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Automating Predictive Phage Therapy Pharmacology
Stephen T. Abedon

Department of Microbiology, The Ohio State University, Mansfield, OH 44906, USA; abedon.1@osu.edu

Abstract: Viruses that infect as well as often kill bacteria are called bacteriophages, or phages. Because
of their ability to act bactericidally, phages increasingly are being employed clinically as antibacterial
agents, an infection-fighting strategy that has been in practice now for over one hundred years.
As with antibacterial agents generally, the development as well as practice of this phage therapy
can be aided via the application of various quantitative frameworks. Therefore, reviewed here are
considerations of phage multiplicity of infection, bacterial likelihood of becoming adsorbed as a
function of phage titers, bacterial susceptibility to phages also as a function of phage titers, and the
use of Poisson distributions to predict phage impacts on bacteria. Considered in addition is the use of
simulations that can take into account both phage and bacterial replication. These various approaches
can be automated, i.e., by employing a number of online-available apps provided by the author, the
use of which this review emphasizes. In short, the practice of phage therapy can be aided by various
mathematical approaches whose implementation can be eased via online automation.

Keywords: active treatment; bacteriophage therapy; biocontrol; biological control; JavaScript; MOI;
passive treatment; pharmacodynamics

1. Introduction

Phage therapy is the application of bacterial viruses, more commonly known as
bacteriophages or phages, especially toward the control or eradication of bacterial infections
such as in animals, including in humans [1–9]. This is a subset of the use of phages more
generally to control or eradicate nuisance bacteria found in broader environments [10],
resulting in so-called phage-mediated biocontrol or biological control of bacteria. More
broadly still is the use of viruses as biocontrol agents against organisms other than just
bacteria [11]. Key to the successful use of antibacterial, antimicrobial, or biological control
agents generally is the attainment of sufficient densities or concentrations of those agents
in situ. But what concentrations are sufficient?

Here, I provide means toward answering that question for phages, which to some
degree is situation-specific, and particularly so to the extent that one is attempting to
minimize or at least reduce the amount of biocontrol agent applied. This involves discussion
of a number of mathematical approaches toward gaining an appreciation of the impact of
specific phage titers on targeted bacteria. In addition to providing equations that can be
readily applied to different phage-treatment scenarios—and which generally are relatively
simple, that is, fairly basic in their composition—I provide links to online JavaScript-based
calculators which provide numerical solutions (Table 1). Most of these models can be
considered to be of phage therapy pharmacodynamics [12], that is, of the anticipated
degree of negative impact of a given in situ phage titer on a population of targeted bacteria.

Table 1. Summary of web pages referred to and their URLs (Uniform Resource Locators).

Topic Section URL

Multiplicity of Infection Section 2.1 moi.phage.org
Phage Adsorptions Section 2.2 adsorptions.phage-therapy.org

1
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Table 1. Cont.

Topic Section URL

Bacterial Half-Life Section 2.3.1 b-half-life.phage.org
Decimal Reduction Time Section 2.3.2 decimal.phage-therapy.org

Phage Half-Life Section 2.3.4 p-half-life.phage.org
Inundative Phage Quantities Section 2.4 inundative.phage-therapy.org

Poisson Frequencies Section 2.5 Poisson.phage.org
Killing Titers Section 2.5.2 killingtiter.phage-therapy.org

Active Phage Therapy Section 2.6 active.phage-therapy.org

2. Predictive Phage Therapy Pharmacology

In this section, I discuss a number of simple mathematical models that collectively
can be predictive of the potential for a given phage titer to negatively impact a targeted
bacterial population (Sections 2.1–2.5), along with scenarios toward attaining those titers in
situ (Section 2.6). Many of these models I have previously discussed, e.g., [12–14]. Here,
however, the primary aim is one of describing the basis of online calculators which I have
developed that implement the various underlying calculations (Table 1).

Abbreviations of terms used in these calculations are summarized in Table 2, and
introduced as well throughout the text. It is important to recognize, however, that for
clinical or in vivo phage therapy, many of their values can be poorly described in practice,
though exceptional can be determinations or at least estimations of initial, in situ phage
titers. As a consequence of modeling-input values not necessarily being definite, it can be
difficult to match model outputs to therapeutic outcomes. Nevertheless, it can be useful
literally to play with models, entering variable and parameters values using the online
calculators, as listed in Table 1, to gain a better “feel” for the pharmacodynamics of systems
being worked with, that is, especially in terms of the potential for a given in situ phage
titer to impact a targeted bacterial population. Alternatively, the presented models may be
qualitatively and even quantitatively predictive of in vitro phage therapy experimentation.

Discussed specifically in this section are concepts associated with determining or
estimating phage multiplicities of infection (MOIs; Section 2.1), the likelihood of a bacterium
being phage adsorbed for a given phage titer (Section 2.2), rates of bacterial declines in
number also as functions of phage titers (Section 2.3), how to estimate what phage titers
may be required to reduce bacterial numbers to predetermined sufficient levels (Section 2.4),
and the use of Poisson distributions in considering the impacts of phage titers on bacterial
survival (Section 2.5). This is followed by consideration of in situ phage population growth
(Section 2.6).

2.1. Multiplicity of Infection

Often seen in the phage therapy literature is the concept of multiplicity of infection
(MOI). MOIs are relevant due to the statistical nature of phage adsorptions, i.e., such
that phage adsorptions [15] are Poissonally distributed across susceptible bacteria [16]
(Section 2.5). Though this Poissonal tendency can be quite useful toward appreciating
phage therapy pharmacodynamics, the use of MOIs in the phage therapy literature can,
in my opinion [12,17], often be problematic. In this section, I consider two different ways
of defining phage multiplicities of infection—MOIinput vs. MOIactual (Figure 1)—and a
way of predicting the latter. An appreciation of these concepts can be useful toward the
development of subsequent calculations of phage titer impacts on bacteria.
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Table 2. Relevant Parameters and Variables.

Abbreviation Description Comments

Ac Bacterial probability of being adsorbed Likelihood of an individual bacterial cell being adsorbed per
unit time, e.g., 1 min; the “c” stands for “cell”

At Adsorptions over time Number of phage adsorptions that occur over some interval of
time, t

B Burst size Number of virions produced per phage infection; might range
from 10 to well in excess of 100

e Base of the natural logarithm =2.718. . . (a non-repeating decimal)

IP, IN Decay rate Rates of loss of free phages (IP) or bacteria (IN) that occur for
reasons that are independent of phage adsorption

IPDmin Inundative phage density
Minimum phage titer required to reduce a bacterial population
from some starting number to some ending number over some
specified interval of time, not assuming 100% phage adsorption

IPNmin Inundative phage number Minimum phage titer to achieve the same as IPDmin except here
assuming 100% phage adsorption

k Adsorption rate
constant

Probability that one virion will adsorb one bacterium as
suspended in a unit volume of fluid (e.g., 1 mL) over the course
of some unit time (e.g., 1 min), hence, e.g., mL−1 min−1 units,

though often expressed instead as mL min−1

L Latent period Measure of the length of infection by a phage a bacterium
ln Natural logarithm For example, ln(2) = 0.69 = −ln(0.5) = −ln(1/2); ln(e) = 1

MOIactual, n Actual multiplicity of infection
Number of adsorbed phages divided by the number of
adsorbable bacteria; equivalent to n as used in Poisson

calculations
MOIinput or
MOIaddition

Input multiplicity of infection Number of phages added to targeted bacteria divided by the
number of those bacteria

M Malthusian parameter A measure of bacterial population growth rate in per time units

N, N0, Nt
Bacterial

concentrations

Subscript 0 refers to initial concentrations, though in many
cases this is implied so the subscript is not always present;

subscript t refers to the concentration of unadsorbed bacteria
following a previous time interval, t

NF, NT Bacterial numbers

Subscript F refers to a “Final” number of unadsorbed bacteria;
subscript T refers to “Total” and is used instead of N0 to

distinguish starting bacterial concentration (N0) from starting
bacterial numbers (NT)

p Probability This is lower-case “p” without italicization

P, P0, PF, Pt Phage titer Subscripts are equivalent to those of N0, NF, Nt, with P in all
cases referring to phage concentrations, i.e., phage titers

Padsorbed Prior titer of adsorbed virions Number of previously free phages that have now adsorbed,
divided by volume, as to be distinguished from P0

PK Killing titer
Titer of phages required to reduce a bacterial population from a

given starting number to a given ending number, assuming
100% adsorption

r Poisson category Here, e.g., 0 phages adsorbed, 1 phage adsorbed, etc., all per
bacterium

r! r factorial For example, 3! = 1 × 2 × 3; 2! = 1 × 2; 1! = 1; 0! = 1
t Time Generally, here, this is an interval over which adsorption occurs

t0.1, t0.01 Decimal reduction time(s) Time it takes for 90% of unadsorbed bacteria to become
adsorbed (t0.1) or 99% (t0.01)

t0.5 Bacterial half-life Time it takes for one-half of unadsorbed bacteria to become
adsorbed

tMFT Mean free time Average length of time it takes for a bacterium to become
phage-adsorbed

V Volume Volume that targeted bacteria and targeting phages are
suspended in during phage treatments

x Fraction bacteria As surviving following phage exposure (=NF/NT)

3
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Figure 1. Comparing MOIinput with MOIactual. On both sides is the same MOIinput, whereas MOIactual to 
the right is equal to two vs. equal to zero on the left. Note that, generally, more than one adsorbable 
bacterium would be present and phages would adsorb over a Poisson distribution (Section 2.5), i.e., 
with the average number of virions adsorbed per bacterium equal to MOIactual. In addition, keep in 
mind that the quantitative distinction between MOIinput and MOIactual results from durations of ad-
sorption periods (t) and the phage adsorption rate constant (k), the latter defined by a combination 
of the properties of the adsorbing phages, adsorbable bacteria, and adsorption environment. Phage 
(P) and bacterial (N) concentrations, however, also play important roles in determining MOIactual, as 
considered below especially in Equation (5). 

2.1.1. MOIinput vs. MOIactual 

The two ways of defining MOI are MOIinput vs. MOIactual [14,18]. The simplest as well 
as easiest to use—but the one that is also often misleading [12]—is MOIinput: MOI = 𝑃/𝑁, (1)

where P is a starting phage titer and N is the initial concentration of targeted bacteria. This 
definition, in my opinion, is only useful to phage therapies to the extent that it can be 
contrasted with determinations as well as predictions of MOIactual (below). Phage therapy 
dosing based on MOIinput, in other words, at best should be viewed as “hopeful” since in 
many cases MOIinput does not guarantee nor necessarily even approximate MOIactual. 

MOIactual instead is the more traditionally used meaning of MOI [19]. It is relevant to 
phage therapy first because it serves as the basis of Poisson distributions of adsorbed 
phages over susceptible bacteria and second because the extent of the impact of phages 
on bacteria also is Poissonal (Section 2.5). 

Notwithstanding their distinctions, the definition of MOIactual is similar to that of 
MOIinput, though with a clear difference: MOI = 𝑃 /𝑁, (2)

with Padsorbed not the initial phage titer but instead the concentration, such as per mL, of 
phages that have adsorbed bacteria, especially as seen after some interval of incubation of 
free phages with those phage-susceptible bacteria. That is, whereas MOIinput is defined in 
terms of the total number of phages added to bacteria (again, such as per mL), MOIactual is 
based only on those virions that succeed in adsorbing and, importantly regarding phage 
therapy, generally only adsorbed phages have an impact on targeted bacteria. 

Figure 1. Comparing MOIinput with MOIactual. On both sides is the same MOIinput, whereas MOIactual

to the right is equal to two vs. equal to zero on the left. Note that, generally, more than one adsorbable
bacterium would be present and phages would adsorb over a Poisson distribution (Section 2.5), i.e.,
with the average number of virions adsorbed per bacterium equal to MOIactual. In addition, keep
in mind that the quantitative distinction between MOIinput and MOIactual results from durations of
adsorption periods (t) and the phage adsorption rate constant (k), the latter defined by a combination
of the properties of the adsorbing phages, adsorbable bacteria, and adsorption environment. Phage
(P) and bacterial (N) concentrations, however, also play important roles in determining MOIactual, as
considered below especially in Equation (5).

2.1.1. MOIinput vs. MOIactual

The two ways of defining MOI are MOIinput vs. MOIactual [14,18]. The simplest as well
as easiest to use—but the one that is also often misleading [12]—is MOIinput:

MOIinput = P/N, (1)

where P is a starting phage titer and N is the initial concentration of targeted bacteria. This
definition, in my opinion, is only useful to phage therapies to the extent that it can be
contrasted with determinations as well as predictions of MOIactual (below). Phage therapy
dosing based on MOIinput, in other words, at best should be viewed as “hopeful” since in
many cases MOIinput does not guarantee nor necessarily even approximate MOIactual.

MOIactual instead is the more traditionally used meaning of MOI [19]. It is relevant
to phage therapy first because it serves as the basis of Poisson distributions of adsorbed
phages over susceptible bacteria and second because the extent of the impact of phages on
bacteria also is Poissonal (Section 2.5).

Notwithstanding their distinctions, the definition of MOIactual is similar to that of
MOIinput, though with a clear difference:

MOIactual = Padsorbed/N, (2)

with Padsorbed not the initial phage titer but instead the concentration, such as per mL, of
phages that have adsorbed bacteria, especially as seen after some interval of incubation of
free phages with those phage-susceptible bacteria. That is, whereas MOIinput is defined in
terms of the total number of phages added to bacteria (again, such as per mL), MOIactual is

4



Antibiotics 2023, 12, 1423

based only on those virions that succeed in adsorbing and, importantly regarding phage
therapy, generally only adsorbed phages have an impact on targeted bacteria.

2.1.2. Predicting MOIactual

Though not as simple as for MOIinput, nevertheless MOIactual still can be fairly easy to
determine in vitro as

MOIactual = (P0 − PF)/N. (3)

Here, P0 is the starting concentration (titer) of free phages and PF is the number free phages
remaining unadsorbed following some interval of time (F standing for “Final”), assuming
that all free phage losses are due to virion adsorption of targeted bacteria. Unfortunately,
determining PF can be impractical in vivo. Consequently, it can be helpful instead to be
able to predict MOIactual. In particular, it can be useful to possess some appreciation of the
extent to which targeted bacteria may be impacted by treatment phages, with that impact,
for a given phage type, generally being a function of MOIactual (e.g., Section 2.5).

An approximation of the suggested estimation [12,14] can be made based solely on
initial phage titers (here shown as just P), the phage adsorption rate constant (k), and
time (t):

MOIactual = Pkt. (4)

That approximation, however, is useful only at lower bacterial concentrations, e.g., such as
below 107/mL, and/or over shorter adsorption intervals, such as over a few minutes rather
than over many tens of minutes. In contrast, at all bacterial concentrations or adsorption
intervals, one can instead employ

MOIactual = P
(

1− e−Nkt
)

/N. (5)

Equation (5) differs from Equation (4) particularly in that it does not assume phage ad-
sorption with replacement; that is, newly adsorbed phages are conceptually replaced with
new free phages (Figure 2). Instead, in Equation (5) numbers of free phages are allowed
to decline over time as those phages adsorb bacteria, i.e., as is expected in real systems.
However, that consideration, as noted, may be qualitatively relevant only when bacterial
concentrations are higher or adsorption intervals are longer.

Note in any case that e−Nkt goes to zero as Nkt becomes larger, i.e., given higher
concentrations of targeted bacteria, higher rates of phage adsorption to individual targeted
bacteria, and/or longer incubation and thereby longer adsorption times. In that case, to
the extent that e−Nkt trends toward zero, then MOIactual will in fact come to approximate
MOIinput.

2.1.3. Running the Calculator

The calculation that is presented in Equation (5) is solved via the online multiplicity
of infection calculator found at moi.phage.org, there along with solutions to Equations (1)
and (4) (with those latter equations solved by the calculator for the sake of comparison).
Entering 1 × 107 phages/mL, 5 × 106 bacteria/mL, a 10 min adsorption period, and an
adsorption rate constant [12,15] of 2.5 × 10−9 mL−1 min−1 [20] yields an MOIinput (as
equivalent to MOIaddition) of 2 but an MOIactual based on Equation (5) instead of 0.25, or
8-fold lower. Additionally, a total of only 1.1 × 106 phages of that original 1 × 107 will
be expected to have adsorbed over that interval, while roughly 4 × 106 bacteria/mL will
be expected to have remained unadsorbed out of that original 5 × 106, i.e., about 80% of
bacteria targeted will not have been phage adsorbed in this example.

5
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Figure 2. Adsorption with and without replacement of free phages. The mathematically simplified
perspective is adsorption with replacement (left) since the result is a constant free phage concentration
over time. Depending on circumstances, however, that assumption may or may not be realistic. It may
be realistic, though, if free phage numbers are replaced as a consequence of in situ phage replication
or if bacterial numbers are small, thereby resulting in few free phage losses due to adsorption.
Alternatively, free phage adsorption without replacement (right) explicitly takes into account free
phage losses that result from bacterial adsorptions, that is, with free phage concentrations thereby
declining over time.

2.2. Bacterial Likelihood of Being Phage Adsorbed

Related to MOIactual, and also solved using moi.phage.org, is simply the likelihood
that a targeted bacterium will become phage adsorbed per unit of time, such as per min [15].
An appreciation of this likelihood can be helpful in gaining a better understanding of what
may be accomplished upon achieving a given in situ phage titer during treatments. Here, I
start with a model of phage adsorption over time and use this to derive the probability of
adsorption to a single bacterium over a single unit of time.

2.2.1. Predicting Bacterial Adsorption Likelihood: p(Ac)

The number of adsorptions predicted to occur per unit time, particularly per unit of
volume, such as per mL (At), is as follows:

At = NPkt. (6)

If we are considering just a single bacterium, then the average number of adsorptions
expected (Ac, with the “c” standing for “cell”) can be found simply by setting N, the
bacterial concentration, to 1 (again keeping in mind that this is all considered as occurring
within 1 mL; see Appendix A of [15] for additional detail):

Ac = 1Pkt. (7)

This is equivalent to our calculations of MOIactual (Equation (4)). We can then approximate
the probability of a single bacterium becoming adsorbed per mL and per min as

p(Ac) ≈ 1Pk1, (8)

6
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and this is particularly so if the number of adsorptions expected per min, Pk, is somewhat
less than one. If that is not the case, i.e., if the average number of adsorptions per min
approaches or exceeds 1, then the probability that a bacterium will become adsorbed by a
least one phage over the course of one min can instead be defined as

p(Ac) = 1− e−P(1−e−Nk)/N , (9)

that is, one minus e raised to the opposite of MOIactual as calculated over one min (see
Equation (5) for the latter). Note in Equations (8) and (9) that the lowercase “p” stands for
“probability” vs. the uppercase, italicized “P”, which stands for phage concentration, i.e.,
phage titer. In those equations, P is also implicitly equivalent to P0 as to is N with N0.

2.2.2. Running the Calculator

The online calculator can be found at adsorptions.phage-therapy.org. By way of exam-
ple, if we again set k to 2.5 × 10−9 mL−1 min−1, for 106 phages/mL (=P) the probability
that a given bacterium (N = 1) will become phage adsorbed over one min, p(Ac), will be
0.0025. For P = 107 phages/mL, p(Ac) is instead raised to 0.025. At P = 108 phages/mL,
the probability is instead 0.25. This is all assuming that phages are adsorbing with replace-
ment, i.e., as specified by Equation (8). If we assume that phages are not adsorbing with
replacement, then bacterial concentration (N) will come to matter somewhat more. Thus,
with P = 108 and N = 107, the number of adsorptions per bacterium that are expected to
occur over one min, which is the exponent in Equation (9), is 0.2469, while for N = 108 it is
0.2212, and for N = 109, it is 0.0918. These correspond to p(Ac) values of 0.2188, 0.1984, and
0.0877, respectively. The declines seen with greater bacterial numbers in turn are due to
substantial losses of free phages to adsorption to the now substantial numbers of bacteria
(the Nk term in Equation (9)) in combination with there simply being more bacteria for a
given number of phages to adsorb (N as found in the exponent’s denominator).

