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Introduction

Bacteriophages are a key part of natural environments, and they have a powerful
ability to shape bacterial populations. To understand how individual phages interact
with slow-growing bacterial hosts such as actinomycetes, an easy and reliable
method for quantifying long-term bacterial growth in the presence of phages is
needed. Spectrophotometric microplate readers allow for high-throughput repeated
measurements, but incubating a small volume for an extended time can present
technical challenges. This procedure adapts a standard 96-well microplate to allow
for the co-culturing of phages and bacteria without sub-sampling for 96 h, with the
bacterial growth recorded every 8 h using spectrophotometric absorbance values.
These optical density values are analyzed using R to yield infection metrics, including
the percent growth inhibition, relative virulence, and the Stacy-Ceballos index. The
methods outlined here provide an effective way to conduct and analyze extended-
duration microplate growth curve experiments and includes modifications to reduce
evaporation and lid condensation. These protocols facilitate microplate-based assays

of interactions between slow-growing bacterial hosts and their bacteriophages.

Bacteriophages or phages are viruses that infect bacteria.
They are the most numerous biological entities on the
planet1, and it is generally accepted that bacteriophages
influence bacterial evolution and ecosystem processesz's"".
Several methods exist to describe, measure, and analyze
bacteriophage host range8 and infection dynamics5'6,
including agar-based methods such as the double-

layer agar method’ and optical density-based microplate

methods®:9-10.11.12 Each method has its own advantages

and disadvantages. Due to their efficiency, plating tests
using the double-layer agar method are the "gold standard"
for host range assays, but this method is time- and labor-
intensive®. Rapid microplate methods, which return results in
24 h or less, give excellent results for fast-growing bacterial
hosts such as Escherichia col®>10-11:12 byt are too brief
to showcase bacteriophage infection progression in slower-

growing bacterial hosts such as actinomycetes7'13’ 14,15,
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An optical density-based microplate assay designed for fast-
growing bacteria cannot be run for the multiple days required
to characterize infection dynamics in a slow-growing host
bacterium without evaporation occurring and giving artificially
high bacterial densities. Thus, obtaining comparable high-
throughput data on bacteriophage infection dynamics

for slow-growing bacterial species requires specialized

techniques adapted for these bacteria.

The microplate method presented here reduces evaporation,
thus allowing slow-growing bacteria to be co-cultured with
a phage for an extended 96 h period and enabling
investigations into phage infection dynamics and host range.
This method also showcases the Stacy-Ceballos index®,
an optical density-based metric that allows for virulence

comparisons among disparate host-virus systems.

Protocol

While this protocol is written for Gordonia terrae, it has
also been successfully used for Gordonia lacunae, Gordonia

rubripertincta, and Gordonia westfalica.

1. Bacteria preparation

1. In a biosafety cabinet, use good microbiological

practice17 to inoculate a single colony of Gordonia terrae

CAG3 into a 1 L sterile baffled flask with 200 mL of

peptone yeast calcium broth18(PYCa) containing 0.01

mg/mL cycloheximide (see the Table of Materials).
2. Incubate the flask at 30 °C with shaking at 250 rpm until
the culture is saturated or for 3 days7.

3. Serially dilute the saturated G. terrae culture in PYCa

broth, and spread-plate 100 pL each of the 1074, 1075,

and 1078 dilutions on PYCa plates19*20. Refrigerate the

undiluted saturated culture at 4 °C.
4. Incubate the spread plates inverted for 3 days at 30 °C.

5. Following incubation, identify a "countable plate", a plate
with 20-200 colonies. Count the number of colonies on

that plate, and calculate the colony-forming units per

milliliter (cfu/mL)19-20.

6. Dilute the saturated culture with PYCa broth to 4.0 x 108

cfu/mL bacteria.

2. Phage preparation

NOTE: The representative results reported were obtained

with the Gordonia phage DelRio?!, a temperate
bacteriophage isolated on G. ferrae. These methods have

also been successfully used with other Gordonia phages.

