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Abstract

Background: One of the main challenges in developing phage therapy and manufacturing phage products is the
reliable evaluation of their efficacy, performance, and quality. Since phage virulence is intrinsically difficult to
fully capture, researchers have turned to rapid but partially inadequate methods for its evaluation.

Materials and Methods: This study demonstrates a standardized quantitative method to assess phage virulence
based on three parameters: the virulence index (Vp)—quantifying the virulence of a phage against a host, the
local virulence (v;)—assessing killing potential at given multiplicities of infection (MOIs), and MV5,—the MOI
at which the phage achieves 50% of its maximum theoretical virulence. This was shown through comparative
analysis of the virulence of phages T4, TS, and T7.

Results: Under the conditions tested, phage T7 displayed the highest virulence, followed by phage T4 and,
finally, by phage T5. The impact of parameters such as temperature and medium composition on virulence was
shown for each phage. The use of the method to evaluate the virulence of combinations of phages—for
example, for cocktail formulation—is also shown with phages TS5 and T7.

Conclusions: The method presented provides a platform for high-throughput quantitative assessment of phage
virulence and quality control of phage products. It can also be applied to phage screening, evaluation of phage strains,
phage mutants, infection conditions and/or the susceptibility of host strains, and the formulation of phage cocktails.

Keywords: bacteriophage infection, bacterial reduction curve, comparative virulence, virulence quantification,
quality control, high-throughput analysis

Introduction phages are dynamic by nature—be it through mutations'®>*

or phenotypic traits> 2*—the assessment of their efficacy
DESPITE THE SIGNIFICANT IMPACT bacteriophages (pha- cannot solely be based on approaches used for most other
ges) have had in understanding genetics and gene reg-  biologics—for example, peptides, proteins, or even mono-
ulation,' and the enormous estimated number of phages clonal antibodies.
present on this planet,” a relatively small number of phage Phage infections depend on many factors—some corre-
species have been identified, and fewer have been fully lated, others orthogonal—that affect infection dynamics and
characterized. But this is rapidly changing. Initiatives have efficacy of phage products. The evaluation of how single
been launched to both isolate new phage species and annotate ~ parameters (titer, burst size, efficacy of plating, eclipse time,
the staggering amount of genomic data collected in the lysis time, etc.)?**"?® affect a crucial factor such as viru-
growing number of screening and characterization studies lence—that is, the killing ability of the phage—is not suffi-
(the PhAnToMe project, the Marine Phage Sequencing pro- cient since these all contribute together to phage virulence. In
ject, and the SEA-PHAGE project’™ are just some exam-  fact, there is no current way of relating these parameters or
ples). There are also numerous ongoing efforts to identify =~ weighing their individual or combined input toward the
phages suitable for Ehage therapy,®™ biocontrol,'>!" pre- overall phage virulence. Hence, the characterization of pha-
vention of biofilms,'*'? detection and diagnostics,'*'® and  ges, the evaluation of their efficacy, and quality control
as active or structural elements in biomaterials.'”"'® through the manufacturing process all require a different
With the rapidly growing number of applications comes an  approach, one that encompasses the effects of all factors
increasing need for the manufacture of phages and phage influencing virulence. Unfortunately, to this day there is no
products, and by extension for approaches and methods to standardized way to report, or even a clear definition of,
reliably assess their efficacy and quality. And considering that phage virulence itself.

Department of Chemical and Materials Engineering, University of Alberta, Edmonton, Canada.

27



28

In epidemiology, a common measurement of virulence is
the reproduction number (R,)—defined as the average num-
ber of additional hosts that the virus will spread to after in-
fecting a single host.> An equivalent measurement is not
applicable to the virulent phage life cycle. The number of
phage progeny released per infected cell is given by the burst
size; when replicating in a healthy densely growing bacterial
culture, the R, of a phage is essentially equal to its burst size.
However, burst size alone is not a proper indicator of phage
virulence. For example, in a study of the efficacy of phage
therapy, virulence was found to be an increasing function of
both adsorption rate and burst size.?’

