE: Proceed cautiously with the pH adjustments by wearing protective equipment including gloves, protective clothing, eye
protection, and face protection.

Make 1x Development buffer (DB) by mixing 100 mL of 10x DB' buffer with 1 mL of sterilized 2 M MgCl,, and 1 mL of sterilized 1 M CaCl,.
Adjust the final volume to 1 L in a 1 L glass bottle using an autoclaved sterilized ddH,0O. Store at room temperature.

Prepare PS:DB medium in a 1 L glass bottle by mixing 100 mL of sterilized PS medium, 100 mL of sterilized 10x DB' buffer, and sterilized
ddH,0 to a total volume of 1 L. Supplement with 1 mL of sterilized 2 M MgCl, and 1 mL of sterilized 1 M CaCl,. Store at 4 °C.

Prepare the calcein-AM stock solution by adding 50 pL of DMSO to 50 g of calcein-AM in the plastic container supplied by the manufacturer.
Store at -20 °C.

2. Growth and Maintenance of Amoebae

© x

Grow E. coli strain B/r" as a food source for amoebae during the initial growth period. Streak E. coli B/r from a frozen stock stored at -80 °C
onto an LB agar plate and incubate at 37 °C overnight to obtain single colonies.
Inoculate a single colony of E. coli B/r into 2 mL of LB medium and incubate in a roller drum or a shaker at 37 °C overnight.
Bring the overnight E. coli culture to the room temperature. Using a wooden stick, inoculate amoebae from a frozen stock kept at -80 °C into
750 uL of the overnight culture.
NOTE: Use D. discoideum strain AX3, which is capable of axenic growth18. This step does not require axenic growth, but subsequent steps
will have his requirement.
Immediately add 700 pL of the amoebae-E. coli mixture onto a Glucose Yeast Peptone (GYP) plate. Spread the culture evenly on the surface
of the plate by tilting it back-and-forth and side-to-side as needed. Avoid the use of a spreader.
Place the GYP plate with agar facing up in a box that maintains high humidity. Use two disposable plastic containers (183 cm x 183 cm x 91
cm) stacked on the top of each other. Fill the bottom container with approximately 25 mL of water and place the top container with several 0.5
cm-diameter holes drilled through the flooring of the container to allow moisture to move from the water reservoir to the top container.
Incubate the GYP plate and box at 22 °C for 4 - 5 days until amoeba spores are observed growing near the surface of the plate (Figure 2).
Use a refrigerated incubator to incubate plates rather than incubation at room temperature.
NOTE: After spores have grown, they remain viable on plates for several weeks when stored at 4 °C. Store the plates with agar side
facing up. After 3 - 4 days of incubation, zones of clearing within the bacterial lawn can be observed, which indicate the onset of amoeba
sporulation.

1. Observe small amoebae spores above the plate surface after 4 - 5 days of incubation (Figure 2).

NOTE: Do not grow the amoebae for longer than a week, as the quality of the spores decreases beyond this time period.

Collect amoebae spores to prepare for the axenic growth of the amoebae by sweeping a sterile 1 mL pipette tip parallel to the surface of the
plate. Collect spores from half of a 10 cm Petri dish.

NOTE: Avoid touching the tip to the surface of the agar plate as this motion will collect large numbers of E. coli.

Resuspend the amoebae on the tip of the pipette by immersing the tip into 1 mL of PS medium and gently pipetting up and down.

Transfer the inoculated mixture into a 250-mL flask containing 25 mL of the PS medium supplemented with the antibiotic-antimycotic solution
at 0.25x concentration.
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NOTE: Store the antibiotic-antimycotic solution as 250 pL aliquots at -20 °C. Avoid repeated cycles of thawing and freezing of this solution as
this may decrease its efficacy.

10. Grow amoebae axenically at 22 °C in a rotating shaker at 100 rpm. For the virulence assay in step 5, grow cells to an optical density

measured at 600 nm (ODg) of 0.2 to 0.5.
NOTE: This step requires 3 - 4 days of growth from the time of inoculation (step 2.7). If cells have grown to a higher density, dilute the culture
back in PS medium to an ODggg of 0.05 or lower and grow back to an ODggg of 0.2 to 0.5.

3. The Growth of P. aeruginosa

5.

Pick a single colony of P. aeruginosa from an LB plate, inoculate it into a 2 mL PS:DB culture, and grow overnight at 37 °C to saturation.
NOTE: Do not add the antibiotic-antimycotic solution to the PS:DB media.