These latter calculations come to matter somewhat more if we assume both phage
adsorption without replacement and longer adsorption intervals. Thus, for P = 108, N = 108,
and t = 60 min, we have an expectation (Equation (5)) of a total (on average) of 1 phage
adsorption per bacterium (i.e., in this case 1 = P/N vs. the 0.2212 indicated in the previous
paragraph and p(Ac) = 0.3679). With replacement of free phages following adsorption,
however, the expectation (from Equations (4) or (7)) is instead an average of 15 phage
adsorptions per bacterium over that same 60 min interval with p(Ac) = 0.0000! Thus,
unless phage concentrations can be sustained at high levels—e.g., by adding more phages,
targeting smaller numbers of bacteria, or if phages are able sustain their numbers on their
own such as due to in situ replication (Section 2.6)—then Equation (7)-type estimations can
grossly overestimate expected per-bacterium levels of phage adsorption.

It is important in any case to recognize how dependent these outputs are on the
magnitude of k [15]. If k is smaller, i.e., if we are working with a phage that has a lower
potential to adsorb, then p(Ac) too will be smaller. Alternatively, with phages that adsorb
faster, the resulting p(Ac) will be larger. These various ideas can be translated directly into
what can be described as bacterial half-lives and related decimal reduction times (next
section).

2.3. Bacterial Reduction Times

One measure of the susceptibility of a microorganism to an antimicrobial agent is
what is described as decimal reduction time [14]. This is how long it takes for a given
concentration of antimicrobial agent to reduce target numbers by 90% (here, abbreviated
as t0.1). Nearly equivalent mathematically, we can speak of half-lives, which is the time it
takes to reduce a target bacterial population by 50% (t0.5). Alternatively, we can consider
reductions by 99% (t0.01), and so on. In addition, and also similar mathematically, is mean
free time (tMFT), which for our purposes is the amount of time on average that it takes until
a given bacterium becomes phage adsorbed. Overall, these constructs, as with likelihoods
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of bacteria being adsorbed by phages (above), can provide insight into the antibacterial
utility of a given in situ phage titer.

Note that generally speaking, t0.5 < tMFT < t0.1 < t0.01. This means that half of a bacterial
population will become phage adsorbed faster than the average for single bacterium in
a population to become phage adsorbed, and in turn it will take even longer for 90% of
bacteria to become adsorbed, or indeed for 99% of bacteria to succumb to phage adsorption.
In any case, for all of the presented equations in Sections 2.3.1 and 2.3.2, it is assumed that
phages adsorb with replacement, with the without-replacement case addressed instead in
Section 2.3.3.

2.3.1. Bacterial Half-Lives: t0.5, and Also tMFT

The bacterial mean free time in the presence of phages is simply the inverse of the
likelihood of a bacterium being phage adsorbed per unit time, as seen with Equation (8),
i.e.,

tMFT = 1/Pk. (10)

The time it takes for one-half of a bacterial population to become phage adsorbed is slightly
shorter, owing to the exponential decline associated with phage adsorption, i.e., where
more adsorptions in absolute terms by a given population of free phages occur early during
adsorption periods rather than later (assuming for that assertion that free phage adsorption
is, again, without replacement) while later can be much later. Specifically, we multiply tMFT
by −ln(0.5) (the 0.5 for half-life), which is equivalent to ln(2). Thus,

t0.5 = ln (2)/Pk = 0.69/Pk. (11)

2.3.2. Decimal Reduction Times: t0.1, plus t0.01

As noted, decimal reduction times simply extend the bacterial reduction to 90%
declines, up from the above 50%. The viable (unadsorbed) bacterial population has thus
been reduced to 1/10th of its previous size. This can be calculated as

t0.1 = ln (10)/Pk = 2.3/Pk. (12)

The time it takes to reduce bacterial numbers 100-fold, i.e., to 0.01 of its original number,
can be calculated instead as

t0.01 = ln (100)/Pk = 4.6/Pk. (13)

2.3.3. Phage Adsorption without Replacement

Considering phage adsorption without replacement complicates these formulae some-
what [14], with in the following x being equal to the resulting reduction, i.e., such as the
above 0.5, 0.1, or 0.01 (and also adding explicitly the zero subscripts for consistency with
the following section):

tx = t(x) = − ln
(

1− ln
(

1
x

)
N0

P0

)
/N0k. (14)

Thus, for x = 0.5, then 1/x = 2; for x = 0.1, then 1/x = 10, etc. Note, though, that for this
equation to be valid then sufficient numbers of phages must be initially present to achieve
the indicated reduction, e.g., one must start with P0 > ln(10)N0 to achieve decimal reduction
or P0 > ln(2)N0 phages to reduce unadsorbed bacterial numbers by half.

2.3.4. Running the Calculators

A dedicated, online bacterial half-life calculator can be found at b-half-life.phage.org.
Starting with a phage concentration of 106/mL, and an adsorption rate constant as above,
then tMFT is calculated as 400 min vs. 277 min for t0.5. Raise the phage titer to 107/mL
and these numbers are reduced to 40 and 28 min, respectively, or 4 and 2.8 min given
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108 phages/mL (all holding phage titers constant over time). An equivalent calculator, but
instead determining phage half-lives as a function of bacterial concentrations, can be found
at p-half-life.phage.org. The latter can be used to gain an appreciation of how rapidly a
given titer of supplied phages will be expected, as a function of bacterial concentrations
(N), to become explicitly antibacterial as they adsorb, e.g., such as 50% of those phages
adsorbing per min vs. instead 50% per hour. See also Bull and Regoes [21] for an extension
of phage half-life calculations to also include phage losses for reasons other than adsorption
to phage-infected bacteria.

A decimal reduction, etc., online calculator can be found at decimal.phage-therapy.org.
This provides calculations not only for 10- and 100-fold declines in bacterial numbers but
also makes this determination both with and without taking starting bacterial concentra-
tions into account. That is, considering phage adsorption both without and with free phage
replacement, respectively. The default settings are phage titers of 108/mL and bacterial con-
centrations of 106/mL. With no decline in phage numbers over time, output is t0.1 = 9.2 min
while t0.01 = 18.4 min. At such a low bacterial concentration, the equivalent numbers, if
assuming instead phage losses to adsorption, are only 9.3 min and 18.9 min, respectively,
keeping in mind that total reductions in numbers of unadsorbed bacteria is ten times that
for the latter (t0.01) vs. the former (t0.1). Raise bacterial concentrations to 107/mL and the
equivalent numbers again assuming phage adsorption without replacement instead are
10.5 min and 24.7 min. Then, raise phage titers to 109 (while keeping N at 107/mL) and we
find that t0.1 = 0.9 min while t0.01 = 1.8 or 1.9 min (these latter two values are without losses
due to phage adsorption and with losses due to phage adsorption, respectively).

2.4. Inundative Phage Quantities

A slightly more sophisticated way of thinking about degrees of phage impact on
bacteria is to consider not just durations of treatments in combination with how fast phages
are adsorbing, but also how large a reduction in numbers of a bacterial population is
desired [12]. This differs from the above bacterial reduction times (Section 2.3) because
the sought end points are not fractional declines in bacterial numbers but, instead, are
absolute declines. Thus, rather than, for example, a 99% reduction, a reduction to, e.g.,
103 bacteria in total is sought. In terms of required starting phage titers, I have dubbed
this an “inundative phage density” (IPDmin), with “density” and “titer” here being used
synonymously. Alternatively, there is an “inundative phage number” (IPNmin), which
is the starting absolute number of phages required, that is, rather than starting phage
concentrations (the latter again equivalent to “titer” and “density”). As with the other
calculations already considered, an implicit assumption is that all targeted bacteria are
equally available to phages for adsorption.

In all of these cases, these are minimum values (“min”) because it is assumed that
bacterial losses are occurring as calculated whereas less-than-ideal phage adsorption and
infection circumstances likely would result in a requirement for more phages than this
“min”, such as IPNactual > IPNmin. Thus, a failure to successfully predict the extent of
reductions in bacterial viability in the presence of predicted inundative quantities of phages
can be used to indicate the presence of additional phenomena not considered by models.
For example, less bacteria killing than expected can be due to not all targeted bacteria being
equally available to phages, such as due to the presence of spatial or physiological refuges
from phage attack [22]. Lower levels of killing than expected can also be a consequence of
outright genetic bacterial resistance to phages and/or instead underestimations of phage
adsorption rate constants. Alternatively, greater bacteria killing than expected can be due to
the presence of additional antibacterial mechanisms and/or because new phages have been
generated in situ (for the latter, see “Active treatment”, below; Section 2.6). In any case,
calculations of inundative phage quantities can provide an appreciation of what phage
titers should be required to reduce phage-susceptible bacteria to a given total number of
remaining bacteria, over a desired length time, particularly as based on the antibacterial
action of dosed phages alone.
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2.4.1. Inundative Phage Densities: IPDmin

The minimum titer of phages required to reduce a volume of bacteria to a given
amount over a specific span of time, or IPDmin, can be calculated either assuming or not
assuming that these titers remain constant over time (Figure 2). As with the approaches
considered above, assuming a constant phage titer simplifies calculations but becomes less
valid the higher bacterial concentrations or the longer the time frame over which adsorption
is allowed to occur. In any case, both phage and bacterial replication are ignored for these
IPDmin, or IPNmin, determinations.

The total starting number of bacteria is equal to the volume of the relevant environ-
ment (V) multiplied by the starting concentration of bacteria (N0). The final number of
bacteria is independent of volume. That is, often when reducing bacterial presence, you
want to reduce the number of bacteria to a given lower amount (NF) rather than to a given
lower concentration. Thus, the fraction of bacteria that are expected to survive given the
application of some inundative titer of phages will be NF/VN0 (total ending bacterial num-
bers divided by total starting numbers of bacteria) and this fraction, or at least its inverse, is
used in the same manner as for, e.g., decimal reduction time calculations (Section 2.3.2). If
phage titers can be held more or less constant over time, then the minimum titer of phages
required to achieve that fraction of surviving bacteria can be descried as

IPDmin =
ln(VN0/NF)

kt
. (15)

This is the natural log of the fold-decrease in bacterial concentrations, i.e., as equal to 1/x in
Equation (14), divided by the product of the phage adsorption rate constant and time, with
IPDmin representing some phage concentration, i.e., P. For a 10-fold decline in bacterial
numbers—a decimal reduction and thus x = 0.1—this would be P = ln(10)/kt. With rear-
ranging and modifying the abbreviation for time, this is equivalent to the t0.1 = ln(10)/Pk,
as seen above in Equation (12). The quantity ln(10) in turn is equal to the MOIactual required
to achieve this 10-fold reduction in concentrations of viable bacteria, i.e., 2.3.

Taking into account phage losses due to adsorption to bacteria has the effect of requir-
ing higher starting phage titers, and this can be described instead as

IPDmin =
N0·ln(VN0/NF)(

1− e−N0kt
) . (16)

This is equivalent to [starting numbers of bacteria] × [MOIactual required to achieve the
desired degree of reduction in bacterial numbers] divided by [fraction of added phages
which succeed in adsorbing over time, t].

2.4.2. Inundative Phage Number: IPNmin

An alternative perspective is just how many phages are needed to similarly reduce
numbers of bacteria as seen for IPDmin, but without prior knowledge of bacterial concen-
trations. This approach can be relevant if numbers of bacteria are known or at least can be
estimated, but where treatment volumes are less easily determined. There are two ways
of going about this. One is to assume that phage titers are known and remain more or
less constant or, alternatively, that 100% adsorption of added free phages can be assumed.
Missing is the case where phage numbers are instead declining to some intermediate extent,
due to phage adsorptions of bacteria, as that extent cannot be calculated without knowledge
of bacterial concentrations.

The first case looks simply like

IPDmin =
ln(NT/NF)

kt
, (17)
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where NT is initial, unadsorbed bacterial numbers (“T” standing for “Total”), and this is
rather than initial bacterial concentrations. As indicted though, this is again a calculation of
IPDmin, rather than of a minimum inundative phage number (IPNmin), and this is because
required phage titers rather than just phage numbers would be calculated; note also that
the numerator again is equivalent to ln(1/x). If phage titers are not easily predicted, i.e.,
as due to phage application to volumes that are not well defined, we need to resort to
assuming instead the noted 100% adsorption of added free phages:

IPNmin =
NT·ln(NT/NF)

1
. (18)

IPNmin is thus the total number of phages that need to be supplied, but again assum-
ing 100% adsorption. Note that ln(NT/NF) is equal to that MOIactual (Section 2.1) re-
quired to reduce bacterial numbers from NT to NF, which, in turn, is an NT/NF-fold
reduction, and equivalently this is (1/x)-fold. For example, with a 10-fold reduction,
ln(NT/NF) = 2.3 = MOIactual. IPNmin, as described by this equation, is therefore equal to
that MOIactual multiplied by the total number of bacteria targeted, i.e., by NT.

If MOIactual should fail to approximate MOIinput, and the degree of discrepancy is
known, then one can modify the previous equation as

IPNmin =
NT·ln(NT/NF)

MOIactual/MOIinput
(19)

We expect, in any case, for MOIinput/MOIactual ≥ 1 to hold under all circumstances, since
it is impossible to adsorb more phages than there are phages (as above, assuming no in
situ phage replication). Therefore, the less extensively that phage adsorption occurs, e.g.,
MOIinput �MOIactual, even assuming ideal adsorption conditions, then the more phages
that will be required to reduce bacterial numbers to an equivalent extent.

2.4.3. Running the Calculator

An online calculator is available for determining inundative phage quantities, as found
at inundative.phage-therapy.org. If we start with 106 bacteria/mL (=N0), and consider only
1 mL of volume (V), then reductions to 103 bacteria in total (NF) over one hour (t) requires
4.5 × 107 phages/mL, assuming via Equation (15) that there are no phage losses (=IPDmin).
This changes to 5.0 × 107 phages/mL given phage losses to adsorption, as per Equation
(16) (=IPDmin). Alternatively, via Equation (18), a starting number of only 6.9 × 106 phages
(=IPNmin) is required if 100% phage adsorption is assumed. (Note in the example that 106

is both the starting bacterial concentration and starting bacterial number since only 1 mL is
being considered.)

Additional examples of IPDmin determinations are found in Table 3, all assuming a
value for k of 2.5 × 10−9 mL−1 min−1. Notice how nearly the same numbers of phages
are required to reduce bacterial numbers to the same amount, e.g., 1 (=100), regardless
of starting bacterial numbers. Thus, starting with 106 bacteria/mL in 100 mL requires
1.2 × 108 phages per mL (assuming no phage losses over time) but still half as many phages
starting with only 102 bacteria/mL despite the 10,000-fold difference in numbers of starting
bacteria. Thus, reducing bacterial populations to a substantial extent requires relatively
high phage titers and this is so even if starting bacterial concentrations are relatively low.
The explanation for why this is the case has to do with the statistics of Poisson distributions
(next section).
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Table 3. Calculating inundative phage quantities for one-hour treatments *.

NT → 1010 109 108 107 106 105 104 103 102

VNT → 1012 1011 1010 109 108 107 106 105 104

NF ↓
10−3 2.3 × 108 2.1 × 108 2.0 × 108 1.8 × 108 1.7 × 108 1.5 × 108 1.4 × 108 1.2 × 108 1.1 × 108 Eq. (15)
10−3 3.5 × 1011 3.2 × 1010 3.0 × 109 3.6 × 108 1.8 × 108 1.5 × 108 1.4 × 108 1.2 × 108 1.1 × 108 Eq. (16)
10−3 3.0 × 1011 2.8 × 1010 2.5 × 109 2.3 × 108 2.1 × 107 1.8 × 106 1.6 × 105 1.4 × 104 1.2 × 103 Eq. (18)

10−2 2.1 × 108 2.0 × 108 1.8 × 108 1.7 × 108 1.5 × 108 1.4 × 108 1.2 × 108 1.1 × 108 9.2 × 107 Eq. (15)
10−2 3.2 × 1011 3.0 × 1010 2.8 × 109 3.3 × 108 1.7 × 108 1.4 × 108 1.2 × 108 1.1 × 108 9.2 × 107 Eq. (16)
10−2 2.8 × 1011 2.5 × 1010 2.3 × 109 2.1 × 108 1.8 × 107 1.6 × 106 1.4 × 105 1.2 × 104 9.2 × 102 Eq. (18)

10−1 2.0 × 108 1.8 × 108 1.7 × 108 1.5 × 108 1.4 × 108 1.2 × 108 1.1 × 108 9.2 × 107 7.7 × 107 Eq. (15)
10−1 3.0 × 1011 2.8 × 1010 2.5 × 109 3.0 × 108 1.5 × 108 1.2 × 108 1.1 × 108 9.2 × 107 7.7 × 107 Eq. (16)
10−1 2.5 × 1011 2.3 × 1010 2.1 × 109 1.8 × 108 1.6 × 107 1.4 × 106 1.2 × 105 9.2 × 103 6.9 × 102 Eq. (18)

100 1.8 × 108 1.7 × 108 1.5 × 108 1.4 × 108 1.2 × 108 1.1 × 108 9.2 × 107 7.7 × 107 6.1 × 107 Eq. (15)
100 2.8 × 1011 2.5 × 1010 2.3 × 109 2.7 × 108 1.3 × 108 1.1 × 108 9.2 × 107 7.7 × 107 6.1 × 107 Eq. (16)
100 2.3 × 1011 2.1 × 1010 1.8 × 109 1.6 × 108 1.4 × 107 1.2 × 106 9.2 × 104 6.9 × 103 4.6 × 102 Eq. (18)

101 1.7 × 108 1.5 × 108 1.4 × 108 1.2 × 108 1.1 × 108 9.2 × 107 7.7 × 107 6.1 × 107 4.6 × 107 Eq. (15)
101 2.5 × 1011 2.3 × 1010 2.1 × 109 2.4 × 108 1.2 × 108 9.3 × 107 7.7 × 107 6.1 × 107 4.6 × 107 Eq. (16)
101 2.1 × 1011 1.8 × 1010 1.6 × 109 1.4 × 108 1.2 × 107 9.2 × 105 6.9 × 104 4.6 × 103 2.3 × 102 Eq. (18)

102 1.5 × 108 1.4 × 108 1.2 × 108 1.1 × 108 9.2 × 107 7.7 × 107 6.1 × 107 4.6 × 107 3.1 × 107 Eq. (15)
102 2.3 × 1011 2.1 × 1010 1.8 × 109 2.1 × 108 9.9 × 107 7.7 × 107 6.1 × 107 4.6 × 107 3.1 × 107 Eq. (16)
102 1.8 × 1011 1.6 × 1010 1.4 × 109 1.2 × 108 9.2 × 106 6.9 × 105 4.6 × 104 2.3 × 103 Eq. (18)

103 1.4 × 108 1.2 × 108 1.1 × 108 9.2 × 107 7.7 × 107 6.1 × 107 4.6 × 107 3.1 × 107 1.5 × 107 Eq. (15)
103 2.1 × 1011 1.8 × 1010 1.6 × 109 1.8 × 108 8.3 × 107 6.2 × 107 4.6 × 107 3.1 × 107 1.5 × 107 Eq. (16)
103 1.6 × 1011 1.4 × 1010 1.2 × 109 9.2 × 107 6.9 × 106 4.6 × 105 2.3 × 104 Eq. (18)

104 1.2 × 108 1.1 × 108 9.2 × 107 7.7 × 107 6.1 × 107 4.6 × 107 3.1 × 107 1.5 × 107 Eq. (15)
104 1.8 × 1011 1.6 × 1010 1.4 × 109 1.5 × 108 6.6 × 107 4.6 × 107 3.1 × 107 1.5 × 107 Eq. (16)
104 1.4 × 1011 1.2 × 1010 9.2 × 108 6.9 × 107 4.6 × 106 2.3 × 105 Eq. (18)

105 1.1 × 108 9.2 × 107 7.7 × 107 6.1 × 107 4.6 × 107 3.1 × 107 1.5 × 107 Eq. (15)
105 1.6 × 1011 1.4 × 1010 1.2 × 109 1.2 × 108 5.0 × 107 3.1 × 107 1.5 × 107 Eq. (16)
105 1.2 × 1011 9.2 × 109 6.9 × 108 4.6 × 107 2.3 × 106 Eq. (18)

* Arrows are used to indicate what values the upper-left abbreviations are describing. NT refers to starting
bacterial numbers within 1 mL, VNT refers to starting bacterial numbers here within 100 mL, and NF refers to
ending bacterial numbers, with the value NT in its two instances being used equivalent to N0. Stacked quantities
from top to bottom are IPDmin assuming constant phage titers over time (Equation (15)), IPDmin not assuming
constant phage titers over time (Equation (16)), and IPNmin (Equation (18)). “Equation” in the last column has
been abbreviated as “Eq.”