In fact, even more parameters are needed to fully quantify
virulence; these include, among others, the latent period,
adsorption efficiency, and host cell growth rate.’® In this
context, virulence can be defined as the ability of a phage to
kill or damage a host population.®’ As pointed out by Hobbs
and Abedon,*? the concept of virulence is often applied to
differentiate phages undergoing lytic rather than lysogenic or
chronic infections. But even in the case of comparing strictly
lytic phages or various clones of a strictly lytic phage, it is
possible to infer different degrees of virulence, despite the
inconsistencies in terminology.

Common techniques employed to gualitatively measure
virulence are spot tests on agar plates>> and bacterial reduc-
tion curves.>* A spot test entails spreading a small sample of a
specific phage over a bacterial culture growing in a top-agar
lawn. This is a quick way to test susceptibility of a bacterial
strain to various phages but does not capture infection dy-
namics.* A bacterial reduction curve is obtained by infecting
a liquid bacterial culture with phages and taking periodic
optical density measurements, which will be reduced com-
pared with those of a phage-free control. A typical virulence
study consists of generating bacterial reduction curves under
various conditions and qualitatively comparing which bac-
terial curve is “‘reduced’’ the most. The advantage of this
approach is that it is applicable to any phage cultivable in
suspended cultures. The disadvantages are that it is time
consuming, nonstandardized, and only qualitative in its cur-
rent incarnation. Examples of bacterial reduction curves are
plentiful in the literature.****** Although all these experi-
ments rely on the same principle, no standardized or quan-
titative method has emerged to quantify virulence or facilitate
comparisons across conditions and studies.

In one study, four isolated phages specific to Escherichia
coli O157:H7 were screened against hundreds of E. coli strains
to gather host range and susceptibility data.** The protocol
consisted of performing bacterial infections in 220-uL volumes
using 96-well plates. Bacterial cultures at the same optical
density were inoculated with phages at initial multiplicities of
infection (MOIs) ranging from 107 to 10%. Plates were incu-
bated at 37°C for 5h and then visually observed for signs of
cell lysis. Host cell susceptibility was then categorized based
on the minimum MOI required to obtain culture-wide lysis by
visual inspection. This approach offers many improvements
over the current mixture of nonstandardized protocols adopted
by different researchers. But it has shortcomings. First, it relies
on visual inspection rather than a measureable property. Sec-
ond, it fails to capture the dynamics of infection, instead re-
lying on endpoint measurements, which can be misleading.
Third, it defines lytic capability in terms of susceptibility of the
host rather than the phage.
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Another study evaluated the infectivity of a phage or of a
combination of phages by comparing the areas under the
curve of optical density for infected and noninfected bacte-
rial cultures.*’ Recently, Xie et al.*® built on this concept to
demonstrate how bacterial reduction curves performed in
microplates can be used for the high-throughput evaluation of
host range and phage infectivity. In the study, the authors
demonstrated how the comparison of the areas under the
curves could be used to semiquantify the efficacy of a phage
against a given host or a range of hosts.

In this study, we detail a method to measure phage viru-
lence that overcomes the shortcomings faced by traditional
methods. We build on the premise that comparisons between
infected and noninfected bacterial cultures can be used to
quantitatively assess the virulence of a phage or phage mix-
ture—as demonstrated in Refs.*>** This method generates a
virulence index (Vp) for a phage infecting a specific host strain
under a given set of environmental conditions. This study,
which compares the virulence of phages T4, TS, and T7 under
various conditions, shows the virulence index can be used to
easily compare and quantify the virulence of diverse phages.
This protocol greatly simplifies and improves the reliability of
virulence measurements and provides a platform to quanti-
tatively compare between phages and conditions.

Materials and Methods
Organisms and media

Cultures of Escherichia coli ATCC 11303 used for experi-
mentation were grown overnight in 10mL of medium. The
media used were Bacto Tryptic Soy Broth (TSB; Becton Dick-
inson, Sparks, MD) and BBL Brain Heart Infusion (BHI; Becton
Dickinson). Host cultures were grown in 125-mL Erlenmeyer
flasks containing 10 mL of medium, agitated at 150 rpm and
incubated at 37°C. Phage species used were phage T4 (ATCC
11303-B4), phage TS (ATCC 11303-B5), and phage T7 (ATCC
11303-B7). Phage stocks were stored at 4°C in TSB at titers of
45%10%, 2.3%10®, and 2.1 x 10® pfu/mL, respectively.