Dilute the overnight culture 1:100 or 1:1,000 into a 6 cm-diameter Petri dish using PS:DB. If the virulence of planktonic cells is solely being
assayed, grow the cultures using conventional culture tubes instead. Shake the culture on a benchtop rotator set at 100 rpm at 37 °C.
Harvest cultures at specific time points to ensure reproducibility. At 30 min to 1 h prior to assessing virulence, prepare an agar pad as
described in section 4.

NOTE: Virulence in P. aeruginosa is induced by approximately 8 h of growth on surfaces.

To isolate the surface-attached cells, remove the liquid medium from the Petri dish, wash immediately with 1 mL of DB buffer to remove
planktonic cells, and proceed immediately to step 5.1.

CAUTION: Do not wash longer than 30 s as this will perturb and detach surface-attached cells and may affect the virulence measurement.
To isolate planktonic cells, transfer 10 pL of the culture from the Petri dish to a clean Petri dish and proceed immediately to step 5.1.

4. Microscopy - Preparation of the Agar Pad

Pob=

6.

Prepare agar pads about 30 min to 1 h before amoebae are ready to be mixed with P. aeruginosa.

Microwave 50 mL of 1% (w/v) agar in DB buffer in a 250 mL flask. Mix every 20 s until clumps of agar disappear.

Cool the molten agar by placing it in preheated 55 °C water bath for 15 min.

Add 15 pL of the calcein-AM stock solution to 15 mL of the molten agar in a conical tube. Mix by gently inverting the tube 4 - 5 times and
proceed immediately to the next step.

NOTE: Perform this step in a polypropylene 15 mL centrifuge tube. Do not use a thick glass container as this will cause the agar to solidify
too quickly.

Pour the molten agar mixture on top of a 12 cm x 10 cm glass plate and allow the agar to solidify for 10 minutes at room temperature. Cut the
solidified agar pad into smaller 1.5 cm x 1.5 cm sections by placing the glass plate over a printed grid and cutting along the grid using a metal
ruler.

Keep the gel hydrated in a humid box until it is ready for use.

5. Microscopy - Preparation of the Bacteria-amoeba Sample for Imaging

To assay the virulence of surface-attached bacterial cells, add 10 uL of amoeba cells from step 2.10 to surface-attached bacteria from step
3.4.

NOTE: This step describes the mixing of amoebae with bacteria.

To assay the virulence of planktonic cells, mix 10 uL of amoeba cells from step 2.10 with 10 pL of planktonic bacteria from step 3.5.

NOTE: Do not wash the axenically-grown amoeba cells (at an ODggq of 0.2 to 0.5) before mixing with the bacteria. No E. coli growth will be
observed in the amoeba culture due to the use of the antibiotic-antimycotic solution.

Immediately place the 1.5 cm x 1.5 cm calcein-AM agar pad from step 4.5 on top of the bacteria-amoeba mixture on the Petri dish surface.
NOTE: Place the agar pad on top of the mixture using a quick smooth motion. Do not lower the pad slowly onto the mixture as this motion
tends to push cells towards the periphery and away from the underside of the pad. This step will ensure that bacteria and amoebae are
evenly mixed, immobilized and that both cell types are confined to the same plane.

Remove excess liquid by gently pipetting out any remaining liquid surrounding the agar pad. Allow the Petri dish to dry for 20 min at room
temperature.

Cover with the Petri dish with a lid and incubate the immobilized amoeba-bacteria mixture at room temperature for an additional 40 min.
Proceed to step 6.1.

NOTE: It is important to incubate all samples for the same amount of time, as the background fluorescence increases over time. An
incubation time of 1 h is recommended. Incubations for longer than 1 h are less reproducible as amoebae cells may begin to burst.

6. Microscopy - Image Acquisition

2.

3.

Image amoebae using a fluorescence microscope capable of acquiring brightfield and green fluorescence images. For green fluorescence,
use green fluorescence protein (GFP) filters with 474/27 nm and 525/45 nm for excitation and emission, respectively. Use a 10X (=0.3
numerical aperture) objective to image the amoebae.

NOTE: The calcein-AM in the agar will cause dying amoebae to fluorescence in the green fluorescence channel. Healthy amoebae are
otherwise not fluorescent.

Adjust acquisition times for the phase contrast, GFP channels to limit phototoxicity, and optimize the dynamic range of the image intensities.
Substitute the differential interference contrast (DIC) phase contrast if necessary.