2.5. Poisson Distributions

A Poisson distribution is similar to a normal distribution except that the x axis, defining
the independent variable, r, consists solely of integers that cannot fall below 0. Thus, r = 0,
1, 2, 3, etc. Furthermore, what are varied on the y axis are the probabilities associated with
each of those integers, i.e., y = p(r). The magnitude of p(r) is defined as follows

p(r) =
nre−n

r!
. (20)

For our purposes, r represents categories of phage adsorptions to bacteria, i.e., the unad-
sorbed fraction (r = 0), the fraction adsorbed by only a single phage (r = 1), the fraction
adsorbed by two phages (r = 2), and so on. In contrast, the variable, n, is MOIactual
(Section 2.1). Thus, the fraction of bacteria expected within each of the r categories is
defined for a given MOIactual by a Poisson distribution [16].
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2.5.1. Predicting Bacterial Survival

If we set r to zero, then Equation (20) is reduced to

p(0) = e−n, (21)

keeping in mind that 0! = 1, as is also the case for any number raised to zero, i.e., n0.
Rearranging, then n = MOIactual = −ln(p(0)) = −ln(NF/NT) = −ln(x), keeping in mind
that ln(1/x) = −ln(x). NT is the starting number of unadsorbed bacteria, i.e., as found
prior to phage addition, while NF is the ending or “Final” number of unadsorbed bacteria.
MOIactual is thus equal to the negative natural log of the fraction of bacteria remaining
unadsorbed following some extent of phage exposure, or the positive natural log of the
fold-decrease in bacterial numbers.

2.5.2. Killing Titers: PK

Killing titer (PK) calculations [12] take the above prediction of bacterial survival and
literally rearrange it. This, in contrast to much of the above, is therefore a phage titer deter-
mination that is based on bacterial survival rather than a prediction of bacterial survival that
is determined, at least in part, by knowledge of initial phage titers. As equivalently seen
with Equation (18), MOIactual is multiplied by the initial bacterial concentration, but here
with MOIactual calculated based on the fraction of bacteria that have survived, assuming
that all added phages have adsorbed:

PK = −ln(p(0))N0, (22)

recalling that MOIactual = −ln(p(0)). Thus, if 108 bacteria per mL are reduced to 107, then
the calculated killing titer is −ln(0.1) × 108 = 2.3 × 108. This would be equal to P0, i.e., the
starting phage concentration, assuming that all free phages initially present adsorbed (and
that no phage replication has occurred).

Note, though, that the requirement that all free phages must adsorb means that, for
this calculation, MOIactual must equal MOIinput, that is, in order for PK to be an actual
phage titer determination. If insufficient time is allowed for adsorption, however, then
MOIactual will be lower than MOIinput, resulting in the calculated PK being less than P0.
Consequently, killing titer determinations will always underestimate starting phage titers
unless complete phage adsorption is allowed to occur, keeping in mind though that often a
small fraction of phages will fail to adsorb seemingly no matter what [23–26]. Of course, for
killing titer calculations to hold true, then bacterial replication also must be insubstantial
during phage application. Nevertheless, killing titers can provide at least an approximation
of what phage titers would have been necessary to achieve the amount of bacteria killing
observed, which can in turn be compared with what phage titers actually had been present
at the start of phage treatments of a bacterial population.

2.5.3. Running the Calculators

A Poisson frequency calculator is presented at Poisson.phage.org, requiring a single in-
put, that of MOIactual. Note that this need not be an integer. For example, for MOIactual = 1.5,
the app indicates that the fraction of bacteria expected to not have been phage adsorbed is
0.22 (or 0.37 for MOIactual = 1). Additionally, relevant for certain phage biology experiments
is the fraction of bacteria which are singly vs. multiply adsorbed [12]. For MOIactual = 1.5,
these fractions are 0.33 and 0.44, respectively, such that, though with rounding error,
1 = 0.22 + 0.33 + 0.44. Also calculated are the fraction of bacteria, of those that have been
adsorbed at all, which have been singly vs. multiply adsorbed. For this same example
(MOIactual = 1.5), those fractions are 0.43 and 0.57, respectively, which also add up to 1.
That is, 43% of bacteria that have been adsorbed in this example are predicted to have been
singly adsorbed.

The killing titer calculator can be found at killingtiter.phage-therapy.org. Entered here
are concentrations of still-viable bacteria as found both before and after phage adsorption,
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keeping in mind (again) that for this to be an actual titer determination, then phage
adsorption must go effectively to completion, thus requiring sufficient time though also
an absence of bacterial replication during that time. If for example you were to start
with 107 bacteria/mL and end up with 104 bacteria/mL, then your calculated killing titers
would be 6.9× 107 phages/mL. Additionally, MOIactual is calculated, which in this example,
would be 6.9. The greatest utility of such killing titer determinations is for use toward
establishing the titers of phages—or other agents such as phage tail-like bacteriocins—
which, for whatever reason, are unable to form plaques on the bacterial strain being
targeted, while still possessing single-hit kinetics of those bacteria [21]. Nevertheless,
it is also useful to compare calculated killing titers (PK) with actual titers (P0) to assess
treatments, with PK < P0 implying a less-than-ideal phage impact while PK > P0 would
imply instead a greater-than-expected phage impact.

2.6. Active Treatments

All of the above-discussed approaches ignore both phage and bacterial population
growth. In my opinion, ignoring bacterial population growth is reasonably justified,
particularly (1) if one is treating bacterial populations which already are somewhat mature
in terms of not displaying substantial additional bacterial population growth or (2) if phage
impact is fast relative to rates of bacterial growth. The latter generally can be achieved by
supplying phages in high concentrations, i.e., inundative densities acting over relatively
short periods.

Phage in situ replication, on the other hand, is less easily ignored, except in a lim-
ited number of circumstances, e.g., such as application of overwhelming phage numbers,
so-called passive treatments [27–30], or when phages are used which are unable to repli-
cate [21,31]. Such phage replication, giving rise to in situ phage population growth during
phage therapies, can result in what have been described as active treatments [27–30], with
“Active” referring to a relevance of virion-productive phage infections of bacteria, again
in situ, toward enhancing phage therapeutic efficacy. Importantly, however, we can also
differentiate phage in situ population growth into that associated with high vs. low overall
bacterial concentrations and also that phage population growth occurring in association
with vs. without bacterial clumping or clustering, that is clumping or clustering of bacteria
such as into biofilm microcolonies. Thus, for example:

1. Low bacterial concentrations without clumping and lower starting phage titers. In
the case of low bacterial concentrations and no bacterial clumping, phage population
growth likely is mostly irrelevant, since in situ phage replication will not be expected
to have a substantial impact on more “global” phage titers. That is, bacteria are
present in insufficient quantities to produce relatively large concentrations of new
phages across environments. Still, these circumstances, given sufficient environmental
mixing, are easily modelled mathematically.

2. Low bacterial concentrations with clumping and lower starting phage titers. With
spatial structure in combination with bacteria being found in clonal clusters—but
bacteria nonetheless overall found at low concentrations—phage in situ replication
could in fact be relevant, though not globally, and the mathematics portraying such
situations is not straightforward. I describe this latter scenario as a locally active
treatment [32].

In other words, for the latter, once a bacterial microcolony has been infected by a
single phage, it is not unlikely that other bacteria found in the same microcolony or cellular
arrangement will be impacted by resulting locally produced phage progeny [33,34]. It is
just that those newly generated phages, if amplified in number from only sparsely available
bacterial microcolonies, may be unlikely to easily find other bacterial microcolonies to
infect, due to those phages not achieving relatively high titers across treated environments.

Higher bacterial concentrations with bacterial clumping, such as existing as biofilms,
again greatly complicate the necessary mathematics and are therefore not straightforward
to model. Without clumping, though, we still may describe two basic scenarios when
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considering the treatment of higher bacterial concentrations, distinguishing passive from
active treatments. These are:

3. Higher bacterial concentrations without clumping and higher starting phage titers.
First is the noted passive treatment in which phage in situ replication is not required
to achieve desired levels of bacterial eradication, e.g., as due to the employment of
inundative phage concentrations (Section 2.4). This is because sufficient quantities of
phages have been supplied via phage dosing alone.

4. Higher bacterial concentrations without clumping and lower starting phage titers.
Second is what I have described as globally active treatment [32]. Here, the assumption
is that phage virions are free to diffuse relatively rapidly about environments or
otherwise be readily moved about, such as within blood. Therefore, phages produced
in one location can give rise to sufficient increases in phage titers, i.e., to inundative
densities (Section 2.4.1) throughout a phage-treated environment.

It is this globally active treatment that is the primary focus of this section and indeed,
this is how active treatments typically are envisioned, at least from modeling perspec-
tives [27–29].

As follows, I first take into account phage population growth (Section 2.6.1) and then
bacterial population growth (Section 2.6.2), both in terms of such globally active treatment.
In Section 2.6.3, the two approaches are brought together, with an online calculator for
running the resulting model introduced. Section 2.6.4 then extends the idea of modeling
phage active treatments but reviewing in vitro experimentation in particular, rather than in
silico modeling.

2.6.1. Considering Phage Population Growth

Modeling of phage population growth as well as bacterial population growth has
typically been performed within a context of chemostat-based phage–bacteria community
dynamics, e.g., [35,36]. Here, for simplicity as well as because it likely is at least equivalently
relevant to phage therapy, only batch-culture-type scenarios are considered, e.g., as modeled
in Abedon et al. [37]. Batch- vs. chemostat-based modeling is equivalent, except that inflow
of new media and outflow of culture media along with bacteria and phages is not considered
with batch growth. Additionally, here no bacterial-concentration-associated constraints on
phage or bacterial growth rates are considered [36,38].

Though models of phage population growth are often presented based on calculus
(as reviewed in Stopar and Abedon [13]), in reality their numerical solutions will typically
employ discrete iterations, e.g., advancing simulations in one-minute intervals. Therefore,
the relevant equations are presented here explicitly as these iterated equations. Thus:

Pt+1 = Pt + BkPt−LNt−Le−LIN − kPtNt − IPPt. (23)

This can be expressed in words as follows: The phage concentration found one interval later
(Pt+1) is equal to the just-previous phage concentration (Pt) plus new phages generated upon
phage-induced bacterial lysis (B meaning burst size) of those bacteria infected one latent
period (L) earlier (BkPt−LNt−L). Subtracted from this are those phages lost to adsorption
(kPtNt) along with any free phages lost for any additional reasons (IPPt). In addition is
the construct, e−LIN , which has the effect of removing phage-infected bacteria that have
been lost to non-phage-related decay over the course of one latent period. IN is defined as
the rate of loss of bacterial cells for non-phage-related reasons, as is also employed in the
following section.

2.6.2. Considering Bacterial Population Growth

Bacterial growth is introduced as an additional iterated equation, one which feeds
into the equation modeling phage population growth (Equation (23)) and vice versa. The
growth itself is modeled using what is known as the Malthusian parameter (µ), which
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basically is the rate of exponential growth of the population as occurs over a single interval,
such as one minute. Thus,

Nt+1 = Nt + µNt − kPtNt − IN Nt (24)

This—similar to the phage equation, Equation (23)—is the concentration of unadsorbed
bacteria one interval later (Nt+1) as equal to the just-previous unadsorbed bacterial con-
centration (Nt) but also with new bacteria being added due to bacterial binary fission
(µNt). Bacteria are lost to phage adsorption (kPtNt) as well as to phage-unrelated forms
of inactivation (INNt). As with modeling phage population dynamics, inactivation can be
ignored (that is, by setting the parameter, IN, to zero). Alternatively, by setting IN and IP
to the same value, then a chemostat-like system can be modeled, with both parameters
thereby describing outflow. Inflow in any case can be ignored because, as noted, nutrient
concentrations are not being considered.

2.6.3. Running the Calculator

Running a simulation based on the above two equations involves simply employing
appropriate parameter values along with starting conditions and then stepping through
both equations one interval at a time. There is increasing imprecision the longer the
incrementation interval, but I have found that resulting error is minor given use of one min
intervals. I have had a tendency to employ a spreadsheet, such as Microsoft Excel®, to run
these sorts of simulations [13], which involves stepping through the equations vertically in
columns, with each row corresponding to one interval. Alternatively, an online calculator
for modeling globally active treatment can be found at active.phage-therapy.org, though
there this is described simply as “Active treatment”.

The default, though otherwise fully adjustable parameters entered in the online cal-
culator are latent period (15 min), burst size (100), initial phage titer (107/mL), a phage
inactivate rate (0.00001 as a per min fractional loss), an initial bacterial concentration
(103/mL), the Malthusian parameter (0.013), a phage-independent rate of bacterial loss
(also set to 0.00001 and which, as also for phages, is set there deliberately small by default),
and a simulation duration (60 min). Running the calculator using those inputs yields an
only minor, log10 0.003 increase in phage titers, owing to the very small starting bacterial
concentration. This is roughly a 1% increase in phage numbers. In contrast, bacterial
concentrations over this span are reduced by log10 0.317, which corresponds to a 52%
reduction. Change the starting bacterial concentration to 106/mL and over that hour, phage
concentrations increase by 1300% (1.146 log10, which is from 107 to ~1.4 × 108 phages/mL)
while bacterial concentrations decline by 3.834 logs (down to 1.5 × 102/mL, or nearly a
100% decline). Thus, in this latter case, there are sufficient bacteria present to support
substantial phage population growth, and this in turn results in more substantial declines
in numbers of bacteria, i.e., considerably effective active treatment is occurring. The caveats,
however, are that it is difficult to determine in situ phage latent periods or burst sizes as
well as bacterial rates of replication, and indeed, determining in situ phage adsorption
rate constants as well. Furthermore, it is difficult to assume that in situ environments are
homogeneous, or necessarily well mixed, both as required implicitly by the simulation.
Still, this calculator allows one to easily play a number “what if?” scenarios regarding
starting phage and bacterial concentrations.

2.6.4. Additional Approaches to Predicting In Situ Efficacy, from In Vitro Characteristics

A major issue with such mathematical modeling of active treatments, toward predic-
tion of in situ phage behavior as presented above, is that it is labor intensive to obtain the
needed parameter values, even in vitro, especially those of phage latent periods, phage
burst sizes, phage adsorption rate constants, and bacterial growth rates. Consequently,
efforts have been made to model active treatments experimentally, also in vitro, again
toward predicting phage abilities during actual treatments, but without going through the
struggle of obtaining those individual measures. These efforts, such as found in [39–41],
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particularly involve determinations of phage impacts on in vitro optical densities (i.e.,
turbidity) of broth bacterial cultures over time, as summarized in terms of areas under the
curve (AUCs); see also [42,43] for review of this general broth-culture approach. Smaller
AUCs (less overall bacterial culture density over time) are indicative of higher phage
antibacterial virulence—due to sooner, faster, or more complete phage-induced lysis of
bacterial populations—and larger AUCs indicate lower phage antibacterial virulence.

An issue with these optical density-based approaches is, unfortunately, the occurrence
of lysis inhibition [44], which has the effect of retaining and even boosting the turbidity of
bacterial cultures despite the productive lytic phage infection of most or all phage-sensitive
bacteria present. Importantly, though, only a subset of phage types display this phenotype.
Nevertheless, see panel B in Figure 1 of [39], where the phage T4 studied there is historically
well known for displaying the lysis inhibition phenotype [45–47], and see also, e.g., [48–50]
for examples of lysis inhibition as displayed by other phages. This issue of lysis inhibition
was a constraint also on our own work, studying phage broth performance using an optical
density approach, which limited what phages we were able to analyze [51].

Optical-density-based in vitro modeling approaches, to a degree, build on earlier work
where in vitro determined phage population growth rates, presumably a key measure
of active treatment effectiveness, were found to correlate with in vivo phage therapy
efficacy [52,53]. Those efforts involve measuring increases in phage prevalence over time,
an approach that should in fact mostly not be impacted by lysis inhibition, and this is
instead of the above-noted optical-density measures of decreases in bacterial prevalence.
To a degree, though, contrast those correlations between in vitro phage growth rates and
in vivo efficacy with the in vivo observations of Bull et al. [54], which clearly indicate that
in vivo phage population growth is not necessarily always a robust predictor of phage
antibacterial effectiveness. Indeed, phage population growth rates presumably are far more
relevant toward active treatment efficacy than toward instead passive treatment efficacy,
since the latter, by definition, does not require phage population growth (i.e., as discussed
at the start of Section 2.6). Nonetheless, determining rates of phage population growth
is simpler to accomplish than determining separately phage latent periods, burst sizes,
and adsorption rates. (For protocols determining the latter, see [55] along with adsorption
rate-determination citations found in [15].) Bacterial turbidity measurements are, in turn,
somewhat less labor intensive to obtain than phage population growth rates, especially
given the use of kinetic microplate readers vs. plaque-based measures of changes in phage
titers over time.

A limitation for all of these approaches, including the mathematical modeling empha-
sized here, is that resulting predictions of subsequent phage performance during therapies
will only be as useful as experimental in vitro environments are representative of subse-
quent in situ conditions [56–58]. Nonetheless, the goal with all of these methods is to gain
a more robust appreciation of what at least might be achievable by a given phage during
an actual treatment rather than choosing phages for phage therapy based solely on more
simplistic measures of host range such as just spotting or just plaquing abilities [43,59,60], or
instead relying upon genome sequence-based methods for phage host-range determination,
the latter as currently are under development [61,62].

In any case, when models of phage treatments—whether in vitro, in silico, or indeed
in vivo—indicate a lower likelihood of phage therapy success, then that should bode less
well, ultimately, for treatment effectiveness than if these models instead suggest a higher
potential for attainment of antibacterial efficacy.