Bacterial reduction experiments

Overnight cultures (100 uL) were used to inoculate 10 mL of
fresh medium in an Erlenmeyer flask, incubated at 37°C and
agitated at 150 rpm. These cultures were allowed to grow be-
yond the starting bacterial concentration used for the bacterial
reduction experiments (108 cfu/mL). All bacterial reduction
curves were generated using 96-well plates with 300-uL well
volumes. Phage stocks were serially diluted from a concentra-
tion of 10® to 10 pfu/mL in 200-uL volumes. Plates were in-
cubated at 37°C for 30 min before inoculation to ensure stable
temperatures. Cell concentrations were adjusted to 10° cfu/mL
for every experiment, unless otherwise indicated, yielding
MOIs ranging from 1077 to 1. In this report, MOI refers to the
initial MOI at the initiation of phage infection. Considering that
the working volume used to generate the reduction curves was
250 uL, MOIs lower than 10~ were not tested, since, on av-
erage, they would have less than one phage per culture.

A layout of the microplate used for high-throughput
evaluation of virulence is shown in Figure 1A. Five wells of
phage-free bacterial cultures were included on every plate as
control experiments, in addition to three media blanks for
reference. Experiments were run with all phage samples
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growing in parallel in a final volume of 250 uL. Since phages
are serially diluted to obtain different MOls, this setup can be
completed rapidly with a multichannel pipetter. Optical den-
sity was measured at 630nm with a Bio-Tek ELx800 Uni-
versal Microplate Reader and the data were recorded using
KClJunior software. It should be noted that other wavelengths
could be used (recommended range 500-650 nm) but that it
should be kept constant for any single study.

Optical density measurements were taken immediately
after inoculation and then at regular intervals afterward.
Between samples, the plates were covered and placed in an
incubator shaker at 150rpm at the specified experimental
temperature (continuous incubation and readings in an in-
cubating plate reader are also possible, even recommended
when available). Measurements were taken until the control
cultures reached stationary phase.

Once all data were collected, areas underneath the optical
density versus time curves were calculated using the trape-
zoid rule for each well, from the time of infection to the time
corresponding to the onset of stationary phase in the phage-
free control.

Evaluation of phage cocktails

The virulence of two combinations of phages TS and T7 (at
proportional T5:T7 ratios of 1:1 and 3:1) was also assessed
using the same procedure as already described, with the
particularity that the MOI reported was the combined MOI of
both phages. For example, when the ratio of 1:1 was tested,
0.5x 10® pfu/mL of phage T5 and 0.5 x 10® pfu/mL of phage
T7 were used to make a total combined titer of 1x10° pfu/
mL, for an MOI of 1. Similarly, for the 3:1 ratio, 0.75 % 108
pfu/mL of phage T5 and 0.25 x 10® pfu/mL of phage T7 were
used for a total combined titer of 1x 10® pfu/mL.

The use of the combined MOI is important for the as-
sessment of virulence in comparison with results from single
phages; this allows the rapid identification of synergistic or
inhibitory effects between phages.

In these tests, the microplate layout described in Figure 1A
was still used, where triplicates of phage cocktails occupied
three columns. Incubation in TSB at 37°C, measurements,
and analysis were conducted in the same manner as for single
phage testing.

Statistical analysis

Virulence assays for each phage species were performed in
duplicate on three separate microwell plates (n=6) or in
triplicate in a single plate (n=3) for the comparison of phage
cocktails. This was done so that inaccurate readings or po-
tential contamination could be detected. Data points on
graphs are shown as the average of all replicates; error bars
depict the standard deviation. Errors reported for virulence
index (Vp—defined in the Virulence protocol and nomen-
clature section below) values are the summation of errors in
all the local virulence (v/—also defined below) values from
which Vp was determined.