1. Beginning with an isolated bacteriophage, serially dilute
the phage sample in phage buffer’ to a 1 x 1078

dilution. Perform a double-layer agar phage titer assay7
by infecting 0.3 mL of the saturated G. terrae culture
with 10 pL of each phage dilution. Following a 5-10
min room temperature incubation, combine the bacteria-
phage mixture with 3 mL of PYCa top agar, and pour onto

PYCa agar plates.

2. Incubate the plates inverted at 30 °C for 3 days or until
plaques form’ .

3. Following incubation, identify a "countable plate", a plate

with 20-200 plaques. Count the number of plaques on

that plate, and calculate plaque-forming units per milliliter

(pfu/mL)’ .
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3. Microplate preparation

NOTE: Flat-bottomed 96-well microplates (see the Table of

Materials) should be used for this method. All the plate

preparation and loading must be completed in a biosafety

cabinet, and good microbiological practice”should be used.

Prepare the anti-fog lid coating solution by combining 100

pL of Triton-X 100, 40 mL of 100% isopropanol, and 160

mL of deionized water?2. Stir to mix, and store at room

temperature.

In a biosafety cabinet, add 6 mL of lid coating solution
to the inside surface of a sterile 96-well microplate lid,
holding the lid by the edges and rotating it to ensure that
it is covered by the solution. Let the solution sit on the
lid for 20 s, then pour the solution off, and invert the lid
on an autoclaved paper towel at an angle until the lid
is completely dry, which typically takes 35-45 min. Be
careful to hold the lid by the edges.

Prepare 20 mL of 0.1% agarose in water for each 96-well

microplate, microwaving to melt the agarose.

Once the agarose has cooled to 50-60 °C, pipet 100 pL
of the 0.1% agarose into all of the spaces between the
wells of the plate and 200 uL of agarose into the wells

in row A and row H and column 1, column 2, column 11,

and column 1223 (Figure 1).

4. Loading the plate with bacteria and phage

NOTE: All the plate preparation and loading must be

completed in a biosafety cabinet, and good microbiological

practice17 should be used.

1.

The 96-well plate will contain 75 pL of 2.0 x 108 cfu/

mL bacteria in each well®. Dilute the 4.0 x 10° cfu/mL

2.

bacterial culture 1:1 with 2x PYCa broth to 2.0 x 108 cfu/

mL. Prepare 5 mL per 96-well plate.

Dilute the phage lysate using phage buffer’ to make 1 mL
each of 2.0 x 108 pfu/mL, 2.0 x 10° pfu/mL, and 2.0 x 10*
pfu/mL concentrations. This will allow for a multiplicity of
infection (MOI) of 1, 0.1, and 0.01 within the microplateg.
To load the microplate, take a plate that was prepared
with anti-fog solution and agarose, and pipet 75 L of the
2.0 x 108 cfu/mL bacteria into columns 3-10, following

Figure 1.

To column 3 and column 4, add 75 pL of sterile phage
buffer to each well to serve as a no-phage positive
control, following Figure 1, and pipette up and down to
mix after each addition. Add 75 pL of the 2.0 x 108 pfu/
mL phage to column 5 and column 6, 75 pL of the 2.0 x

10 pfu/mL phage to column 7 and column 8, and 75 pL

of the 2.0 x 104 pfu/mL phage to column 9 and column

10, pipetting up and down to mix after each addition.

Tape both short sides of the plate with 0.5 in labeling tape

to partially seal the plate while allowing gas exchange.

5. Incubation and absorbance measurement

Once the plates are loaded with bacteria and phage,
place them on a microplate shaker at 250 rpm, and

incubate at 30 °C.

Incubate the plates for 96 h, taking an optical density
measurement at 600 nm on a microplate reader every
8 h starting at hour 16. Return the plates to the shaker
between measurements.