3. Discussion

The strengths of the various approaches provided here stem not just from their sim-
plicity but also from their bases in mechanistic modeling. Specifically, a phage life cycle
consists of virion infection and release which is then followed by virion movement and then
adsorption. All of these processes are well studied, including at the whole-organism levels
that are considered here. That is, phage populations adsorb following well-studied models
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of exponential decline in free phage numbers, models which were first published on in the
early 1930s [63,64]. The duration of phage infections and resulting burst sizes were first
studied quantitatively later in that same decade, now over 80 years ago [65], and the use of
Poisson distributions to describe phage adsorptions has been around for almost as long [16].
Models of the type, as utilized here under the heading of “Active treatments” (Section 2.6),
can be traced at least to Campbell in 1961 [38] and have been exploited extensively by Levin
and colleagues [66–69], the latter starting in 1977 [35] (see also, e.g., [21,27,28,56,70–83]).
An important goal of those studies is the use of models and parameter values that allow
some predictive power despite the complexity of the phage–bacteria community dynamics
that these studies have sought to emulate.

I have been especially involved in analysis of the earliest work of Bohannon and
Lenski [36]. They used Escherichia coli B and bacteriophage T4 in a minimal-medium
chemostat experiment, which they followed for 200 h prior to the takeover of their cultures
by phage-resistant bacteria. Notably, their model provided predictions that were more
qualitative than quantitative, that is, consistent with trends but less consistent with actual
phage titers and bacterial concentrations, even prior to phage-resistant bacteria coming to
dominate populations. Particularly since the phage they employed (T4) displays the com-
plicating phenotype of lysis inhibition [44] (see also Section 2.6.4), I sought to improve the
quantitative predictive power of their model [84]. The result of a number of modifications
(Appendix A) was a substantial increase in predictive power through the first 100 h of their
actual chemostat. (See also Abedon et al. [37], their Figure 2, for explicit validation of the
ability of models such as those presented here to predict phage population growth rates
again in vitro. See also Figure 1 of Weld et al. [71].)

These comparisons between experiments and models, in combination with the long
history of study of these sorts of mechanistic phage–bacteria community dynamics mod-
eling, or simply of phage population dynamics, suggests that though the approaches
provided in this article may not be 100% predictive, they are likely as close in their pre-
dictive power as the precision that phage therapy experiments themselves will tend to be
monitored. This, though, comes with the caveat that modeling outputs are only as good
as modeling inputs, meaning that knowledge of actual phage adsorption rates as well as
latent periods and burst sizes for active treatments can be relevant to predicting phage
therapy outcomes. Alternatively, failures of models to accurately predict outcomes can
be suggestive of a less-than-ideal appreciation of the magnitudes of those phage growth
parameters in situ.

4. Conclusions

Though I suggest that modeling can have a place in gaining a better understanding of
the pharmacology of phage therapy, more sophisticated phage therapy models [77,79,82,83]
may be less accessible to the typical phage therapy practitioner or less useful in terms of
application to novel circumstances. Alternatively, and at the other extreme, dismissing
mathematical descriptions of phage treatments altogether seems as though it can, if my
reading of the phage therapy literature is any indication, result in reduced understanding
of phage treatments and their outcomes than should otherwise be possible. Explicitly,
I typically employ simple mathematical constructs to better understand the underlying
pharmacology, particularly pharmacodynamics, of published phage-bacterial interactions,
e.g., [85]. It is my feeling that such applications might be as useful prior to the publication
of phage therapy studies as they can be to me when analyzing studies following their
publication, hence the emphasis of this review.

A different consideration is the utility of these various mathematical approaches to
clinical phage therapy. My suspicion, in fact, is that in explicit terms, this math may
be less useful than can be the case for preclinical studies, if only because there is less
opportunity to make the detailed measurements that many of these models require, e.g.,
such as of bacterial concentrations, phage titers in association with targeted bacteria, phage
adsorption rate constants, phage burst sizes, etc. These are all as found in situ while treating
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infections caused by what are typically somewhat uncharacterized bacterial strains and, in
many cases, also in combination with antibiotics [41,57,86–89], which can have antagonistic
impacts on phage infection abilities [41,51,85,90]. In particular for the latter, note that of
18 clinical phage therapy studies that I was able to obtain—published in 2023 or, at the
time of writing, which are published but still online ahead of print—at least 16 indicate
treatments using phages in combination with antibiotics [57,91–108]. See also [109], where
79 of the 114 clinical phage treatments reported “were administered in combination with
standard-of-care antibiotics”.

Notwithstanding the greater modeling imprecision which inevitably results when
transitioning from pre-clinical studies to real-world phage therapy implementation, it
is unlikely to be productive for clinical phage therapists to be unaware of the various
presented models and especially their outputs. Thus, my suggestion, effectively for all
phage therapists—whether or not they choose to explicitly apply these methods to specific
phage therapies—is nonetheless to “play” with these models. That is, to run the described
online calculators (Table 1) using different input values, e.g., by varying in situ phage titers
or targeted bacterial concentrations, and to do so simply to gain an appreciation for how
changing treatment approaches or conditions might impact treatment effectiveness. The
goal should be to gain greater understanding especially of what phage doses can be more
or less likely to result in sought phage treatment efficacies.
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Appendix A. Improving the Realism of Phage–Bacteria Chemostat Modeling

In this appendix, I note the key modifications that I made [84] to the Bohannon and
Lenski [36] model toward greater predictive power, both for the sake of improved future
modeling realism and to indicate where these modifications could be substantive. A first
key modification was to assume that the Bohannon and Lenski chemostat was initiated
with stationary phase rather than using log phase bacteria, thus requiring bacteria to go
through an initial lag phase prior to their start of exponential growth. This is unlikely to
impact the approaches presented here (Section 2.6), unless other chemostats that have been
initiated with stationary phase bacteria are being modeled.

The second key modification was to assume that the robustness of both phage and
bacterial population growth, when occurring, was less than had been determined initially,
outside of chemostats. This is highly relevant to the approaches presented here to the extent
that laboratory-determined phage growth parameters—adsorption rates, latent period,
and burst size—might be optimistic relative to real-world circumstances. In other words,
if you are predicting, using the various calculations presented here, that your treatments
may just barely work in terms of sufficiently removing targeted bacteria, then in actuality,
those treatments simply may not work. It is always important with phages, however, to
recognize that their ability to replicate in situ can cover up what would otherwise be dosing
insufficiencies, though this is without guarantee.
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A last point has to do instead with the robustness of phage–virion survival. Based
on the analysis of a number of published phage-containing chemostats beyond just that
of Bohannon and Lenski [36] I found in many cases that rates of free phage decay could
be greater than rates of chemostat outflow would suggest. In other words, something
otherwise unaccounted for appeared to be either inactivating or removing phage virions
in or from these various chemostats. I thus included a bacterium-independent free-phage
decay parameter not only in the chemostat modeling found in Abedon [84] but also in
the batch-culture phage–bacteria population dynamics model described in Equation (23).
Similarly, and quite relevant to phage therapy, in many cases phage titers may decline in
situ faster than simply free phage adsorption to bacteria would suggest. This likely would
be beyond just considerations of the familiar (to phage therapists) expected declines in
phage numbers over time during circulation in blood [110,111].
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M.; Galant, K.; et al. PhageScore-based analysis of Acinetobacter baumannii infecting phages antibiotic interaction in liquid
medium. Arch. Microbiol. 2022, 204, 421. [CrossRef] [PubMed]

42. Gelman, D.; Yerushalmy, O.; Alkalay-Oren, S.; Rakov, C.; Ben-Porat, S.; Khalifa, L.; Adler, K.; Abdalrhman, M.; Coppenhagen-
Glazer, S.; Aslam, S.; et al. Clinical phage microbiology: A suggested framework and recommendations for the in-vitro matching
steps of phage therapy. Lancet Microbe 2021, 2, e555–e563. [CrossRef]

43. Glonti, T.; Pirnay, J.-P. In vitro techniques and measurements of phage characteristics that are important for phage therapy success.
Viruses 2022, 14, 1490. [CrossRef] [PubMed]

44. Abedon, S.T. Look who’s talking: T-even phage lysis inhibition, the granddaddy of virus-virus intercellular communication
research. Viruses 2019, 11, 951. [CrossRef]

45. Hershey, A.D. Mutation of bacteriophage with respect to type of plaque. Genetics 1946, 31, 620–640. [CrossRef]
46. Doermann, A.H. Lysis and lysis inhibition with Escherichia coli bacteriophage. J. Bacteriol. 1948, 55, 257–275. [CrossRef] [PubMed]
47. Moussa, S.H.; Kuznetsov, V.; Tran, T.A.; Sacchettini, J.C.; Young, R. Protein determinants of phage T4 lysis inhibition. Protein Sci.

2012, 21, 571–582. [CrossRef]
48. Gromkoua, R.H. T-related bacteriophage isolated from Shigella sonnei. J. Virol. 1968, 2, 692–694. [CrossRef] [PubMed]
49. Schito, G.C. Dvelopment of coliphage N4: Ultrastructural studies. J. Virol. 1974, 13, 186–196. [CrossRef] [PubMed]
50. Hays, S.G.; Seed, K.D. Dominant Vibrio cholerae phage exhibits lysis inhibition sensitive to disruption by a defensive phage

satellite. eLife 2020, 9, e53200. [CrossRef]
51. Danis-Wlodarczyk, K.M.; Cai, A.; Chen, A.; Gittrich, M.R.; Sullivan, M.B.; Wozniak, D.J.; Abedon, S.T. Friends or foes? Rapid

determination of dissimilar colistin and ciprofloxacin antagonism of Pseudomonas aeruginosa phages. Pharmaceuticals 2021, 14, 1162.
[CrossRef]

52. Henry, M.; Lavigne, R.; Debarbieux, L. Predicting in vivo efficacy of therapeutic bacteriophages used to treat pulmonary infections.
Antimicrob. Agents Chemother. 2013, 57, 5961–5968. [CrossRef]

21



Antibiotics 2023, 12, 1423

53. Lindberg, H.M.; McKean, K.A.; Wang, I.-N. Phage fitness may help predict phage therapy efficacy. Bacteriophage 2014, 4, e964081.
[CrossRef]

54. Bull, J.J.; Otto, G.; Molineux, I.J. In vivo growth rates are poorly correlated with phage therapy success in a mouse infection model.
Antimicrob. Agents Chemother. 2012, 56, 949–954. [CrossRef]

55. Kropinski, A.M. Practical advice on the one-step growth curve. Methods Mol. Biol. 2018, 1681, 41–47.
56. Bull, J.J.; Gill, J.J. The habits of highly effective phages: Population dynamics as a framework for identifying therapeutic phages.

Front. Microbiol. 2014, 5, 618. [CrossRef] [PubMed]
57. Fungo, G.B.N.; Uy, J.C.W.; Porciuncula, K.L.J.; Candelario, C.M.A.; Chua, D.P.S.; Gutierrez, T.A.D.; Clokie, M.R.J.; Papa, D.M.D.

“Two is better than one”: The multifactorial nature of phage-antibiotic combinatorial treatments against ESKAPE-induced
infections. Phage 2023, 4, 55–67. [CrossRef]

58. Marchi, J.; Zborowsky, S.; Debarbieux, L.; Weitz, J.S. The dynamic interplay of bacteriophage, bacteria and the mammalian host
during phage therapy. iScience 2023, 26, 106004. [CrossRef] [PubMed]

59. Kutter, E. Phage host range and efficiency of plating. Methods Mol. Biol. 2009, 501, 141–149. [PubMed]
60. Khan Mirzaei, M.; Nilsson, A.S. Isolation of phages for phage therapy: A comparison of spot tests and efficiency of plating

analyses for determination of host range and efficacy. PLoS ONE 2015, 10, e0118557. [CrossRef] [PubMed]
61. Aggarwal, S.; Dhall, A.; Patiyal, S.; Choudhury, S.; Arora, A.; Raghava, G.P.S. An ensemble method for prediction of phage-based

therapy against bacterial infections. Front. Microbiol. 2023, 14, 1148579. [CrossRef]
62. Bajiya, N.; Dhall, A.; Aggarwal, S.; Raghava, G.P.S. Advances in the field of phage-based therapy with special emphasis on

computational resources. Brief. Bioinform. 2023, 24, bbac574. [CrossRef]
63. Schlesinger, M. Ueber die Bindung des Bakteriophagen an homologe Bakterien. II. Quantitative, Untersuchungen über die

Bindungsgeschwindigkeit und die Sättigung. Berechnung der Teilchengröße des Bakteriophagen aus deren Ergebnissen.
[Adsorption of bacteriophages to homologous bacteria. II Quantitative investigations of adsorption velocity and saturation.
Estimation of particle size of the bacteriophage]. Z. Fur Hygenie Immunitiitsforschung 1932, 114, 149–160.

64. Schlesinger, M. Adsorption of bacteriophages to homologous bacteria. II Quantitative investigations of adsorption velocity and
saturation. Estimation of particle size of the bacteriophage [translation]. In Bacterial Viruses; Stent, G.S., Ed.; Little, Brown and Co.:
Boston, MA, USA, 1960; pp. 26–36.

65. Ellis, E.L.; Delbrück, M. The growth of bacteriophage. J. Gen. Physiol. 1939, 22, 365–384. [CrossRef]
66. Levin, B.R.; Lenski, R.E. Coevolution in bacteria and their viruses and plasmids. In Coevolution; Futuyma, D.J., Slatkin, M., Eds.;

Sinauer Associates, Inc.: Sunderland, MA, USA, 1983; pp. 99–127.
67. Levin, B.R.; Lenski, R.E. Bacteria and phage: A model system for the study of the ecology and co-evolution of hosts and parasites.

In Ecology and Genetics of Host-Parasite Interactions; Rollinson, D., Anderson, R.M., Eds.; Academic Press: London, UK, 1985;
pp. 227–242.

68. Levin, B.R.; Bull, J.J. Phage therapy revisited: The population biology of a bacterial infection and its treatment with bacteriophage
and antibiotics. Am. Nat. 1996, 147, 881–898. [CrossRef]

69. Levin, B.R.; Bull, J.J. Population and evolutionary dynamics of phage therapy. Nat. Rev. Microbiol. 2004, 2, 166–173. [CrossRef]
[PubMed]

70. Lenski, R.E. Dynamics of Interactions between Bacteria and Virulent Bacteriophage. In Advances in Microbial Ecology; Springer:
Boston, MA, USA, 1988; Volume 10, pp. 1–44.

71. Weld, R.J.; Butts, C.; Heinemann, J.A. Models of phage growth and their applicability to phage therapy. J. Theor. Biol. 2004, 227,
1–11. [CrossRef] [PubMed]

72. Kysela, D.T.; Turner, P.E. Optimal bacteriophage mutation rates for phage therapy. J. Theor. Biol. 2007, 249, 411–421. [CrossRef]
[PubMed]

73. Cairns, B.J.; Payne, R.J.H. Bacteriophage therapy and the mutant selection window. Antimicrob. Agents Chemother. 2008, 52,
4344–4350. [CrossRef] [PubMed]

74. Gill, J.J. Modeling of bacteriophage therapy. In Bacteriophage Ecology; Abedon, S.T., Ed.; Cambridge University Press: Cambridge,
UK, 2008; pp. 439–464.

75. Cairns, B.J.; Timms, A.R.; Jansen, V.A.; Connerton, I.F.; Payne, R.J. Quantitative models of in vitro bacteriophage-host dynamics
and their application to phage therapy. PLoS Pathog. 2009, 5, e1000253. [CrossRef]

76. Schmerer, M.; Molineux, I.J.; Bull, J.J. Synergy as a rationale for phage therapy using phage cocktails. PeerJ 2014, 2, e590. [CrossRef]
77. Leung, C.Y.J.; Weitz, J.S. Modeling the synergistic elimination of bacteria by phage and the innate immune system. J. Theor. Biol.

2017, 429, 241–252. [CrossRef]
78. Roach, D.R.; Leung, C.Y.; Henry, M.; Morello, E.; Singh, D.; Di Santo, J.P.; Weitz, J.S.; Debarbieux, L. Synergy between the host

immune system and bacteriophage is essential for successful phage therapy against an acute respiratory pathogen. Cell Host
Microbe 2017, 22, 38–47. [CrossRef]

79. Sinha, S.S.; Grewal, R.K.; Roy, S. Modeling bacteria–phage interactions and its implications for phage therapy. Adv. Appl. Microbiol.
2018, 103, 103–141.

80. Li, G.; Leung, C.Y.; Wardi, Y.; Debarbieux, L.; Weitz, J.S. Optimizing the timing and composition of therapeutic phage cocktails: A
control-theoretic approach. Bull. Math Biol. 2020, 82, 75. [CrossRef]

22



Antibiotics 2023, 12, 1423

81. Rodriguez-Gonzalez, R.A.; Leung, C.Y.; Chan, B.K.; Turner, P.E.; Weitz, J.S. Quantitative models of phage-antibiotic combination
therapy. mSystems 2020, 5, e00756-19. [CrossRef] [PubMed]

82. Styles, K.M.; Brown, A.T.; Sagona, A.P. A review of using mathematical modeling to improve our understanding of bacteriophage,
bacteria, and eukaryotic interactions. Front. Microbiol. 2021, 12, 724767. [CrossRef] [PubMed]

83. Kyaw, E.E.; Zheng, H.; Wang, J.; Hlaing, H.K. Stability analysis and persistence of a phage therapy model. Math. Biosci. Eng. 2021,
18, 5552–5572. [CrossRef]

84. Abedon, S.T. Deconstructing chemostats towards greater phage-modeling precision. In Contemporary Trends in Bacteriophage
Research; Adams, H.T., Ed.; Nova Science Publishers: Hauppauge, NY, USA, 2009; pp. 249–283.