Results

Virulence protocol and nomenclature

The virulence measurements presented herein build on the
premise of bacterial reduction curves. A set of bacterial re-
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duction curves—performed as described in the previous sec-
tion—for T4 infecting E. coli ATCC 11303 in TSB at 37°C is
shown in Figure 1B. The phage-free control exhibits a classic
growth pattern. By comparing the bacterial reduction curves
with the control, we can quantify the reduction due to the
killing or damaging of the host by the phage. This is done by
comparing the integrated area of a bacterial reduction curve
(A;, where i is the MOI) with the integrated area of the phage-
free control (Ap) as shown in Figure 1C for the MOI 1072,
These areas are calculated from the onset of infection (time 0)
to the time of the onset of the stationary phase in the phage-
free control (indicated by the vertical dashed gray line near 3 h
in Fig. 1C).

It is important to stress how the establishment of the limit
of integration plays a significant role in the assessment of
virulence. This limit should be set as the onset of stationary
phase in the phage-free control. This provides a consistent
reference for integration that can be easily identified for any
phage—host system and restricts measurements to the period
of cell growth—a necessary condition for productive infec-
tion for many phages.*” Moreover, it ensures that the range of
the virulence measurements is well distributed, as discussed
hereunder. In general, we recommend establishing the limit
of integration as the time at which the slope of ODg;o over
time reaches <0.03 h.

Using the two areas calculate for the free-phage control (Ay)
and the culture infected at a given MOI (A)), a local virulence
(v;), capturing the dynamics of phage infection, can be calcu-
lated for that specific MOI under a given set of conditions:

A;

i=1-—,
v o

)

where v; reports the killing or damaging ability of the phage at
a given MOIL. The more virulent a phage, the faster it kills a
large number of bacteria (or prevents them from growing),
and the greater v;. The local virulence is measured on a scale
from O to 1, where O represents the absence of virulence and 1
represents maximum theoretical virulence—instantaneous
cell death. Although this theoretical maximum is unlikely to
be observed in the laboratory, a v; >0.90 is readily achievable
with the appropriately lytic phage—host system.

In addition, a virulence curve (Fig. 1E) can be obtained for
the phage grown under a given set of environmental condi-
tions (e.g., temperature, medium, and ionic strength) by
plotting local virulences calculated from Figure 1B against
log MOI (which is easily obtained from the conversion of the
MOI axis shown in Fig. 1D). This provides a powerful tool in
characterizing a phage against a specific host over a large
range of MOIs. In general, the earlier v; approaches 1 on the
virulence curve, the more virulent the phage. Two important
values can be gathered from such virulence curves to quantify
phage virulence: the virulence index (Vp, where P refers to
the phage species) and MV5, (MOI required to produce a
local virulence of 0.5).

The virulence index is defined as the area under the viru-
lence curve (Ap) divided by the theoretical maximum area
under the virulence curve (A,,4,):

A
Vp= A,,,Z )
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(A) Bacterial reduction curves and (B) corresponding virulence curve for phage TS5 infecting E. coli ATCC 11303

in TSB at 37°C. (C) Bacterial reduction curves and (D) corresponding virulence curve for phage T7 infecting E. coli ATCC
11303 in TSB at 37°C. Error bars depict the standard deviation of six replicates.

where Ap is determined by integrating the virulence curve

according to
0
ao= |
-7

Note that log MOI is used in the integration to give equal
weighting to each v; when calculating the virulence index.
The value for A,,,, is determined by Equation (3) under the
special condition that v;=1 for all MOIs. In this study,
Apax = for all conditions tested, since the range of MOIs
investigated goes from log MOI=-7 to log MOI=0.

Similarly to the local virulence, the virulence index is
normalized such that the theoretical maximum is 1. To reach
this value, instantaneous lysis of the entire bacterial culture
for all MOIs tested would be required, a physical impossi-
bility. In this study, the highest virulence index observed was
0.84. A virulence index of 0 signifies the complete absence of
virulence over the range of MOIs tested.