NOTE: Use 100 - 200 ms exposures for phase contrast and GFP fluorescence if possible. Keep the exposure and instrument settings
unchanged throughout the entire experiment. This is critical for computing the host killing index.

Acquire images for at least 100 amoeba cells in order to obtain good statistics for calculating the host killing index.
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7. Image Analysis and Host Killing Index

Perform image analysis using ImageJ.

Open the phase contrast image file in Imaged by clicking on File | Open and selecting the image. Adjust the threshold by clicking on Image |

Analysis | Threshold. Adjust the lower and upper threshold to select only the intensity peak (Figure 3A).

3. Convert the image to binary by clicking Process | Binary | Make Binary. Fill holes by selecting Process | Binary | Fill Holes.
NOTE: Using the image in Figure 1 as the source, steps 7.1 - 7.2 will produce an image in which the amoebae and surface-attached bacteria
appear as dark regions (Figure 3B).

4. Ensure that the Area and Mean gray value boxes are checked in Analyze | Set Measurements. Measure the approximate size of the
amoebae by selecting the oval tool on the main toolbar. Click Analyze | Measure and note the area of representative amoebae.

5. Create masks for the amoebae by clicking Analyze | Analyze Particles. In the size box, enter the area that will include the amoebae but
exclude the bacteria. Select Masks in the dropdown menu bar for the Show option. Ensure that the Add to Manager box is checked.

6. Click OK and an image showing only the amoebae and an ROl Manager dialog will appear (Figure 3C).

7. Open the fluorescence image using File | Open and selecting the appropriate file. Select all the regions in the ROl Manager by holding down
the Shift Key and Clicking on each region in the list (Figure 3D).

8. Click the Measure button in the ROl Manager. This will open a Results window displaying the mean intensity value of each amoeba.

9. Copy the fluorescence values for each amoeba into a spreadsheet program and calculate the host killing index by taking the average of all

fluorescence values.

Representative Results

We grew wild-type P. aeruginosa strain PA14"° or a AlasR strain® in the same PA14 background in 6 cm-diameter Petri dishes and assayed
the virulence of planktonic and surface-attached cells. Cultures were inoculated from single-colonies into PS:DB cultures, grown overnight in
culture tubes in a roller drum at 37 °C to saturation, diluted 1:100 into PS:DB, grown for 8 h in 6 cm-diameter Petri dishes shaking at 100 rpm,
and planktonic and surface-attached P. aeruginosa sub-populations were isolated as described in section 3.

N =

Surface-attached wild-type P. aeruginosa killed amoebae, which was indicated by a round amoeba cell shape and the observation of calcein
fluorescence (Figure 4A, top-left panel). This resulted in a high host killing index (Figure 4B). Planktonic cells were consumed by the amoebae,
which was indicated by amorphous amoeba cell shapes and the observation of little or no calcein fluorescence above background (Figure

4A, top-right panel). This resulted in a relatively low host killing index (Figure 4B). Both surface-attached and planktonic cells of the AlasR
strain were consumed by the amoebae, which was indicated by low host killing indexes (Figure 4B, bottom panel). The results thus show that
virulence is upregulated in surface-attached populations and the LasR is required for the surface-activated virulence, which was described
previously13. These experiments thus establish robust positive and negative controls for future experiments.
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Figure 1: Schematic describing an overview of the virulence assay. (1) Amoeba host cells are grown, (2) bacterial cultures are grown, and
(3) planktonic or surface-attached bacterial cells are mixed with amoebae and immobilized onto the same imaging plane using an agar pad. Host

cells are quantified for health using calcein-AM, fluorescence microscopy, and image analysis. Scale bars represent 50 pm. Please click here to
view a larger version of this figure.

Figure 2: Amoeba spores on a GYP 10 cm-diameter Petri dish plate after 5 days of growth. Spores form above the Petri dish surface.
The inset shows a magnified view of a single section of the dish surface. The surface may contain bacteria which cannot be discerned at this
resolution. Scale bars in main and inset images represent 1 cm and 2 mm, respectively. Please click here to view a larger version of this figure.
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Figure 3: Image analysis of microscopy data using ImageJ. (A) Selection of the peak intensity using the threshold tool. (B) Resulting image
after the phase contrast source image from Figure 1 is converted into a binary image. (C) Resulting image after the image is subsequently
converted to a mask. (D) Screenshots of the selection of regions of interest using the ROI Manager. Scale bars represent 50 ym. Please click
here to view a larger version of this figure.
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Figure 4: Representative results of amoeba killing by P. aeruginosa cells. (A) Calcein-AM fluorescence overlaid on phase microscopy
images and (B) host killing indexes of surface-attached or planktonic wild-type or AlasR P. aeruginosa. Wild-type surface-attached P. aeruginosa
kills amoebae, which exhibit significant calcein fluorescence and hence a significant host killing index. Planktonic cells are consumed by
amoebae, which exhibit little calcein fluorescence and produce a low host killing index. Both surface-attached and planktonic AlasR are
consumed by amoebae and result in a low host killing index. Scale bars represent 50 ym. Bars indicate the average of three independent
experiments and errors bars indicate standard deviation. Please click here to view a larger version of this figure.