NOTE: Measurement periods of 4, h 6 h, 8 h, and
12 h were assessed, beginning at hour 0, and it was

determined that an 8 h sampling period beginning at
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16 h post-infection best captured the Gordonia-phage

interactions.

3. Monitor the Ilid for condensation throughout the
experiment. If condensation is observed, replace the lid

with another lid coated according to step 3.2.

4. Generate control and infected growth curves following

protocol section 6.
6. Data analysis

1. Use a spreadsheet program to calculate the average
and standard deviation for each phage dilution,
following the spreadsheet layout in the Stacy-

Ceballos-Index GitHub repository (https://github.com/

eichristenson/Stacy-Ceballos-Index).

2. Create control and infected growth curves, and calculate

infection metrics using R (see the Table of Materials)

with the DescTooI524, dplyr25, ggplot226, and readxI?’
packages and following the R script in the Stacy-
Ceballos-Index GitHub repository (https://github.com/

eichristenson/Stacy-Ceballos-Index).

1. AUC. is the area under the uninfected control
curve, while AUC;,s is the area under the infected
curve'®. Calculate the AUC, and then calculate
percent growth inhibition based on the area under
the curve values, PIAUC16, using the following

equation:

(1 = [AUC|nf/AUCCon]) X 100

2. The dashed horizontal lines on each curve show
the peak growth, with the uninfected growth peak
labeled Nasymptote(con) @nd the infected growth peak
labeled Nasymptote(inf). Identify the Nasymptote Values,

and then calculate percent growth inhibition based

on these peak growth values, leax16, using the
following equation:

(1 - [Nasymptote(infy Nasymptote(con)l) * 100

3. Calculate the Stacy-Ceballos index, ISC16, from the

Plauc and Plyax values, as follows:

(Plauc * Plmax)®®

Calculate relative virulence by integrating the Stacy-

Ceballos index over time16.

Representative Results

An experiment is successful if the resulting growth curve
shows an increase in the positive control bacterial population
over time with no sudden fluctuation in absorbance. Examples
of a successful experiment at an MOI of 1 with and without
a productive phage infection are shown in Figure 2 and
Figure 3, respectively. A productive infection at an MOI of
0.01 is represented in Figure 4. The positive control growth
pattern (green curve) seen in all three figures indicates
that the bacteria are growing, they are not clumping during
growth, and no contaminants are present. Clumping and
contamination are indicated by unusually high absorbance
at a single time point. Standard deviations typically increase
over the time course of an experiment; however, a drastic
increase or standard deviations overlapping between the
control and infected curves may indicate contamination or

clumping in one or more wells.

The growth curve depicting a productive phage infection,

represented by Figure 2, shows reduced bacterial
absorbance over time in wells with the phage added. This
reduction in bacterial density will not be seen if the bacterium

is outside of the phage's host range, as shown in Figure 3.
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Infection metrics are shown for all the representative

experiments, with a relatively large Igc for the productive bacterium.

infections in Figure 2 and Figure 4 and a very small Ig¢ in
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Figure 3 for the phage that did not efficiently infect the host

Figure 1: Microplate layout. The gray areas are filled with 0.1% agarose. The blank wells in column 3 and column 4 are no-

phage positive control wells containing only phage buffer and 2.0 x 108 cfu/mL bacteria. The dotted wells contain phage and

2.0 x 108 cfu/mL bacteria; the large dots in column 5 and column 6 indicate an MOI of 1 with 2.0 x 108 pfu/mL phage; the

medium dots in column 7 and column 8 indicate an MOI of 0.1 with 2.0 x 10° pfu/mL phage; and the small dots in column 9

and column 10 indicate an MOI of 0.01 with 2.0 x 10% pfu/mL phage. Please click here to view a larger version of this figure.
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Figure 2: A successful growth curve experiment with a phage at an MOI of 1 that productively infects the host
bacterium. The average absorbance values (+ standard deviation) are shown for uninfected bacteria (green) and bacteria
with the phage added (blue). Abbreviations: AUC = area under the curve; Playc = percent growth inhibition calculated from
the area under the curve; Nasymptote = Peak growth value; Plyax = percent growth inhibition calculated from the peak growth
values; Igc = Stacy-Ceballos index. This graph represents the temperate Gordonia phage DelRio infecting G. terrae, the