From the data shown in Figure 1E (phage T4 in TSB at
37°C), a virulence index of 0.6 was obtained. It was calcu-

vid(log MOI). 3)

lated as follows (integrations calculated using the trapezoid
rule):

0
Ars(37°C, TSB) = / vid(logMOI) =42,  (4)
-7
Ap 42
Vrs(37°C, TSB) = —- = = =06. (5)

The final quantitative parameter given by the virulence curve
is MV, an analogue to IDs, (infective dose for 50% of
subjects) used in toxicology.*® It is defined as follows:

MV50 EM01|V’_:0_5. (6)
MV5 is the MOI for which the local virulence v; is equal to
0.5, the MOI at which the phage achieves 50% of the maxi-
mum theoretical virulence; in this case, lower values indicate

greater virulence. This provides another tool for comparing
phage virulence. MVs, can be found through inspection of
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the virulence curve. As an example, MV5, for phage T4 at
37°C in TSB obtained from Figure 1D is

MVso(T4, 37°C, TSB) = MOI|, _,s=4x10">.  (7)

Note that MV, should be reported to only one significant
figure due to the intrinsic error in the virulence curve. This
parameter is meant as a broad means of comparison of vir-
ulence, not as a precise indicator.

Compatrison of virulence

Bacterial reduction curves and their corresponding viru-
lence curves are shown for phage TS (Fig. 2A, B) and phage
T7 (Fig. 2C, D) in TSB at 37°C.

Phage TS was the least virulent phage studied (Fig. 2B). In
contrast to the bacterial reduction curves exhibited by phage T4
(Fig. 1D) and phage T7 (Fig. 2D), phage T5 only began to show
measurable virulence at MOIs > 102, For all MOIs lower than
this threshold, the values of local virulence observed were O
(Fig. 2A). Although being noticeable only from an MOI of
1072, the local virulence increased rapidly, peaking at 0.8 at an
MOI of 1. Accordingly, the virulence index measured for TS
under the conditions tested was Vys(37°C, TSB) =0.17.

Phage T7 was the most virulent phage tested under these
conditions and yielded a virulence index of 0.84 (from
Fig. 2D). The remarkably virulent nature of this phage is
observed qualitatively in the bacterial reduction curves
(Fig. 2C). At MOIs ranging from 1 to 107>, culture-wide lysis
was achieved within 1 h. Even at the lowest MOI tested (10™7),
culture-wide lysis was observed after 2.5h, whereas the
phage-free control grew to stationary phase in 3 h (Fig. 2C).

Although the virulence curves can be used to quickly and
effectively compare different phages, mutants or progeny,
they also provide excellent visual tools for analysis and
comparison of how a phage behaves under a set of conditions.
For example, Figure 3 compares the virulence curves for
phages T4, TS, and T7 in different environmental conditions.
It is clear from these curves that temperature (Fig. 3A, B) and
media composition (Fig. 3B, C) can, in some cases, signifi-
cantly impact phage virulence. Importantly, the same range
of MOIs must be used when comparing virulence across
different phage species or conditions. If virulence measure-
ments were limited to MOIs ranging from 1072 to 1, in-
spection of Figure 3C would lead one to conclude that phages
T4 and T7 have very similar behaviors. However, inspection
of the entire experimental range demonstrates significant
differences in the virulence between these phages.

Table 1 displays the virulence index (V) and MV 5, values
for phages T4, TS5, and T7 in two different media (TSB and
BHI) at two different temperatures (30°C and 37°C). The data
demonstrate the full spectrum of virulence, from the limited
virulence of phage T5 in BHI at 37°C (Vy5=0.05,
MVsy > 1) to the exceptional virulence of T7 in TSB at 37°C
(Vi =0.84, MVsy, < 1077). Together the virulence index
and the M V5, values provide a framework for assessing the
virulence of a phage and for comparing phage virulence
across species and conditions.