This protocol describes a rapid and quantitative method to assay virulence in P. aeruginosa. This protocol may be tested with other bacteria.
However, it is important to keep in mind that the growth medium should be compatible with the amoeba growth conditions. In particular, we have
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optimized the protocol using PS:DB as the bacterial growth medium. If other media are used, it may be necessary to perform a growth media-
only control in which there are no bacterial cells present to verify that the medium is compatible with the amoebae.

This method can be expanded to assay the growth phase dependence of virulence. In particular, bacterial cultures can be grown for a wide
range of times instead of a fixed time point. In our experience, it is important to harvest bacterial cultures at specific time points as virulence in P.
aeruginosa appears to be dependent on the growth phase. We observed that virulence in P. aeruginosa was induced between 6 - 8 h of growth
in Petri dishes.

Many variables associated with the growth environment affect host health and bacterial virulence. Thus, it is important to use proper positive and
negative controls for each experiment. We have used wild-type surface-attached P. aeruginosa as a positive control and AlasR as a negative
control. We suggest performing these controls each time the virulence assay is performed. These controls are important for verifying that

host cell deaths are not due to any external factors such as the age of the amoebae, variations in temperature, efc. Furthermore, we suggest
performing all experiments in biological replicate to establish the reproducibility of the virulence phenotypes.

We have performed our experiments using amoebae at an optical density of 0.2 to 0.5 after a dilution of at least 1:10 and have regulated the
temperature of amoebae culture precisely to 22 °C. Outside of these growth conditions, we have found that the susceptibility of amoebae

to virulent bacteria and the reproducibility of the virulence assay are altered. Amoeba cells pellet relatively quickly. Ensure that cultures are
resuspended by pipetting up and down immediately before the optical density measurement is made. Do not grow the amoeba cultures higher
than an ODggo density of 1 as growth to high densities affects the reproducibility of the experiment. Propagate axenic cultures for no longer
than 1 week. In addition, it is important to verify that amoebae are grown axenically (beginning in step 2.7) through 20X or high magnification
microscopy such that other microbes are not present in the culture. If cultures are turbid in step 2.10 after 2 days of growth following initial
inoculation, this would likely indicate the presence of a microbial contaminant. If bacterial contamination is suspected, we suggest growing 1 mL
of the amoebae culture at 37 °C for 4 - 8 h. The observation of a turbid culture under these conditions would suggest bacterial contamination. If
repeated bacterial contamination is observed, the antibiotic-antimycotic solution should be replaced.

The host killing index is a reliable indicator of whether a bacterial population is virulent or avirulent. This assay has not been optimized for
comparisons between different intermediate levels of virulence (i.e., low virulence compared to medium-low virulence) and over-interpretation of
the results should be avoided. Potential methods to address this issue are the repetition of the virulence assay over multiple days using different
batches of host cells to establish the confidence in the results, performing additional replicate experiments, and performing appropriate statistical
analyses.

The multiplicity of infection (MOI) of planktonic cells can be controlled by normalizing the optical density of the bacterial culture. However, this
assay does not control the MOI of surface-attached bacteria cells. We have observed that bacterial surface density increases with time. Thus,
adjusting growth time in the Petri dish may result in a corresponding change in surface density. In addition, the surface density depends on the
material of the surface. P. aeruginosa cells attach to polystyrene surfaces in the assay described here. However, other surfaces including glass,
agar, and polyacrylamide may also be assayed ~. The surface density of single-layered bacterial populations can be measured using 100X
magnification phase microscopy. If surface densities are multi-layered, confocal microscopy may be appropriate.

Here, we have described a rapid and robust method to measure bacterial virulence. By modifying individual parameters such as incubation
times, the fluorescent dye, the bacterial strain, the host cell type, or growth media, this method may be extended to quantify virulence across a
wide range of organisms and growth conditions.

The authors have nothing to disclose.
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