85. Abedon, S.T. Phage-antibiotic combination treatments: Antagonistic impacts of antibiotics on the pharmacodynamics of phage
therapy? Antibiotics 2019, 8, 182. [CrossRef] [PubMed]

86. Abedon, S.T.; Danis-Wlodarczyk, K.; Alves, D.R. Phage therapy in the 21st Century: Is there modern, clinical evidence of
phage-mediated clinical efficacy? Pharmaceuticals 2021, 14, 1157. [CrossRef]

87. Kebriaei, R.; Lehman, S.M.; Shah, R.M.; Stamper, K.C.; Kunz Coyne, A.J.; Holger, D.; El Ghali, A.; Rybak, M.J. Optimization of
phage-antibiotic combinations against Staphylococcus aureus biofilms. Microbiol. Spectr. 2023, 11, e0491822. [CrossRef]

88. Osman, A.H.; Kotey, F.C.N.; Odoom, A.; Darkwah, S.; Yeboah, R.K.; Dayie, N.T.K.D.; Donkor, E.S. The potential of bacteriophage-
antibiotic combination therapy in treating infections with multidrug-resistant bacteria. Antibiotics 2023, 12, 1329. [CrossRef]

89. Santamaría-Corral, G.; Senhaji-Kacha, A.; Broncano-Lavado, A.; Esteban, J.; García-Quintanilla, M. Bacteriophage-antibiotic
combination therapy against Pseudomonas aeruginosa. Antibiotics 2023, 12, 1089. [CrossRef]

90. Pons, B.J.; Dimitriu, T.; Westra, E.R.; van Houte, S. Antibiotics that affect translation can antagonize phage infectivity by interfering
with the deployment of counter-defenses. Proc. Natl. Acad. Sci. USA 2023, 120, e2216084120. [CrossRef]

91. Bhartiya, S.K.; Prasad, R.; Sharma, S.; Shukla, V.; Nath, G.; Kumar, R. Biological therapy on infected traumatic wounds: A
case-control study. Int. J. Low. Extrem. Wounds 2022. [CrossRef]

92. Blasco, L.; López-Hernández, I.; Rodríguez-Fernández, M.; Pérez-Florido, J.; Casimiro-Soriguer, C.S.; Djebara, S.; Merabishvili, M.;
Pirnay, J.-P.; Rodríguez-Baño, J.; Tomás, M.; et al. Case report: Analysis of phage therapy failure in a patient with a Pseudomonas
aeruginosa prosthetic vascular graft infection. Front Med. 2023, 10, 1199657. [CrossRef] [PubMed]

93. Bradley, J.S.; Hajama, H.; Akong, K.; Jordan, M.; Stout, D.; Rowe, R.S.; Conrad, D.J.; Hingtgen, S.; Segall, A.M. Bacteriophage
therapy of multidrug-resistant Achromobacter in an 11-year-old boy with cystic fibrosis assessed by metagenome analysis. Pediatr.
Infect. Dis. J. 2023, 42, 754–759. [CrossRef] [PubMed]

94. Cesta, N.; Pini, M.; Mulas, T.; Materazzi, A.; Ippolito, E.; Wagemans, J.; Kutateladze, M.; Fontana, C.; Sarmati, L.; Tavanti, A.;
et al. Application of phage therapy in a case of a chronic hip-prosthetic joint infection due to Pseudomonas aeruginosa: An Italian
real-life experience and in vitro analysis. Open Forum Infect. Dis. 2023, 10, ofad051. [CrossRef] [PubMed]

95. Dedrick, R.M.; Smith, B.E.; Cristinziano, M.; Freeman, K.G.; Jacobs-Sera, D.; Belessis, Y.; Whitney, B.A.; Cohen, K.A.; Davidson,
R.M.; Van, D.D.; et al. Phage therapy of Mycobacterium Infections: Compassionate-use of phages in twenty patients with
drug-resistant mycobacterial disease. Clin. Infect. Dis. 2023, 76, 103–112. [CrossRef]

96. Doub, J.B.; Chan, B.; Johnson, A.J. Salphage: Salvage bacteriophage therapy for a chronic Enterococcus faecalis prosthetic joint
infection. IDCases 2023, 33, e01854. [CrossRef]

97. Fedorov, E.; Samokhin, A.; Kozlova, Y.; Kretien, S.; Sheraliev, T.; Morozova, V.; Tikunova, N.; Kiselev, A.; Pavlov, V. Short-term
outcomes of phage-antibiotic combination treatment in adult patients with periprosthetic hip joint infection. Viruses 2023, 15, 499.
[CrossRef]

98. Gainey, A.B.; Daniels, R.; Burch, A.K.; Hawn, J.; Fackler, J.; Biswas, B.; Brownstein, M.J. Recurrent ESBL Escherichia coli urosepsis
in a pediatric renal transplant patient treated with antibiotics and bacteriophage therapy. Pediatr. Infect. Dis. J. 2023, 42, 43–46.
[CrossRef]

99. Green, S.I.; Clark, J.R.; Santos, H.H.; Weesner, K.E.; Salazar, K.C.; Aslam, S.; Campbell, W.J.; Doernberg, S.B.; Blodget, E.;
Morris, M.I.; et al. A retrospective, observational study of 12 cases of expanded access customized phage therapy: Production,
characteristics, and clinical outcomes. Clin. Infect. Dis. 2023, ciad335. [CrossRef]

100. Hahn, A.; Sami, I.; Chaney, H.; Koumbourlis, A.C.; Del Valle, M.C.; Cochrane, C.; Chan, B.K.; Koff, J.L. Bacteriophage therapy for
pan-drug-resistant Pseudomonas aeruginosa in two persons with cystic fibrosis. J. Investig. Med. High Impact. Case. Rep. 2023, 11,
23247096231188243. [CrossRef]

101. Haidar, G.; Chan, B.K.; Cho, S.T.; Hughes, K.K.; Nordstrom, H.R.; Wallace, N.R.; Stellfox, M.E.; Holland, M.; Kline, E.G.; Kozar,
J.M.; et al. Phage therapy in a lung transplant recipient with cystic fibrosis infected with multidrug-resistant Burkholderia
multivorans. Transpl. Infect. Dis. 2023, 25, e14041. [CrossRef]

102. Köhler, T.; Luscher, A.; Falconnet, L.; Resch, G.; McBride, R.; Mai, Q.A.; Simonin, J.L.; Chanson, M.; Maco, B.; Galiotto, R.; et al.
Personalized aerosolised bacteriophage treatment of a chronic lung infection due to multidrug-resistant Pseudomonas aeruginosa.
Nat. Commun. 2023, 14, 3629. [CrossRef] [PubMed]

103. Le, T.; Nang, S.C.; Zhao, J.; Yu, H.H.; Li, J.; Gill, J.J.; Liu, M.; Aslam, S. Therapeutic potential of intravenous phage as standalone
therapy for recurrent drug-resistant urinary tract infections. Antimicrob. Agents Chemother. 2023, 67, e0003723. [CrossRef]
[PubMed]

23



Antibiotics 2023, 12, 1423

104. Li, L.; Zhong, Q.; Zhao, Y.; Bao, J.; Liu, B.; Zhong, Z.; Wang, J.; Yang, L.; Zhang, T.; Cheng, M.; et al. First-in-human application of
double-stranded RNA bacteriophage in the treatment of pulmonary Pseudomonas aeruginosa infection. Microb. Biotechnol. 2023, 16,
862–867. [CrossRef] [PubMed]

105. Onallah, H.; Hazan, R.; Nir-Paz, R.; Yerushalmy, O.; Rimon, A.; Braunstein, R.; Gelman, D.; Alkalay, S.; Abdalrhman, M.;
Stuczynski, D.; et al. Compassionate use of bacteriophages for failed persistent infections during the first 5 years of the Israeli
phage therapy center. Open Forum Infect. Dis. 2023, 10, ofad221. [CrossRef] [PubMed]

106. Racenis, K.; Lacis, J.; Rezevska, D.; Mukane, L.; Vilde, A.; Putnins, I.; Djebara, S.; Merabishvili, M.; Pirnay, J.-P.; Kalnina, M.; et al.
Successful bacteriophage-antibiotic combination therapy against multidrug-resistant Pseudomonas aeruginosa left ventricular assist
device driveline infection. Viruses 2023, 15, 1210. [CrossRef]

107. Samaee, H.R.; Eslami, G.; Rahimzadeh, G.; Saeedi, M.; Davoudi, B.A.; Asare-Addo, K.; Nokhodchi, A.; Roozbeh, F.; Moosazadeh,
M.; Ghasemian, R.; et al. Inhalation phage therapy as a new approach to preventing secondary bacterial pneumonia in patients
with moderate to severe COVID-19: A double-blind clinical trial study. J. Drug Deliv. Sci. Technol. 2023, 84, 104486. [CrossRef]

108. Young, M.J.; Hall, L.M.L.; Merabishvilli, M.; Pirnay, J.-P.; Clark, J.R.; Jones, J.D. Phage therapy for diabetic foot infection: A case
series. Clin. Ther. 2023, 45, 797–801. [CrossRef]

109. Jean-Paul, P.; Sarah, D.; Griet, S.; Johann, G.; Christel, C.; Steven, D.S.; Tea, G.; An, S.; Emily, V.B.; Sabrina, G.; et al. Retrospective,
observational analysis of the first one hundred consecutive cases of personalized bacteriophage therapy of difficult-to-treat
infections facilitated by a Belgian consortium. medRxiv 2023. [CrossRef]

110. Merril, C.R.; Biswas, B.; Carlton, R.; Jensen, N.C.; Creed, G.J.; Zullo, S.; Adhya, S. Long-circulating bacteriophage as antibacterial
agents. Proc. Natl. Acad. Sci. USA 1996, 93, 3188–3192. [CrossRef]

111. Vitiello, C.L.; Merril, C.R.; Adhya, S. An amino acid substitution in a capsid protein enhances phage survival in mouse circulatory
system more than a 1000-fold. Virus Res. 2005, 114, 101–103. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

24



Citation: Püschel, A.; Skusa, R.;

Bollensdorf, A.; Gross, J. Local

Treatment of Driveline Infection with

Bacteriophages. Antibiotics 2022, 11,

1310. https://doi.org/10.3390/

antibiotics11101310

Academic Editors: Aneta Skaradzińska
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Abstract: Drive line infections (DLI) are common infectious complications after left ventricular
assist devices (LVAD) implantation. In case of severe or persistent infections, when conservative
management fails, the exchange of the total LVAD may become necessary. We present a case of
successful treatment of DL infection with a combination of antibiotics, debridement and local bacte-
riophage treatment.

Keywords: bacteriophages; phage therapy; application of phages; antibiotic resistance;
antibacterial therapy

1. Introduction

Left ventricular assist devices (LVAD) are either used as a bridging until heart trans-
plantation or as a final therapy (destination therapy) for advanced heart failure.

With an increase in the number of cases and a longer duration of LVAD support, a new
spectrum of long-term complications has opened up. In addition to coagulation disorders,
infections are an increasing problem.

Infections occur in 18 to 59% of the cases and may be local, with pocket infection and
drive line infection (DLI), or they may be systemic with involvement of the bloodstream and
endocarditis. Among them, DLI is the most frequent, with a prevalence of 14–28% [1,2]; it
is defined as an infection affecting the soft tissues around the driveline outlet, accompanied
by redness, warmness and purulent discharge. Despite it being a confined infection, it has
the potential to become systemic with serious consequences.

Medical therapy with broad-spectrum antibiotics is the cornerstone of every treatment.
In case of severe infection or ineffectiveness of the primary antibiotic therapy, driveline
unroofing and debridement may become necessary.

Reinfections occur frequently and do not seem to be prevented by the use of long-term
antibiotics as bacteria embedded in the tissue around the driveline form a surface adherent
biofilm leading to a 1000-fold greater tolerance to antibiotics [3–5]. Moreover, an increasing
occurrence of antibiotic resistance, in particular multi-resistance of Gram-negative germs,
poses a challenge for the treatment of implant-associated infections.

The last resource, if severe or persistent infections are present, is the exchange of
the total LVAD—an intervention that is associated with high morbidity and mortality [6].
Therefore, less invasive approaches should conservative treatments fail are urgently needed
to reduce long-term morbidity and mortality. In this context, bacteriophages and their
bacteriolytic activities represent promising therapeutic options.

Bacteriophages are viruses that infect bacteria. They are ubiquitous and highly specific
to their bacterial host but are 10 times more numerous, making them the most abundant life
forms on Earth, with an estimated 1031 bacteriophages on the planet [7]. Already, a decade
before the discovery of penicillin, bacteriophages were successfully used to treat bacterial
infections. However, at least in the Western world, the initial success was short-lived. The
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newly emerging antibiotics led to phage treatment being mostly ignored with the exception
of some countries of the former Soviet Union and Eastern Europe [8].

Despite longstanding experience in those countries, evidence for the therapeutic
application of bacteriophages is scarce and limited to case studies, few preclinical studies
and animal models.

2. Case Report

In August 2021, a 57-year-old male patient was admitted to the hospital with a local
infection on the drive line insertion site. He had no fever, a leukocyte count of 7.65 × 10/l
and a serum C reactive protein of 13 mg/L. Blood cultures were negative.

The indication for LVAD implantation in 2018 was a dilative cardiomyopathy and end-
stage heart failure. The patient had a history of prior DLI that was treated with antibiotics
and surgical debridement. Risk factors for infection were obesity (BMI 36.3 kg/m2) and
diabetes mellitus. After admission, empiric antibiotic therapy with piperacillin/tazobactam
(3 × 4.5 g/day) was initiated. At the site of infection, local wound swabs were taken. The
results revealed a mixed driveline infection with Proteus mirabilis and Staphylococcus aureus
that were both sensitive to antibiotic therapy (Table 1).

Table 1. Susceptibility profile of Proteus mirabilis and Staphylococcus aureus (S: sensitive, I: intermediate
resistant, R: resistant).

Antibiotics Proteus mirabilis Staphylococcus aureus

Oxacillin R S
Ampicillin S S

Ampicillin/Sulbactam S S
Piperacillin/Tazobactam S S

Cefuroxime I S
Cefotaxime S S
Ceftazidime S S
Imipenem I S

Meropenem S S
Gentamicin S S
Tetracycline R S

Cotimoxazole S S
Erythromycin R S
Clindamycin R S
Vancomycin R S
Fosfomycin S S
Fusidic acid R S

Rifampin R S
Linezolid R S

Daptomycin R S
Tigecycline R S

Additionally, the patient underwent a (F18) Fluordeoxyglucose-PET-CT scan 90 min
after injection of approximately 220 MBq F-18-FDG on a Sensation 16 Biograph PET/CT
scanner (Siemens-Healthineers, Erlangen, Germany). A standardized F18-FDG PET/CT
protocol was used including 6 h of fasting, blood glucose levels less than 150 mg/dL,
diluted oral contrast (Telebrix, 300 mg; Guerbet, Sulzbach, Germany ) and low-dose CT
(26 mAs, 120 kV, 0.5 s per rotation, 5 mm slice thickness) from base of the skull to mid-
thigh for attenuation correction. Semiquantitative analysis was performed using a circular
region of interest (ROI) (diameter 1.5 cm) with TrueD software (Siemens Medical Solutions,
Siemens, Germany) and was normalized for injected dose and patient’s body weight. The
scan revealed pathologically increased local metabolic activity of the driveline from the
exit point to the entire surrounding subcutaneous adipose tissue up to the abdominal wall
muscles (Figure 1). The infection was strictly isolated to the DL exit site without expansion
to the pump.
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Figure 1. PET-CT scan of the upper abdomen before complex wound treatment. * PET positive
driveline of the LVAD-System.

Since the patient had already been unsuccessfully treated surgically for a driveline
infection, further local and systemic expansion was to be prevented as a chronic infec-
tion is a contraindication to a possible heart transplantation. Therefore, we decided to
use an experimental approach with local bacteriophage therapy in addition to renewed
surgical therapy.

Local bacteriophage application was planned according to Article 37 of the Declaration
of Helsinki (to treat an individual patient for which there are no proven interventions or
other known interventions are ineffective, the physician may use an unproven intervention
with the patient‘s informed consent) in accordance with our ethics committee (A 2021-0132).

After obtaining further local swab specimens for microbiological analysis, local de-
bridement of infected tissue, jet lavage with antiseptic (Lavanox, Serag-Wiesner, Naila,
Germany) and driveline coating with Gore® Synecore were performed. For this purpose,
the Synecore was cut into shape and put around the driveline. Then 20 mL SniPha 360
(1 × 107 CFU) (SniPha 360, Sanubiom GmbH, Fritzens, Austria, Phage 24.com) was diluted
in saline and polysaccharide (Starsil, Hemostat Manufacturing GmbH, Velen Germany).
The resulting viscous phage-containing fluid was applied between the driveline and the
Synecore coating that was further secured by sutures (Figure 2). Additionally, a part of the
bacteriophage galenic was applied to the subcutaneous tissue surrounding the driveline
before the wound was closed.
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SniPha 360 is a commercially available cocktail of lytic bacteriophages against
Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Streptococcus pyogenes,
Proteus vulgaris and Proteus mirabilis.

Microbiological analysis of intraoperative samples confirmed infection with
Staphylococcus aureus and Proteus mirabilis.

Susceptibility testing of the patient’s bacterial isolates was performed by spot test.
Following an overnight incubation in LB Medium at 37 ◦C, 200 µL of the bacteria strain
suspension was added to the soft agar, mixed and immediately poured on the bottom
agar plates. After the bacteria containing top agar solidified, 50 µL of phage suspension
was randomly spotted onto the surface of the plates and allowed to dry. The inoculated
plates were incubated overnight (18 h) at 37 ◦C under ambient atmosphere, followed by
inspection for lysis zones. A spot test of SniPha 360 on the patient’s strains showed no lysis
zone on S. aureus and substantial turbidity throughout the cleared lysis zone on P. mirabilis.

Because of an uncomplicated postoperative wound healing, we decided against surgi-
cal revision and renewal of local phage therapy and continued the conservative treatment.
Antibiotic therapy was switched to oral application of cotrimoxazole and the patient was
discharged after 20 days with primary wound healing.

Two months later, he was readmitted with a mild local infection at the drive line exit.
The microbiological analysis detected only Staphylococcus aureus, but not Proteus mirabilis.
That suggests that the bacteriophages contributed to the treatment success and it is a good
example for the correlation of in vitro testing and in vivo results. Long time calculated
antibiotic therapy with flucloxacillin was initiated and the patient was discharged after
14 days.

In a follow-up examination 8 months later, no sign of a local or systemic infection
was found.

3. Discussion

The present case demonstrates the multimodal treatment of an LVAD driveline infection
with a combination of antibiotics, surgical debridement and local bacteriophage treatment.

DLI are common infectious complications after LVAD implantation. Besides host risk
factors like immunosuppression, diabetes mellitus and obesity, other factors for recurrent
or chronic infections are the duration of implants, poor tissue penetration by antibiotics,
poor vascular supply, multidrug-resistant microbes and biofilm formation.

Biofilms associated with implanted medical devices represent a significant clinical
problem, and often, the total removal of these implants is the only therapeutic option. In the
case of LVAD infections, however, this is associated with high morbidity and mortality [6].

As an alternative, less invasive approach, we used a local bacteriophage application.
Bacteriophages, as a non-antibiotic technique for treating bacterial infections, have

recently gained popularity. They have been used successfully in humans and other animal
species [9,10]. Compared to antibiotics, bacteriophages have a completely different an-
tibacterial mechanism. Phages cannot infect mammalian cells, have no cytotoxic effects on
vascular cells and are highly specific to their respective bacterial hosts, thereby protecting
the physiological host flora and reducing the risk of secondary infections [11,12].

Furthermore, bacteriophages have been shown to penetrate poorly vascularized tis-
sues and to cross the blood–brain barrier [13]. Many Gram-negative and Gram-positive
bacterial infections have been effectively treated in this manner either by local or systemic
application [14,15]. Aslam et al. described systemic phage therapy for the first time as an
adjuvant to antibiotics to treat left ventricular assist device infection. Since then, only a
few case reports or small case studies have been published on the subject of DLI [9,16].
Additionally, the use of specialized and individualized phage mixtures has shown to be an
alternative in the fight against multi-drug resistant bacteria as well as in persistent trans-
plant or implant-related infections [11,16,17]. Moreover, in vitro studies have demonstrated
that bacteriophages are able to disrupt certain biofilm matrices by exopolysaccharide
degradation, bacterial cell infection and subsequent cell lysis [18]. Due to the increasing
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emergence of biofilm-associated infections such as DLI, there is a need for a therapeutic
alternative to antibiotics that could be satisfied by phage therapy [19].

Despite these promising results, bacteriophage treatment is still not common and
not officially recommended in the western hemisphere. There is a lack of real clinical
trials–the known treatments rely mostly on case reports or small case studies (summarized
in Plumet et al. and Aslam et al. [17,20]).

In the present case report, a recurrent local infection with biofilm-forming bacteria was
treated with local bacteriophage application after unsuccessful surgical and antibiotic therapy.

Our results are somewhat mixed. Despite the broad host range of the bacterio-
phage cocktail we used, further bacteriophage in vitro testing revealed no lytic activity on
the patient’s Staphylococcus aureus strain. This correlated with our clinical observations
of reinfection.

As bacteria have co-evolved over the last 3–4 billion years with phages, they developed
a variety of mechanisms for preventing viral infections [21]. But with a wide phenotypic
variability among phages, even closely related ones, Phage resistant bacteria remain sus-
ceptible to other phages of a similar target range [12,22]. Mixing several bacteriophages
also helps to minimize the likelihood of bacteria acquiring resistance as well as synergistic
antibiotic treatment or higher initial doses [12].