Using the values calculated for phages T4, TS, and T7, itis
a straightforward task to identify the relative virulence of
each phage. Phage T7 had the highest virulence values and
lowest MVso values in all conditions tested. Phage T5

STORMS ET AL.
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FIG. 3. Virulence curves of phages T4, T5, and T7 in (A)
BHI at 30°C, (B) BHI at 37°C, and (C) TSB at 37°C. Error
bars depict the standard deviation of six replicates. BHI,
Brain Heart Infusion.
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TABLE 1. VIRULENCE AND MVsy VALUES FOR PHAGES T4, TS5, AND T7, AND COMBINATIONS
OF PHAGES TS5 AND T7 UNDER VARIOUS CONDITIONS
Virulence index (Vp) MVs,
30°C 37°C 30°C 37°C

Phage TSB BHI TSB BHI TSB BHI TSB BHI
T4 0.55+0.07 045+0.04 0.60+0.04  0.47+0.05 1x107™ I1x1072  4x10° 6x10™*
T5 0.28+0.02  0.05+0.06 0.17+£0.05 001001 5x107" >1 1x107" > 1
T7 0.77+£0.05  0.69+0.08 0.84+0.05 0.76+£0.09 8x1077  6x107’ <107’ 4%x107°
T5:T7 .1 — — 0.81 — — — 5%107 —

T7 1) — — 0.72 — — — 1x107° —

BHI, Brain Heart Infusion; TSB, Tryptic Soy Broth.

consistently had the lowest virulence and highest MVs
values. The effect of media conditions on virulence is also
apparent. For all phages, BHI unfailingly resulted in lower
virulence values. However, the effect of temperature, over
the admittedly narrow range tested, was more muted. For
phage T4, no significant effect of temperature on virulence
was seen between 30°C and 37°C. For T7, virulence in-
creased with temperature, whereas it decreased for T5.

Evaluation of combinations of phages

Similarly, the virulence curves for the mixtures of phages
TS5 and T7 provide information on the performance of com-
binations of phages or of phage cocktails. As can be observed
in Figure 4, the reduction curves of the combinations of
phages (ratios of phages TS—T7 of 1:1 and 3:1) demonstrate a
killing potential between those of the single phages, with the
1:1 ratio showing more virulence. This is also observed in the
resulting values of virulence index (0.81 and 0.72, respec-
tively) and MV5q (5% 10 and 1x 1078, respectively). It is
interesting to note that the virulence indexes obtained are not
proportional to the relative initial abundance of each phage in
the cocktail. This is consistent with the fact that, in the ab-
sence of interference or inhibition between them, the con-
tributions of individual phages in a cocktail depend on their
individual infection kinetic parameters.

Discussion

As mentioned previously, researchers have been using
qualitative observations of bacterial reduction curves to
describe phage virulence for many years. In fact, groups
have proposed a cell susceptibility scale based on visual
observations of the bacterial reduction curve®* and a 4pri-
mary comparison of the area under reduction curves.*>*¢
The virulence index and MV5, measurements forego these
limitations and enable direct quantitative comparisons of
phage virulence, compounding all the parameters affect-
ing it.

The local virulence and virulence index are valuable tools
for screening new phage isolates and comparing phages for
specific applications. Consider the case of the bacterial re-
duction curve for phage T7 at an MOI of 1077 (Fig. 2C). It
achieved a local virulence value of v,-7 =0.62, and com-
plete lysis of the culture occurred within 2 h, astonishingly
fast considering such a low MOIL. In fact, the virulence curve

(Fig. 2D) begins at this value and increases steadily before
stabilizing >0.9 for MOIs >1072. Therefore, for T7, the
MVs, is <107, In contrast, for phage T5 under the same
conditions, MVs, was 10~'—over six orders of magnitude
larger than for phage T7. To achieve the same lytic capability
as one phage T7, >1 million phage TS5 virions are required at
the onset of infection.