bacterium it was isolated on. Please click here to view a larger version of this figure.
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Figure 3: A successful growth curve experiment with a phage at an MOI of 1 that does not efficiently infect the host
bacterium. The average absorbance values (+ standard deviation) are shown for uninfected bacteria (green) and bacteria
with the phage added (blue). Abbreviations: AUC = area under the curve; Playc = percent growth inhibition calculated from
the area under the curve; Nasymptote = Peak growth value; Plyax = percent growth inhibition calculated from the peak growth
values; Igc = Stacy-Ceballos index. This graph represents G. rubripertincta infection by DelRio. Please click here to view a

larger version of this figure.
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Figure 4: A successful growth curve experiment with a phage at an MOI of 0.01. The average absorbance values (+

standard deviation) are shown for uninfected bacteria (green) and bacteria with the phage added (blue). Abbreviations: AUC

= area under the curve; Playc = percent growth inhibition calculated from the area under the curve; Nasymptote = Peak growth

value; Plyax = percent growth inhibition calculated from the peak growth values; Isc = Stacy-Ceballos index. This graph

represents G. terrae infection by DelRio. Please click here to view a larger version of this figure.

Discussion

This optical density-based microplate method permits

investigation into bacteriophage host range and infection

dynamics11

and shows the utility of the Stacy-Ceballos
index'® as a measure of bacteriophage virulence. While this
method could be utilized with any bacteriophage-host system,
it was designed specifically to adapt rapid microplate growth
assaysg'm’11 for use with slower-growing bacteria such
as actinomycetes. Rapid microplate assays cannot be used
for slow-growing bacteria without modifications to address

evaporation and lid condensation. This method describes

these necessary modifications and demonstrates, for the

first time, the use of the Stacy-Ceballos index and related

metrics'® to describe bacteriophage infection.

Evaporation can be a substantial challenge in multi-day
96-well plate growth curve assays; this method resolves
that problem by adding agarose to the border wells
and the spaces between the wells. The agarose margin,

combined with the anti-fog lid treatmentZ2

, provides the
necessary humidity within the microplate and allows for
reliable optical density measurements. Without the added
humidity, substantial edge effect evaporation occurs?3 during
the lengthy incubation period required, leading to artificially
high optical density readings. The anti-fog lid treatment
is a necessary modification because lid condensation can

also artificially elevate the optical density values. Shaking
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the plates during the incubation period is a recommended
modification, as actinomycete bacteria may clump during
growth, giving artificially high optical density values and

effectively decreasing the multiplicity of infection.

The ratio of bacteria to phage in experiments characterizing
infection dynamics is critical, as there must be enough phage
to show an infection effect but not so many that the host
bacterial population immediately crashes® or the frequency
of lysogeny is dramatically increased?®. In this method, the
ratio found to be most effective for obtaining consistent results
was an MOI of 1, but usable results were also obtained with
MOls of 0.1 and 0.01. When implementing this method, it
is recommended to choose one concentration of bacteria
and test multiple phage concentrations in the MOI range of

0.01-19:10.11,

This technique described here allows bacteriophage-host
interactions to be assessed for slow-growing bacteria in
high-throughput microplate assays rather than with sub-
sampling from a larger culture flask at each measurement

interval2® . Further,
9,10,11

by demonstrating how microplate
growth assays may be adapted, this technique
increases the utility of other microplate-based bacteriophage

assays for slower-growing bacteria,

5,6,12

including phage

and evolution studies30-31

characterization . Finally,
this method demonstrates the use of the Stacy-Ceballos
index® to describe bacteriophage infection. This metric was
initially developed with data from an archaeal virus model
system and is calculated from optical density values, thus

giving it widespread utility across disparate virus systems.
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