In the present case, however, using a commercially available phage cocktail, the
exact composition of the phages and their concentration remain unknown to us. Since
primary uncomplicated wound healing occurred, we decided against surgical revision and
renewal of local phage therapy and continued the conservative treatment with empiric
broad-spectrum antibiotics.

Antibiotics and bacteriophages can have additive or synergistic effects, as demon-
strated in vitro and in vivo [22,23].

4. Conclusions

In summary, this case report describes the multimodal treatment of a driveline infec-
tion. The microbiological data suggest that bacteriophages contributed considerably to the
treatment success, and it is also a good example of the correlation of in vitro bacteriophage
testing and in vivo results. This case further demonstrates that “one fits all” bacteriophage
cocktails, although readily available for immediate clinical use, do not render preceding
in vitro testing indispensable.

Many questions, however, remain about the potential of bacteriophage therapy. Fur-
ther studies are needed to prove and optimize safety, to focus on pharmacokinetics and
pharmacodynamics and modes of application as well as on bacteriophage resistance and
immune response.
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Abstract: Phage therapy is an alternative therapy that is being used as the last resource against
infections caused by multidrug-resistant bacteria after the failure of standard treatments. Pseudomonas
aeruginosa can cause pneumonia, septicemia, urinary tract, and surgery site infections mainly in
immunocompromised people, although it can cause infections in many different patient profiles.
Cystic fibrosis patients are particularly vulnerable. In vitro and in vivo studies of phage therapy
against P. aeruginosa include both bacteriophages alone and combined with antibiotics. However,
the former is the most promising strategy utilized in clinical infections. This review summarizes the
recent studies of phage-antibiotic combinations, highlighting the synergistic effects of in vitro and
in vivo experiments and successful treatments in patients.

Keywords: Pseudomonas aeruginosa; treatment; bacteriophage; combination

1. Introduction

Pseudomonas aeruginosa is a Gram-negative bacillus, widely distributed in the envi-
ronment, that causes important infections, generally as an opportunistic pathogen [1–3].
This bacterium is associated with high morbidity and mortality in patients with underlying
pathology, such as cystic fibrosis (CF), chronic obstructive pulmonary disease (COPD), and
bronchiectasis, among other pulmonary diseases [2,3]. This opportunistic pathogen is one
of the causal agents of ventilator-associated pneumonia (VAP), since it can colonize hospi-
tal equipment, saline solution, and soap. The treatment of this pathogen is very diverse
depending on the pathology in which it is involved. Among the drugs that are most used
against this bacterium are ceftazidime, amikacin, colistin, and meropenem. Monotherapy
and dual therapy regimens are established based on the antibiotic susceptibility that is
present and the type of pathology. The resistance mechanisms presented by this bacterium
make it challenging to establishing an effective treatment for P. aeruginosa [4]. In recent
decades there has been a notable increase in infections by this bacterium, especially by
multidrug-resistant (MDR) and extensively drug-resistant (XDR) clones [5,6]. The con-
tinued use of antibiotics, the increase in the prevalence of chronic diseases (especially
respiratory), and the use of immunosuppressants have resulted in an increase in infections
by this pathogen and adverse consequences in terms of the morbidity and mortality of
these patients [7].

MDR and XDR P. aeruginosa bacteria exhibit varied resistance mechanisms acquired
by chromosomal mutations or by horizontal transmission of genetic material. Among
these resistance mechanisms, we can find the production of β-lactamases of the AmpC
type, in addition to the fact that the outer membrane of this bacterium has extremely
low permeability; this confers innate resistance to many antimicrobials and, in turn, the
membrane itself is capable of expressing porins and active expulsion systems such as
MexAB-OprM, MexCD-OprJ, MexEF-OprN and MexXY-OprM [8,9]. These systems can
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affect antimicrobials such as beta-lactams, fluoroquinolones, and aminoglycosides. Re-
garding the mechanisms of horizontal transmission, this bacterium can encode different
modifying enzymes that can act against many antimicrobials; among them, we can men-
tion the production of β-lactamases of extended-spectrum (BLEE), carbapenemases, and
aminoglycoside-modifying enzymes [10]. Other species of the genus Pseudomonas and
also of the genus Acinetobacter act as environmental reservoirs of antimicrobial resistance
systems of P. aeruginosa that may be encoded in integron cassettes and be transmitted to
P. aeruginosa [3]. Regarding its virulence factors, P. aeruginosa presents a wide variety, which
contribute to its pathogenicity. In its external membrane, there is the lipopolysaccharide
LPS common with other Gram-negative bacilli with endotoxic activity [11] and several
porins, such as the OprF, OprH, and OprD Superfamilies [12]. On the other hand, it is
important to highlight their high capacity to form biofilms, which increase the resistance
not only to antimicrobial but also to inhospitable environmental factors [13]. Among the
mucoid substances they produce in their biofilms, the most studied is alginate [14]. Finally,
other factors such as type IV pili, flagellum, and numerous secretion systems as well as
secondary metabolites such as pyocyanin can be highlighted, the latter being responsible
for aggravating pulmonary diseases due to its pro-inflammatory activity and oxidative
damage mediated by the formation of oxygen free radicals [15]. All these virulence factors
allow P. aeruginosa to persist in vulnerable patients with various chronic pathologies, wors-
ening their prognosis and causing persistent infections or recurrences whose treatment is
a clinical challenge [7].

All these factors contribute to the need to search for new therapeutic alternatives, among
which phage therapy can be highlighted. Bacteriophages capable of infecting P. aeruginosa
have been isolated since the mid-20th century, and this therapeutic tool, combined with
antimicrobials, may be extremely useful in the treatment of unresolved P. aeruginosa infections.

Several studies have demonstrated the efficacy of bacteriophages against P. aeruginosa,
especially in combination with antibiotics. In vitro studies show that the use of temperate
phages (such as HK97) in combination with suboptimal concentrations of ciprofloxacin can
drastically reduce the population of P. aeruginosa; these studies have been carried out using
assays in agar plates as well as in microtiter plates, in which the bacteria were exposed
against serial concentrations of antibiotics as well as different dilutions of phage [16]. In
turn, lytic bacteriophages can serve as adjuvants in conjunction with antibiotics by reducing
the MICs of antibiotics in such a way as to increase susceptibility to antibiotics that might
previously have been unsuitable, although this phenomenon is highly dependent on the
mechanisms of action of the antibiotics administered in conjunction with the phages. These
assays are carried out in microtiter plates in which inocula with a determined concentration
of bacteria were added and exposed to both the presence of bacteriophages and antibiotics,
after which successive absorbance measurements were taken at 600 nm every 15 min for
24 h at 37 ◦C under shaking conditions [17].

The use of phages combined with antibiotics is the most realistic way of applying
this therapy to patients to avoid the appearance of resistance and achieve greater ther-
apeutic success. Phages have recently regained interest in the fight against antibiotic
multi-resistance. They are safe, although their effectiveness is highly dependent on the
strain against which they are applied [18]. There remains a lack of knowledge regarding the
use of bacteriophages, including information on their influence on the immune response of
patients as well as their production and processing for administration in; thus, their use
is currently limited to clinical trials and compassionate use situations [18]. In order to be
useful for clinical practice, in this paper we review the most relevant work of the last five
years based on the combination of bacteriophages and antimicrobials against P. aeruginosa
infections. We describe in vitro and in vivo studies as well as case reports.

2. In Vitro Models

Bacteriophage–antibiotic combination in vitro therapy against multidrug-resistant
(MDR) P. aeruginosa has been demonstrated with almost all antibiotics commercially avail-
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able: aminoglycosides (amikacin, gentamycin, streptomycin, and tobramycin), β-lactams
(ceftazidime, ceftriaxone, meropenem, and piperacillin), fluoroquinolones (ciprofloxacin),
fosfomycin, macrolides (erythromycin), polymyxins (colistin and polymyxin B) and tetracy-
clines. Furthermore, several researchers have tried to optimize a checkerboard method to de-
termine bacteriophage–antibiotic interactions and to determine whether synergy can be ob-
tained with both simultaneous and successive application of these antibacterial agents [19].

In vitro treatment with bacteriophages and antibiotics has been able to significantly in-
crease susceptibility and re-sensitization of MDR P. aeruginosa strains to antibiotics [20–31].
All these studies were performed by conducting assays to determine the minimum in-
hibitory concentration (MIC) for antibiotics and bacteriophages according to the Clinical
and Laboratory Standards Institute (CLSI) broth microdilution protocol and the fractional
inhibitory concentrations (FIC) of antibiotics in the presence of phages using the checker-
board method [32]. However, this bacteriophage–antibiotic synergy can be inhibited by
the competition between temperate and chronic viruses, as Landa et al. demonstrated [33].
Chronic viruses can trigger the production and release of new viruses by the host cell
without killing it but also have a latent cycle in which its genetic material is embedded
into the bacterium’s genome [34,35]. Meanwhile, temperate viruses have a lytic cycle, in
which virus production by bacteria bursts out of the host cell, and a latent cycle, where the
virus remains inactive in the bacteria until induced to replicate. The authors modeled the
synergy between antibiotics and these two viral types in controlling bacterial infections.
While combinations of antibiotic and temperate viruses exhibited synergy, the combination
of temperate and chronic viruses inhibited antibiotic control of bacteria. Antibiotics had
the highest effect on the bacterial population infected with temperate viruses, since latent
bacteria were induced by antibiotics into the lytic cycle. When chronic and temperate
viruses were present in the absence of antibiotics, the temperate viruses could still lyse the
bacteria. Otherwise, when the concentration of antibiotics was low, the presence of both
viruses had a larger negative impact on the bacterial population than when only chronic
viruses were present. Nevertheless, at higher concentrations of antibiotics the bacterial
populations become equivalent to the effect when only chronic phages are present. The
two populations converge because chronic viruses out-compete temperate viruses due to
the stress-induced chronic virus production rate increase.

Ciprofloxacin has been the most utilized antibiotic combined with bacteriophages [36–39].
The impact of this antibiotic (as colistin) on the bactericidal, bacteriolytic, and new virion
production of P. aeruginosa bacteriophages was assessed in a recent study by optical density-
based “lysis profile” assays in the presence and absence of antibiotics [40]. Lysis profiles
require the addition of bacteriophages at high bacterial densities, as the impact on the
bacteria population is observed as a reduction of the turbidity of the bacterial culture.
Colistin was shown to substantially interfere with bacteriolytic and virion-production
activities; the bacteriophage utilizing LPS as its surface receptor could be a contributor
to the observed antagonism of this bacteriophage infection activity by colistin, as LPS is
directly disrupted by that antibiotic. In adsorption experiments, phage virion-attachment
antagonism was observed in the presence of colistin (MIC). In contrast to the colistin results,
negative impacts on lysis-profile kinetics are minimal with ciprofloxacin. Ciprofloxacin had
no negative impact on phage adsorption rates even at high concentrations. These results
suggest that ciprofloxacin could be useful as a concurrent phage therapy co-treatment,
especially when phage replication is required for treatment success.

Bacteriophage PEV20 synergistic effects with ciprofloxacin has been proven in several
studies [41–43] to enhance eradication of P. aeruginosa biofilm associated with cystic fibrosis
and wound patients [43]. In addition, reducing the antibiotic concentration required to
fight against these bacterial infections is associated with biofilms in these patients. These
results were assessed by quantification of biofilm biomass, viability, and determination of
minimum biofilm inhibitory concentration (MBIC). Furthermore, the antimicrobial effect of
nebulized PEV20 with ciprofloxacin was determined against P. aeruginosa strains isolated
from sputum CF patients by assessing bacterial killing and performing time-kill studies [42].
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Conversely, a recent study demonstrated that combined bacteriophage and antibiotic
pretreatment with ciprofloxacin and two phages (vB_PaeP_4024 and vB_PaeS_4069) pre-
vents P. aeruginosa infection of wild type and CFTR epithelial cells and the emergence of
bacteriophage-resistant mutants without inducing an inflammatory response, while ad-
ministration of single bacteriophages, phage cocktails, or ciprofloxacin led to development
of bacterial regrowth due to phage-resistant mutants [44]. In an innovative study, Ferran
et al. simulated oral treatment with ciprofloxacin and phage-inhaled administration in
P. aeruginosa respiratory infections [45]. Antibiotic in vitro treatment reproduced a maxi-
mum concentration of 1.5 µg/mL and a half-life of 4 h. Ciprofloxacin and bacteriophage
single treatment generated resistant bacteria in less than 30 h. However, the combination of
bacteriophages with ciprofloxacin was able to prevent the growth of resistant bacteria as
simultaneous and delayed treatment. To assess the robustness of the combined treatment,
the Hollow Fiber Infection Model (HFIM) was inoculated with a 1000-fold higher bacterial
inoculum, while the regimen of either ciprofloxacin and phages at a Multiplicity of Infection
(MOI) of 0.1 was the same. Simultaneous administration of combined treatment quickly
decreased bacterial density below the limit of detection (LOD) but increased again after
reducing susceptibility to ciprofloxacin (16- to 32-fold higher MIC) and bacteriophages com-
pared to the naïve population. In contrast, in the delayed treatment, the initial reduction of
bacteria was slower, with bacterial density falling below the LOD at 1 h for one replicate
and 6 h for the other. However, after this decline, no increase in the bacterial density was
observed, and gain no colony could be recovered on samples taken during the next 72 h.
The authors concluded that when phages reduce the size of the bacterial population, the
remaining population is not sufficient to include less-susceptible mutants to ciprofloxacin.

The synergistic action of bacteriophages and antibiotics has also been studied against
dual-species biofilm, such as P. aeruginosa–S. aureus biofilm. Akturk et al. described the syn-
ergistic action of phages and antibiotics (ciprofloxacin, gentamicin, and meropenem) on 48 h
P. aeruginosa–S. aureus biofilm when treated in simultaneous or sequential combination [46].
Phage or antibiotic single treatment developed a moderate effect on biofilm; however,
when applied simultaneously, the effect was extensively improved. In addition, when
gentamicin and ciprofloxacin were administered sequentially 6 h after phage treatment,
a remarkable biofilm diminution was noticed, exhibiting even eradication of the biofilm.
Furthermore, it was determined that the antibiofilm effect depends only on antibiotic
concentration, not on its type: almost complete biofilm eradication was observed only
when antibiotic concentration was higher or equal to MIC. Otherwise, achieving a simi-
lar gentamicin antibacterial effect on P. aeruginosa–S. aureus biofilm required increase of
the antibiotic concentration: bacteriophage–gentamicin 8xMIC sequential administration
nearly eradicated the P. aeruginosa population and was the most effective treatment on the
S. aureus population.

Tkhilaishvili et al. demonstrated the potential use of combined bacteriophages Sb-1
and PYO with antibiotics for killing dual-species biofilm formed by P. aeruginosa and
methicillin-resistant S. aureus (MRSA) [47]. They also investigated the effect of either
simultaneous or staggered application of commercially available bacteriophages (Pyophage
and Staphylococcal bacteriophage) and ciprofloxacin against dual-species biofilm in vitro.
In this experiment, biofilms were formed in porous glass beads, and different techniques
(microcalorimetry, sonication, and electron microscopy) were applied for assessing the
anti-biofilm properties of treatments. Antibiotics tested alone against biofilms required
high concentrations ranging from 256 to 512 µg/mL to show an inhibitory effect, whereas
bacteriophage alone showed good and moderate activity against MRSA biofilms and
dual-species biofilms, respectively, but low activity against P. aeruginosa biofilms. The
combination of antibiotics and bacteriophages showed a remarkable improvement in the
anti-biofilm activity of both antimicrobials with complete eradication of dual-species after
staggered exposure to Pyophage or Pyophage+Staphylococcal phage for 12 h followed by
1 µg/mL of ciprofloxacin, a dose achievable by intravenous or oral antibiotic administration.
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Lastly, Monahar et al. established the first approach to study the potential thera-
peutic approach of using bacteriophage–antibiotic combinations for treating infections
caused by P. aeruginosa and Candida albicans [39]. Bacteriophage–fluconazole treatment
was effective against 6-h-old dual-species biofilm, but not against 24-h-old biofilms. Like-
wise, the combination of antibiotics with the bacteriophage showed no synergistic effect
on dual-biofilm.

3. In Vivo Models

The in vivo models described in the scientific literature testing the effect of combina-
tions of bacteriophages and antibiotics are scarce (Table 1).

Table 1. Summary of in vivo studies using phage–antibiotic combination against MDR P. aeruginosa.

Infection Model Bacteria Phage Therapy Antibiotic
Combination Outcome Reference

Lung infection, mouse P. aeruginosa
MDR PEV20 (106 PFU/mg)

Ciprofloxacin
(0.33 mg)

Reduced bacterial
load by 5.9 log [45]

Acute
immunocompromised,

mouse

P. aeruginosa
MDR

Three-phage cocktail
(109 PFU/mL)

Alone or
with Meropenem

Enhanced therapeutic
protection against

pulmonary infection
[43]

Cystic
fibrosis zebrafish

P. aeruginosa
(PA01)

Four-phage cocktail
(300–500 PFU/embryo)

Ciprofloxacin
(100 µL)

Reduced
embryos lethality [44]

Dorsal wound, mouse P. aeruginosa
(PA01)

PAM2H cocktail
(108 PFU/mL) Ceftazidime Synergistic reduction

in bacterial burden [18]

Regarding the lung infection in vivo models, Lin et al. demonstrated the in vivo
effect of an inhalable powder of co-spray drying Pseudomonas aeruginosa phage PEV20
with ciprofloxacin using a neutropenic model of acute lung infection [48]. Firstly, the
clinical P. aeruginosa (resistant to ciprofloxacin, aztreonam, and amikacin) was sprayed
directly into the trachea using a micro sprayer. The powders (1 mg) of single ciprofloxacin
(0.33 mg), single PEV20 (106 PFU/mg), and the combination were aerosolized into the
trachea of anesthetized mice using a dry powder insufflator. Intratracheally treatment with
PEV20–ciprofloxacin combination powder significantly reduced the bacterial load in mice
lungs by 5.9 log10, whereas single treatments with phage and antibiotics failed to reduce
the burden. The efficacy was synergistic, as the observed killing effect for the combination
powder was statistically higher than the additive effect of single treatments, with both
showing nil effect at 24 h. Assessment of immunological responses in the lungs showed
reduced inflammation associated with the bactericidal effect of PEV20–ciprofloxacin pow-
der. This study represents the first proof-of-concept study demonstrating the synergistic
efficacy of combined phage–antibiotic powder treatment in a mouse lung infection model.

In addition, Duplessis et al. described the IP administration of a three-bacteriophage
cocktail with/without meropenem in an acute immunocompromised mouse model of
MDR P. aeruginosa pulmonary infection [49]. Firstly, they assessed the potential therapeutic
IP administration of the bacteriophage cocktail (109 PFU/mL) alone for 120 h, delayed
relative to bacterial inoculation by 3 h. IP administration of phage cocktails did not protect
mice from death. Lastly, they assessed if subcutaneous administration of meropenem at
subinhibitory concentrations could enhance bacteriophage efficacy, delayed by 3 h relative
to bacterial inoculation. The combined treatment of meropenem and phage significantly
enhanced therapeutic protection against pulmonary infection and significantly reduced
bacterial burden in the lungs and spleen. These data support that phage-administered IP
can penetrate the pulmonary tissues and, in combination with a sub-efficacious dose of
antibiotic, can slow bacterial proliferation but not protect against a lethal outcome.