An important consideration when comparing local viru-
lence, virulence index, and MV, values among various
phages and/or conditions is that these parameters are indirect
measurements of infection dynamics. Since they are calcu-
lated based on the relationship between infected cultures and
the growth of the host, they serve as quantitative descriptors
of the effect of phages on cell cultures. They are impacted by
all the environmental and physiological factors influencing
the host and/or phage growth and propagation rates. Thus
even if infections may be slower at one set of conditions
compared with another (due to slower adsorption rates, lon-
ger lysis times, or smaller burst sizes), if the growth of the
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FIG. 4. Virulence curves of phages T5 (triangles), T7
(stars), and combinations of phages TS5 and T7 (3:1, circles;
1:1, diamonds) in TSB at 37°C. Error bars depict the stan-
dard deviation of triplicates.
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host is also slowed down by the same magnitude, the viru-
lence may remain the same. This is a powerful aspect of these
measurements: they reflect kinetics without being impeded
by them.

Phage virulence is thus affected by a large number of en-
vironmental and physiological parameters. For example,
conditions such as temperature, pH, media composition, and
aeration can all affect both host cell growth rate—influencing
phage growth-associated parameters such as burst size and
latent period—and phage adsorption rate—affecting the rate
of infection.>” Moreover, phage infections at the population
level can exhibit characteristics not easily observed in indi-
vidual host—phage interactions (e.g., lysis inhibition in the
case of T4). All these interacting variables contribute to vir-
ulence. A recent study testing the efficacy of six newly iso-
lated phages to treat Pseudomonas aeruginosa infection of
Drosophila melanogaster found no correlation between burst
size, adsorption rate, or latent period and phage therapy effi-
cacy.?® The only phage parameter found to correlate signifi-
cantly with treatment efficacy was phage growth rate—
implying that a measurement of phage virulence needs to
account for contributions of all the disparate factors working
together.

With the introduction of the virulence index, there now
exists a metric that can be used to quantify the pooled con-
tribution of each of these variables on overall phage viru-
lence. Which features of phages T4, T5, and T7 lead to such
significant differences in virulence when infecting E. coli in
TSB? Phage T4 has a very high adsorption rate and adsorp-
tion efficiency in TSB,4 whereas TS5 and T7 both have
similar adsorption rates with poor adsorption efficiencies in
the same medium.’® Perhaps this poor adsorption efficiency
is a major reason why T5 displays limited virulence in TSB.
Yet, T7, which has even lower adsorption efficiency, is ex-
tremely virulent. In this case, the latent period and/or burst
size may be the deciding factors. Although not measured in
these experiments, T7 is reported to exhibit latent periods of
<20 min and T5’s latent period can exceed 40 min.”' Note
that the relative importance of each of these parameters in
determining virulence may also be influenced by the bacterial
cell density. The virulence curve can be used in conjunction
with traditional measurements of phage growth kinetics to
determine the contribution each phage growth parameter has
on overall phage virulence.

In addition, as highlighted by many studies, the for-
mulation of phage cocktails is crucial to the success of many
phage-based treatments and technologies. Considering most
cocktails are composed of more than two phages, proper
optimization studies require testing vast number of possible
formulations, which can be difficult and time consuming.
Hence, it would be most practical to perform a large number
of comparisons at a given MOI on a single multiplate, es-
sentially comparing the values of local virulence (v;) for
various combinations of phages. In this case, the whole
multiplate layout could be modified to have various formu-
lations all at the same MOI (rather than the range of MOIs
described and shown in Fig. 1). In contrast, the virulence
index and the shape of the virulence curve (Fig. 4) can also be
used to further understand some of the interactions between
the individual phages making up the cocktail, for example, to
see whether the presence of a phage in the cocktail impedes
on the overall virulence.

52-55

STORMS ET AL.

Conclusions

The phage research community and industry require a
simple, fast, and standardized way to measure quantitatively
phage virulence that takes into account all factors affecting
virulence. The methodology developed will facilitate and
standardize the important screening steps used in selecting a
phage for specific applications. It can serve for the evaluation
of mutations or adaptations on virulence. It can also be used to
benchmark different phages or production batches for con-
sistency and quality control purposes, or to serve as a reliable
comparison platform in the elaboration of formulation of
phage cocktails. It can easily be integrated in high-throughput
strategies, a non-negligible factor as phage isolation and
screening efforts are rapidly expanding. Finally, we hope this
method will open new avenues for the assessment and pre-
diction of virulence and efficacy in in vivo systems.
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