Cafora et al. tested the effects of combining bacteriophage therapy (four-phage cock-
tail) and antibiotic treatment (ciprofloxacin) against P. aeruginosa infections in an innovative
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cystic fibrosis zebrafish model [50]. Zebrafish CFTR channels present a similar structure to hu-
man CFTR. Additionally, zebrafish CFTR knockdown presents susceptibility to P. aeruginosa
infections. As bacteriophage therapy, the authors injected 300–500 PFU/embryo of phage
cocktail into the yolk sac of CF+PAO1-infected embryos. In the case of antibiotic treat-
ment, it was done by incubation of CF+PAO1 embryos in fish water containing 100 µL of
ciprofloxacin. Antibiotic treatment reduced lethality in comparison to CF+PAO1 embryos.
Interestingly, combined treatment with phages and ciprofloxacin enhanced the reduction
of lethality compared to every single treatment.

Finally, Engeman et al. described the synergistic killing of P. aeruginosa by phage–antibiotic
combination treatment in a mouse dorsal wound model [20]. Mice were wounded dorsally,
infected with PA01::lux, and treated with a PAM2H bacteriophage cocktail (108 PFU/mL
topically on the wound once a day and PBS intraperitoneally twice a day), ceftazidime
(CAZ) (PBS topically on the wound once a day and CAZ intraperitoneally twice a day), or
PAM2H and CAZ in combination (108 PFU/mL topically on the wound once a day and
CAZ intraperitoneally twice a day). Treatment with PAM2H in combination with CAZ
resulted in a synergistic reduction in bacterial burden in vivo. Reduced virulence was
noticed in the bacteria recovered from post-treated mice wounds in a larvae model.

4. Case Reports

In the majority of clinical cases of P. aeruginosa infections, bacteriophages have not been
administered as a single treatment they have been applied concomitantly with antibiotics as
an adjuvant treatment. Hereafter, we outline a series of clinical cases in which compassion-
ate use with bacteriophage or a cocktail of phages were administered (intravenously, locally,
or nebulized) concomitantly with antibiotics as an adjuvant treatment against P. aeruginosa
with clinical resolution of different infections, mainly chronic (Table 2).

Ferry et al. described several cases in which adjuvant bacteriophage therapy was
necessary to treat P. aeruginosa infections. One of them was an 88-year-old male patient
with prosthetic joint infection (PJI) of the knee caused by ceftazidime and ciprofloxacin
susceptible to P. aeruginosa [51]. As conventional treatment with antibiotics (IV ceftazidime
and oral ciprofloxacin) was not effective and prosthesis explantation or exchange was not
suitable, phage therapy was established as an adjuvant treatment to try to control the
infection. As bacteriophage therapy was utilized, three phages in a cocktail (109 PFU/mL)
were administered through the arthroscope after conventional arthroscopy. After receiving
bacteriophages and antibiotics, the patient rapidly showed signs of improvement.

They also described the case of a 74-year-old man with melanoma who experienced
catheter-related bacteremia due to multidrug-resistant P. aeruginosa in December 2017,
treated successfully with colistin and meropenem [52]. He was diagnosed with a spinal
abscess in December 2018, and the aspiration revealed a pandrug-resistant P. aeruginosa, re-
sistant to all antibiotics. Antibiotic treatment (colistin and rifampicin) rapidly ceased
as a consequence of nephrotoxicity and ineffectiveness. The medical team proposed
phage–antibiotic treatment combined with a surgical staged strategy. The first stage con-
sisted of a spinal surgical procedure with local administration of a three-phage cocktail
(106 PFU/mL) and IV cefiderocol for 6 weeks. Two weeks after the end of the first stage
and 2 weeks after the withdrawal of cefiderocol, the second stage was performed, with
local administration of a phage cocktail before inserting the intersomatic cages at L2–L3
and L3–L4 levels. Cefiderocol was started again intravenously, pending the culture results.
However, P. aeruginosa still grew in cultures from the bone biopsy, with a small colony vari-
ant phenotype susceptible to bacteriophage cocktail and cefiderocol. Although the strain
had become resistant to this antibiotic, colistin was added intravenously to potentially
synergize with cefiderocol. As the cultures still revealed the persistence of P. aeruginosa,
a phage cocktail was also added intravenously over 3-hour infusions every day for 21 days.
Antibiotics were stopped at 3 months. The outcome of the patient was favorable during the
follow-up of 21 months, without implant loosening nor clinical signs of infection, and the
patient was walking without pain.
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Another clinical case consisted of a male patient in his 60s with disseminated non-small
cell lung cancer who underwent an external beam radiotherapy followed by cementoplasty
performed for bone metastases located on the spine and the right sacroiliac joint [53].
Two months after surgery, a fistula occurred, with clinical evidence of infection of the
cement located in the right sacroiliac joint. Surgery was required to remove the cement
and to debride and abscess. The patient developed catheter-related bacteremia due to
ceftazidime-resistant P. aeruginosa, and he received IV imipenem/cilastatin. Despite an-
tibiotic treatment, the patient still had a fever with purulent local secretion, and a CT
scan revealed persistent osteomyelitis caused by XDR P. aeruginosa only susceptible to
polymyxins and ceftolozane/tazobactam. As an alternative treatment, during the surgical
procedure, debridement of the necrotic bone was performed, and a bacteriophage cocktail
(108 PFU/mL) was brought into contact with the bone in the cavity. The patient remained
in ventral decubitus for 4 h to ensure that the phages remained in contact with the infected
bone. As the patient had mild kidney injury, it was decided to use local administration of
colistin. In addition, ceftolozane/tazobactam was given intravenously. At the time of surgi-
cal reconstruction, the macroscopic aspect was extremely favorable. After reconstruction,
no bacteria grew in the culture and the healing was rapid.

Another scenario in which bacteriophage therapy has been widely used is in P. aeruginosa
infections pre- and post-transplant. Nieuwenhuyse et al. described the case of a male
toddler suffering from atresia with liver transplantation, with the nosocomial acquisition of
extensively drug-resistant (XDR) Pseudomonas aeruginosa susceptible to colistin and interme-
diately susceptible to aztreonam [22]. The child presented multiple hepatic abscesses and
severe septicemia. Despite intravenous (IV) antibiotic therapy, blood and abscess samples
continued to grow XDR P. aeruginosa. Due to antibiotic therapy failure and the child’s critical
situation, the decision was to initiate adjuvant phage therapy with bacteriophage cocktail
BFC1. A phage cocktail (107 PFU/mL) was administered intravenously combined with
antibiotics (gentamycin, colistin, and high doses of aztreonam). Phage therapy combined
with antibiotics controlled bloodstream infection and led to liver retransplantation after
72 days of combined treatment. More than two years after the second liver transplantation,
total clearance of P. aeruginosa colonization was observed.

Law et al. described the case of a 26-year-old female with cystic fibrosis on the lung
transplant waitlist with a pulmonary exacerbation leading to acute-on-chronic respiratory
failure complicated by a pneumothorax [54]. She was colonized by two MDR P. aeruginosa
strains: one non-mucoid susceptible to colistin and the other one mucoid susceptible to
meropenem and piperacillin-tazobactam. She was treated with antibiotics for 4 weeks:
the first two weeks with piperacillin-tazobactam, colistin, and azithromycin, and for the
last two weeks, piperacillin-tazobactam was replaced by a carbapenem. At the end of
the 4 weeks, the patient was transitioned to inhaled colistin. One week after discontin-
uation of IV antibiotics, the patient worsened and she was restarted on IV antibiotics
(vancomycin, colistin, and meropenem, which were switched to piperacillin-tazobactam
due to susceptibility profiles). Despite antibiotic treatment, the following week she expe-
rienced progressive respiratory and renal failure, attributed to colistin. At this time, they
obtained approval for starting adjuvant phage therapy with AB-PA01, a cocktail of four
bacteriophages. AB-PA01 was administered every 6 h (109 PFU/mL) intravenously for
8 weeks. The patient received concomitant ciprofloxacin and piperacillin-tazobactam for
3 weeks. Finally, ciprofloxacin was discontinued, and doripenem was added based on
updated susceptibility profiles. After the end of bacteriophage therapy, she did not have
a recurrence of P. aeruginosa pneumonia and CF exacerbation. She underwent successful
bilateral lung transplantation 9 months later.

Aslam et al. described the cases of two lung transplant recipients that received bac-
teriophage therapy for complicated MDR P. aeruginosa infections [55]. The first one was
a 67-year-old man who underwent a bilateral transplant for hypersensitivity to pneumoni-
tis, complicated by multiple episodes of P. aeruginosa pneumonia. He developed chronic
lung allograft dysfunction and progressive kidney failure. The patient suffered two distinct
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episodes of MDR P. aeruginosa pneumonia that were treated with bacteriophage therapy
along with concomitant antibiotics. For the first episode, he received a 2-week course of IV
and nebulized AB-PA01 (109 PFU/mL) as an adjunct to systemic antibiotics (piperacillin-
tazobactam and colistin). After two weeks of treatment, he had significantly decreased
inflammation and minimal respiratory secretions. Nebulized phage therapy was extended
by an additional week without systemic antibiotics in an attempt to repopulate the air-
ways with normal respiratory flora. By day 21 of treatment, bronchoalveolar lavage (BAL)
cultures did not include Pseudomonas bacterial species, suggesting the reestablishment of
respiratory flora. The patient completed inhaled phage therapy by day 29. However, on
day 46, the patient suffered another episode characterized by clinical decompensation
with respiratory failure and septic shock. In his respiratory cultures grew mucoid MDR
P. aeruginosa; systemic antibiotics (piperacillin-tazobactam, tobramycin, and inhaled col-
istin) were restarted, and phage therapy was used again. In this case, bacteriophage therapy
consisted of distinct courses of AB-PA01-m1 (prefixed cocktail of phages plus one new spe-
cific bacteriophage, 109 PFU/mL) and Navy phage cocktail 1 (personalized phage cocktail,
109 PFU/mL) with clinical resolution of pneumonia. After finishing treatment, the patient
received suppressive bacteriophage therapy with Navy phage cocktail 1 and Navy phage
cocktail 2 (109 PFU/mL) from day 93 to day 150. During this period and the following
3 months, there was no active P. aeruginosa pneumonia. In another case, a 57-year-old
woman with non-CF bronchiectasis colonized by MDR P. aeruginosa was only susceptible
to colistin; she experienced significant bilateral airway ischemic injury, and developed
recurrent MDR P. aeruginosa infections post-transplant. She also developed Mycobacterium
abscessus infection, initially treated with imipenem, tigecycline, and inhaled colistin. As
a result of nephrotoxic antibiotic treatment, she had progressive renal failure. Due to the
inability to clear P. aeruginosa from respiratory cultures and concern that the infection was
preventing airway healing, bacteriophage therapy was initiated. The patient was treated
with a 4-week IV AB-PA01 and continued only with inhaled colistin concomitantly. The
patient clinically responded to treatment, and no additional P. aeruginosa was cultured since
the start of phage therapy until 60 days after completion. The isolate grown at day 60 and
subsequent strains showed improved antibiotic susceptibility. Additional infections were
successfully treated with piperacillin-tazobactam, and by day 90 she was discharged from
the hospital.

Chen et al. reported the case of a 68-year-old man who suffered broncho-pleural fistula
(BPF)-associated empyema and pneumonia caused by carbapenem-resistant P. aeruginosa [56].
The patient’s lung had been destroyed after tuberculosis and repeated hemoptysis for
2 years. A personalized lytic pathogen-specific two bacteriophage preparation was ad-
ministered nebulized and injected intrapleurally to the patient continuously for 24 days
in combination with conventional antibiotics IV (amikacin, azithromycin, imipenem, and
ceftazidime-avibactam, among others). The combined treatment was well tolerated, result-
ing in clearance of the pathogen and improvement of clinical outcome.

Phage therapy has also been applied in the treatment of infections related to cardiotho-
racic surgery. A 76-year-old male patient with relapsing P. aeruginosa mediastinal and aortic
graft infection was treated with moderately effective and indefinite IV ceftazidime [57]. The
patient was an ideal candidate for bacteriophage therapy, so a procedure was proposed that
comprised local administration of phage OMKO1 (107 PFU/mL) and ceftazidime solution
into the mediastinal fistula. The day after the procedure, the patient showed signs of
improvement and was discharged from IV ceftazidime; the patient returned home shortly
thereafter. Rubalskii et al. also reported critical infections related to cardiothoracic surgery
in which bacteriophage therapy was necessary [58], such as a 13-year-old male patient
with P. aeruginosa-infected thoracotomy wound after lung transplantation, not eradicated
after conventional treatment. The patient received local administration of PA5 and PA10
(1010 PFU/mL) bacteriophages concomitantly with IV colistin and ceftazidime-avibactam.
After bacteriophage–antibiotic treatment, the cardiothoracic wound fully healed, and
P. aeruginosa was not detected again.
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Finally, for bone-related infections, administration of antibiotics and phages concomi-
tantly has been applied. Racenis et al. depicted the case of a 21-year-old patient with
persistent MDR P. aeruginosa femur osteomyelitis, regardless of extensive antibiotic treat-
ment and surgical procedures [23]. The combination of IV ceftazidime-avibactam and local
administration of a phage cocktail (107 PFU/mL) allowed for bacterial eradication and
avoided leg amputation.

Tkhilaishvili et al. reported the case of an 80-year-old woman with metabolic syndrome
(diabetes mellitus type 2, obesity, and hypertension), chronic kidney failure, diagnosis of
relapsing right knee PJI, and chronic osteomyelitis of the femur after a gunshot injury [59].
One year earlier, the knee prosthesis was explanted, successfully treated, and reimplanted
due to positive cultures of Klebsiella pneumoniae and Providencia stuartii. Three months
after reimplantation, two morphologically distinct MDR P. aeruginosa isolates grew from
the aspirated synovial fluid (one only susceptible to colistin and the other susceptible
to ceftazidime and colistin). The knee prosthesis was explanted, and during surgery,
an antibiotic-loaded cement spacer (containing 1 g gentamycin and 1 g clindamycin per
40 g poly(methyl methacrylate)) and four drainage tubes were placed. Adjunctive local
bacteriophage therapy was applied during surgery (108 PFU/mL), followed by adminis-
tration every 8 h through the drain tubes as a delivery system for 5 days. Moreover, after
surgery, intravenous treatment with colistin, meropenem, and ceftazidime was started. The
drainage fluid was collected for culture before bacteriophage instillation on days three,
four, and five of phage treatment, and no P. aeruginosa was isolated.

Sinner et al. recently reported the case of a 25-year-old male with exposed calvarium
in the left parietal–temporal region, due to accidental electrocution burn wounds, com-
plicated by the development of skull osteomyelitis caused by P. aeruginosa [60]. After the
failure of traditional (debridement and antibiotic) treatment, Whole Genome Sequencing
(WGS) revealed increased MICs of all available β-lactams (except cefiderocol), likely due
of the presence of blaGES-1, a β-lactamase gene, in combination with MDR efflux pumps
MexD and MexX, in all six of the patient’s isolates. After debridement of the infected
scalp and bone, the patient was transitioned to cefiderocol but continued having relapses.
Therefore, the patient received IV bacteriophage Pa14NPøPASA16 (1.7 × 1011 PFU) as
adjuvant treatment for 6 weeks. The patient showed local wound improvement, with no
further relapsing episodes and no abnormal laboratory values or findings on clinical exam
suggesting toxicity. More than 12 months after ending antimicrobial treatment, the patient
remained infection free.

5. Concluding Remarks

The worldwide spread of antibiotic resistance and the multiple failed antibiotic thera-
pies against infectious diseases have made clear the urgent need to use an alternative or
adjuvant to antibiotics. Phage therapy permits a specific union between the phage and
the desired pathogen, becoming one of the most promising alternatives against infectious
diseases produced by multi-drug resistant bacteria. The specificity of phages and the ap-
pearance of resistance against phages makes the use of cocktails more desirable in therapy,
as shown in the in vivo and case-report studies. Despite the antibiotic–phage combination
used in the mentioned case reports, not only against P. aeruginosa but also against most
pathogens, there is a lack of in vivo studies with antibiotic–phage combinations. Inter-
estingly, the scarce number of in vivo studies show a reduction of bacterial growth or
eradication of the bacteria during and after phage therapy. The best antibiotic pairing
should be chosen in consideration of the patient’s sensitivity and the clinical presentation.
Although nebulized phage administration is showing successful and promising results.
Though the majority of clinical cases applied an intravenous treatment, this does not mean
that this is best method of administration. To answer this question, a clinical trial should be
performed to measure phage concentration and antiphage antibodies over time using both
nebulized and intravenous routes.
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The efficiency of phage therapy is still intrinsically related to the specific case of
the patient. As reviewed here, the single use of antibiotic therapy did not eradicate the
infection; however, the combination between antibiotics and bacteriophage cocktails did
show promising results, with total eradication of the infection and no further relapses for the
patient in some cases. Moreover, in all cases, the administration of phages combined with
antibiotics achieved an improvement in the clinical case or a decrease of the bacterial load.

In the case reports reviewed here, there was no toxicity associated with phage admin-
istration, and no abnormal laboratory results were obtained nor significant clinical findings
in the patient post-treatment that would suggest toxicity derived from the phage therapy.

The combination of phages with antibiotics could be a realistic way to eradicate
infections caused by MDR/XDR P. aeruginosa strains using a personalized therapy, although
more in vivo studies are needed to analyze the limitations.
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Abstract: Cholera, a disease of antiquity, is still festering in developing countries that lack safe
drinking water and sewage disposal. Vibrio cholerae, the causative agent of cholera, has developed
multi-drug resistance to many antimicrobial agents. In aquatic habitats, phages are known to influence
the occurrence and dispersion of pathogenic V. cholerae. We isolated Vibrio phage VMJ710 from a
community sewage water sample of Manimajra, Chandigarh, in 2015 during an outbreak of cholera.
It lysed 46% of multidrug-resistant V. cholerae O1 strains. It had significantly reduced the bacterial
density within the first 4–6 h of treatment at the three multiplicity of infection (MOI 0.01, 0.1, and 1.0)
values used. No bacterial resistance was observed against phage VMJ710 for 20 h in the time–kill
assay. It is nearest to an ICP1 phage, i.e., Vibrio phage ICP1_2012 (MH310936.1), belonging to the
class Caudoviricetes. ICP1 phages have been the dominant bacteriophages found in cholera patients’
stools since 2001. Comparative genome analysis of phage VMJ710 and related phages indicated a
high level of genetic conservation. The phage was stable over a wide range of temperatures and pH,
which will be an advantage for applications in different environmental settings. The phage VMJ710
showed a reduction in biofilm mass growth, bacterial dispersal, and a clear disruption of bacterial
biofilm structure. We further tested the phage VMJ710 for its potential therapeutic and prophylactic
properties using infant BALB/c mice. Bacterial counts were reduced significantly when phages were
administered before and after the challenge of orogastric inoculation with V. cholerae serotype O1. A
comprehensive whole genome study revealed no indication of lysogenic genes, genes associated with
possible virulence factors, or antibiotic resistance. Based on all these properties, phage VMJ710 can
be a suitable candidate for oral phage administration and could be a viable method of combatting
cholera infection caused by MDR V. cholerae pathogenic strains.

Keywords: phage; genome; cholera; antibiotic-resistance; mice

1. Introduction

Cholera causes around 1.4–4.3 million cases and over 21,000–143,000 deaths each
year [1]. The disease is endemic and causes outbreaks in several parts of Southeast Asia
and Africa. Seven cholera pandemics have been reported till now. Two serogroups, O1 and
O139, of V. cholerae are mainly responsible for cholera. The serogroup O1 is further divided
into two biotypes, El Tor and classical, each of which has Ogawa and Inaba serotypes.
The main pathogenesis and virulence of V. cholerae is due to the production of cholera
toxin (CT) encoded by a bacteriophage harbored by the pathogen [2]. The cornerstone
of cholera treatment is fluid and electrolyte replacement therapy. Antibiotics are not
compulsory for a successful treatment, but are used as an adjunct therapy. Antibiotics
decrease the duration of disease, reduce the volume of diarrhea, and the duration of
shedding of the infective organism in stools. Currently, doxycycline, ciprofloxacin, and
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azithromycin are effectively used for the treatment of cholera [1,2]. However, due to
indiscriminate use, multi-drug resistant (MDR) V. cholerae have emerged, and the strains are
showing resistance not only to first-line agents such as ampicillin, cotrimoxazole, nalidixic
acid, and tetracycline, but also to fluoroquinolones such as ciprofloxacin, third-generation
cephalosporins, and azithromycin [3]. Resistance has also emerged against ceftriaxone,
and NDM-1 (New Delhi metallo-beta lactamase) gene-encoding carbapenem resistance
has been reported in India [4,5]. Mass antibiotic prophylaxis is not recommended by the
World Health Organization (WHO) as it carries the risk of the development and spread
of antimicrobial resistance (AMR). WHO emphasizes that antibiotic treatment should be
used only in severely dehydrated patients in conjunction with rehydration therapy and
susceptible household contact cases of cholera patients [4]. Cholera is endemic in most parts
of India, according to the study conducted by Ali et al. In India, 150 out of 641 districts have
reported cholera, and some of those districts, including Chandigarh, have been labeled as
“hotspots” for the disease [6]. A total of twenty- nine outbreaks of cholera were reported in
and around Chandigarh, an inland area located in north India, from 2002 to 2015 [5]. Most
of these outbreaks were due to a contaminated drinking water supply. The region has a
freshwater climate, and clinical cholera cases increase annually between May and October,
coinciding with hot summers and monsoons [5].

V. cholerae are autochthonous to aquatic environments. During infection, they form
biofilm-like aggregates that may play an important role in pathogenesis and disease trans-
mission. Biofilms are also important for the survival of cholera bacteria in the environ-
ment [7]. Several previous studies demonstrated that biofilms may cause delayed penetra-
tion of antimicrobial agents [8]. With fast-growing multidrug resistance among biofilm-
forming V. cholerae isolates and a dearth of novel antibiotic research by pharmaceutical
industries, there is an urgent need to discover new antibiotic alternatives. Phage therapy
can be a potential alternative to antibiotics in the era of multidrug-resistant bacterial in-
fections. The lytic phages, which disrupt bacterial metabolism and lyse the bacteria, are
proposed as being useful for phage therapy [9]. Phages have many potential advantages
over antibiotics. Phages are less likely to inflict “collateral damage”, or the destruction
of gut flora than antibiotics, since they are more host-specific [10]. Phages are common
in the environment, and different phages may work together to influence the incidence
and distribution of pathogenic V. cholerae in aquatic habitats. Vibrio phages may also be
important in the environmental control of cholera.

We characterized phage VMJ710 isolated in 2015 from a community sewage water
sample during an outbreak of cholera in Manimajra, Chandigarh. We carried out genomic
characterization and tested the phage for its antibiofilm testing against the MDR V. cholerae
O1 pathogenic strain. Using an infant mouse model, we tested the preventive effect of
the phage to cause diarrhea by giving the phages before the bacterial testing. We also
demonstrate the therapeutic potential of this phage.

2. Materials and Methods
2.1. Sample Collection

We collected sixty-eight sewage water samples from four surveillance sites in Chandi-
garh between February 2015 and November 2016. Figure S1 shows three sites of sewage
sample collection that included hospital sewage, community sewage at Ramdarbar and
Raipur Khurd, and three cholera outbreak sites (Manimajra, Ambala, and Ludhiana). The
collected water samples were transferred to the enteric laboratory, Postgraduate Institute
of Medical Education and Research (PGIMER), at room temperature and processed within
18–24 h after collection.

2.2. Bacterial Strains and Growth Conditions Used

Suspected colonies of V. cholerae were identified using routine biochemical tests (pos-
itive for oxidase, catalase, indole, lysine and ornithine decarboxylase, string test, nitrate
reduction, fermentation of mannose and sucrose, negative for arginine dihydrolase and
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arabinose fermentation). The strains were confirmed via a serotyping kit (Denka Seiken Co.,
Ltd., Tokyo, Japan). V. cholerae O1 biotype El Tor serotype Ogawa VMJ1 strain isolated from
the 2015 outbreak of Manimajra, Chandigarh, was used for the isolation and propagation of
phage VMJ710. The phage VMJ710 was tested against 26 MDR V. cholerae O1 biotype El Tor
serotype Ogawa strains (PGIMER culture collection) via the spot assay test on trypticase soy
agar (TSA, Becton, Dickinson and Company, Franklin Lakes, NJ, USA) (Tables S1 and S2).
V. cholerae O1 strains obtained from clinical cases of cholera and sewage water showed
acquired non-susceptibility to at least one agent in three or more antimicrobial categories
of the following classes of antibiotics: Third-generation cephalosporins, fluoroquinolones,
aminoglycosides, tetracyclines, ampicillin, chloramphenicol, and cotrimoxazole were de-
fined as MDR V. cholerae [11]. V. cholerae serotype O1 (strain ATCC 39315/El Tor Inaba
N16961) was used to standardize the induction of cholera in mice. A streptomycin-resistant
V. cholerae O1 (ELPGI212) strain isolated from a clinical case of cholera during the 2015
outbreak was used for testing antibiofilm activity and efficacy in mouse models.

2.3. Phage Isolation

In total, 3 mL of sewage water was mixed with 500 µL of bacterial culture (108 colony
forming units (CFU)/mL) and 2 mL of trypticase soy broth (TSB, Becton, Dickinson and
Company, Franklin Lakes, NJ, USA). The whole mixture was incubated for 24 h, and the
next day, the mixture was centrifuged at 7800× g for 15 min. The supernatant was collected
and filtered with a 0.45 µm filter (Pall Corporation, Cortland, NY, USA). To assess phage
activity (qualitatively) against the host strain, a spot assay followed by a plaque assay was
used [11,12].

2.4. Phage Purification

A single plaque was picked up via a sterile 1 mL micropipette tip, and this single
phage was amplified, and all steps were repeated twice [13]. Ten percent of polyethylene
glycol 8000 (PEG 8000, Sigma-Aldrich Corporation, Burlington, MA, USA) was added
to the phage preparation, and incubated for 20 h at 4 ◦C. After centrifuging, the mixture
at 257,000× g, the pellet was resuspended in the SM buffer (10 mM MgSO4·6H2O). The
resuspended mixture was filtered by a 0.45 µm syringe filter. Final purification was carried
out using the dialysis method with the help of the dialysis membrane (MWCO 14,000,
Himedia Laboratories, Mumbai, India) [14].

2.5. Phage Stability

The following two parameters were used to determine phage stability:

2.5.1. pH Stability

For the pH stability test, 200 µL of phage lysate (108 CFU/mL) was added in different
tubes containing sterile SM buffer with a range of pH values from 4 to 10. The tubes were
incubated at 37 ◦C for 2 h [15]. The phage titer was determined at a 60 min interval using
the double-layer agar plate technique.

2.5.2. Thermal/Temperature Stability

For thermal stability testing, 200 µL of phage lysate (108 plaque-forming units (PFU)/mL)
in triplicates was added to the series of 6 tubes and incubated for 2 h at −20 ◦C, 4 ◦C, 25 ◦C,
37 ◦C, 50 ◦C, and 60 ◦C, respectively. The phage titer was tested every 60 min for 2 h using
the double-layer agar plate technique [15]. Incubation at −20 ◦C and 4 ◦C was achieved in
a laboratory freezer and refrigerator, respectively. The water bath was used to maintain the
rest of the temperatures. The phage stability at different pH and temperature values was
expressed as the phage stability rate (%) [11].
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2.6. Phage Morphology

Plaque morphology was determined using the plaque assay [14]. The plaque diameter
was calculated in millimeters (mm). A drop of the phage suspension was applied to a
carbon-coated copper grid and then replaced with a 3% uranyl acetate solution [11]. The
grids were examined with the transmission electron microscope, Tecnai G20, at All India
Institute of Medical Education and Sciences (AIIMS), New Delhi. The ImageJ software was
used to estimate the size of the phage [16].

2.7. Genomic DNA Isolation

A phage DNA isolation kit (Norgen Biotek Corporation, Thorold, ON, Canada) was
used to extract phage genomic DNA [17]. The phage DNA quality was determined using
1% agarose gel electrophoresis and a Qubit 3.0 fluorometer (Life Technologies, Carlsbad,
CA, USA).

2.8. Library Preparation, Sequencing, Assembly, and Annotations

A NEBNext Ultra library preparation kit (New England Bioscience, Ipswich, MA,
USA) was used to prepare the genomic DNA library, and the Illumina HiSeq 2500 platform
was used for the sequencing. The Cutadap tool was used to trim adaptor sequences
after processing the FastQ files [18,19]. De novo assembly of the generated reads was
executed using an IVA v1.0.8 assembler with default k-mer sizes [20]. GLIMMER 3 and
GeneMark tools were used to predict genes from IVA-assembled contigs [21,22]. The
genome annotation was performed using the Rapid Annotation Search Tool (RAST v2) [23].
The complete phage genome was scanned with ARAGORN 1.2.36, and CRISPR-CasFinder
4.2.20 to find tRNA and CRISPR-like systems in the phage genome, respectively [24,25].
The circular map of the phage genome was constructed with the CGView tool [26].

2.9. Virulence Factors and Antibiotic Resistance Genes

To determine virulence factors and antibiotic resistance genes, in the phage genome,
the entire genome was scanned using the VFDB 2019 (Virulence Factor Database) and
CARD (Comprehensive Antibiotic Resistance Database) tools, respectively [27,28].

2.10. Phylogenetic Tree and Comparative Genomics

The phylogenetic tree was constructed based on multiple sequence alignment using
amino acid sequences of the large subunit terminase protein of phage VMJ710 and related
Vibrio phages with the help of ClustalX and MEGA X. The ViPTree was used to compare
the whole genome of the phage VMJ710 with 3234 additional sequenced phage genomes
from the virus–host DB (RefSeq release 212) [29,30]. Whole-genome comparison of phage
VMJ710 with four closely related Vibrio phage genomes, i.e., JSF 14 (KY883639.1), JSF6
(KY883635.1), ICP1_2006 (HQ641351.1, ICP1_2017 (MN419153.1), ICP1_2012) (MH310936.1),
was performed using Mauve [31]. To perform core genome analysis, open reading frames
(ORFs) were divided into groups based on how many of the four phage genomes were
found with respect to phage VMJ710. If an ORF was found in all phages, it was considered
part of the core genome; otherwise, it was regarded as part of the accessory genome. The
BRIG tool was used to map core and accessory ORFs to the BRIG alignment [32].

2.11. Host Range Testing

In total, 26 V. cholerae strains were used to assess the phage host range. A lawn of
each strain (OD600 ~0.6) was made on TSA plates with a sterilized cotton swab. The host
range experiment was performed by spotting 20 µL of phage lysate on the bacterial lawns,
followed by overnight incubation at 37 ◦C. A scale system approach was used to identify
the zones of clearing, with negative values denoting turbid zones (no lysis) and positive
values denoting clear zones [33]. The efficiency of plating (EOP), which was computed by
dividing the average PFU of the target bacteria by the average PFU of the host bacteria,
was used to measure relative phage killing. Based on EOP values, phages were categorized
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as highly virulent (0.1 < EOP < 1 ), moderately virulent (0.001 < EOP < 0.099), avirulent (no
plaques formed), and reference (EOP = 1).

2.12. Time-Kill Assay

To measure the activity (quantitatively) of the phage, a time–kill assay was performed
according to a previously described method with some modifications [15]. The bacterial
suspension was combined with phage preparation to achieve initial MOIs of 0.01, 0.1, and
1. The control group contained a mixture of bacterial culture and TSB. The experiment
was executed at 37 ◦C using a spectrophotometer (Tecan Group Limited, Mannedorf,
Switzerland) with orbital shaking for 4 s. At an interval of 2 h, the OD600 values were
measured automatically for 20 h.

2.13. Antibiofilm Activity of Phage VMJ710 against V. cholerae

The microtiter-plate-based crystal violet assay was used to measure the biofilm ca-
pacity of 30 MDR V. cholerae O1 isolates [34]. Strains were classified into the following
categories: OD ≤ ODC = non-adherent; ODC < OD ≤ (2 × ODC) = weakly adherent;
(2 × ODC) < OD ≤ (4 × ODC) = moderately adherent; and (4 × ODC) < OD = strongly ad-
herent [35,36]. To test the antibiofilm activity of the phages, 24-hour-old preformed biofilms
were grown on the 13 mm polystyrene coverslips and treated at three different phage titers
(106, 107, and 108 PFU). After 24 h of incubation, coverslips were washed, vortexed, and
placed into an ultrasonic bath for 4 min at 35 kHz frequency to detach the bacterial cells.
To enumerate the bacterial count, detached bacterial cells were serially diluted in normal
saline (0.85% NaCl) and spread onto TSA plates. For biofilm imaging, biofilms formed on
13 mm coverslips were examined with a scanning electron microscope [11].

2.14. Phage Efficacy Testing against V. cholerae O1 Using an Infant BALB/c Mouse Model
2.14.1. Animals and Maintenance

Four-to-five-day-old BALB/c male mice were procured from the animal house, PGIMER
Chandigarh, India. The animals were housed in clean polypropylene cages maintained in
the animal house with a controlled temperature of (23 ± 2) ◦C, relative humidity at 50–60%,
alternating 12/12 h light/dark cycle, and adequate ventilation. All experimental studies
were approved as per guidelines by the institutional animal ethics committee (Ref. No.
93/IEAC/648). The number of animals used in each experiment is depicted in the different
legends in the respective figures.

2.14.2. Mouse Cholera Infection Model

Cholera infection was established using the previously described mouse model by
Yen et al., with slight modifications [37]. To standardize the minimum infective dose,
mice were divided into 4 groups and inoculated with V. cholerae O1 El Tor N16961 using a
2 mL syringe fitted with an 18-oral gavage needle. Each of the mice in the group was then
inoculated with 50 µL of culture (106, 107, 108 CFU), and the same volume of phosphate-
buffered saline (PBS) was given to the negative control group. Mice were sacrificed with
the administration of a ketamine/xylazine (K:100 mg/kg + X: 20 mg/kg) cocktail after
24 h, and the small intestines were removed which were mechanically homogenized in PBS
buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.2), and serial
dilutions were plated onto Luria Bertani broth (LB broth, Himedia Laboratories, Mumbai,
India) media containing 100 µg/mL of streptomycin.

To standardize the incubation period, the minimum infective dose (standardized
above) was administered orogastrically. The percentage of mice positive in intestine culture
and survival percentage were observed after a specific time interval for each group of mice
(4, 6, 8, 10, 12, and 24 h).
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2.14.3. Prophylactic and Treatment Efficacy Testing against V. cholerae

To estimate whether the phage VMJ710 would be able to survive in the mice intestine,
a phage retention study was performed. Mice were dosed with a phage volume of 50 µL
(1 × 109 PFU). This experiment was divided into four groups and sacrificed at a specific
time interval after phage administration, i.e., at 2, 6, 12, and 24 h. The small intestines were
removed and homogenized, as explained in the previous section. The homogenized mate-
rial was further centrifuged and filtered with a 0.22 µm syringe filter. The quantification of
bacteriophages present in the supernatant was performed as explained above in Section 2.3.

To study the prophylactic efficacy of phage VMJ710, mice were dosed with 50 µL
of phage volume (1 × 107 PFU) at 6, 12, and 24 h (three prophylactic groups) before the
bacterial challenge (Figure 1). After 48 h of bacterial inoculation, the number of viable
V. cholerae in the small intestine of sacrificed animals was quantified as described above.
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Figure 1. Overview of the procedure used to estimate the efficacy of phage VMJ710 against V. cholerae
infection using an infant mouse model.

To test the treatment efficacy of Vibrio phage VMJ710 against V. cholerae strain ELPGI212,
animals were divided into control and treatment groups (Figure 1). The treatment group
received phage (1 × 109 PFU, at MOI = 1) after 8 h of bacterial challenge. After 12, 24,
and 48 h, the number of viable V. cholerae in the small intestine of sacrificed animals was
quantified as described above. Heamotoxylin and Eosin (H&E) staining was also performed
to study the histopathology of the small intestines of mice treated with phage VMJ710.

2.15. Nucleotide Sequence Accession Number

The genome sequence of the phage has been submitted to the GenBank database
(accession no. MN402506). The raw reads of the phage genome are available at SRA
accession number SRR9686322, BioProject accession number PRJNA553871, and BioSample
SAMN12253299.

2.16. Statistical Analysis

GraphPad Prism 9.0 software was used to run all statistical tests. The time–kill assay,
biofilm formation, and phage stability assays were carried out in triplicates. The data
were presented as mean ± SD. The Kruskal–Wallis test along with the Dunn post hoc
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multiple-comparison tests was used to conduct statistical analysis for the time–kill assay and
quantitative biofilm assay. A p-value of less than 0.05 was considered statistically significant.

3. Results
3.1. Sample Collection and Phage Isolation

A total of five phages active against V. cholerae O1 were isolated from sixty-eight
sewage samples. Three Vibrio phages, VMJ710, VMJ3, and LDH4, were isolated from the
cholera outbreak sites. Only phage VMJ710 (obtained from the community sewage water,
Manimajra) could be propagated further.

3.2. Phage Morphology

Phage VMJ710 produced a clear plaque (4–5 mm in diameter) (Figure 2a). The purified
phage particles examined under transmission electron microscopy showed phage VMJ710
to have an icosahedral head of 85 ± 2.4 nm in diameter with a long contractile tail of
130 ± 5 nm, and therefore was classified under the class Caudoviricetes (Figure 2b).
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Figure 2. (a) Plaque morphology of phage VMJ710. (b) Transmission electron microscopy phage of
VMJ710 with a scale bar (red) of 100 nm.

3.3. Phage Stability

Vibrio phage VMJ710 was highly stable at −20 ◦C and 4 ◦C (>95%) after 2 h of incuba-
tion. The stability rate was approximately 90% at 50 ◦C but decreased sharply to <40% at
60 ◦C (Figure 3a).

The phage was highly stable at pH 7 and pH 8 with a >95% stability rate after 120 min
of incubation and was unstable at pH 10 with a stability rate of <75% after 120 min
(Figure 3b).

3.4. Genome Features of Vibrio Phage VMJ710

The complete linear double-stranded DNA genome of phage VMJ710 was 121.4 kb in
size, with a GC content of 37.1%. A total of 3,562,707 paired-end raw reads with 150 bp
lengths were generated by the Illumina HiSeq sequencer. There were 215 ORFs predicted,
and the mean ORF density was 1.76 ORFs per kb. A total of 118 ORFs were present in the
direct strand, and 97 ORFs were present in the complementary strand of the phage genome.
The putative functions of each ORF are summarized in Table S3. Thirty-five ORFs (17.6%)
were predicted to encode functional proteins, whereas 179 ORFs (83.2%) were predicted as
hypothetical proteins. Thirty-six functional proteins were classified into different functional
groups (Figure 4, Table S3). Out of the thirty-six ORFs, twenty were predicted to encode for
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DNA replication/metabolism-related proteins such as anaerobic nucleoside diphosphate
reductase, HNH homing endonuclease, anaerobic NTP reductase small subunit, puta-
tive helicase, recombination-associated protein, putative exodeoxyribonuclease, putative
thymidylate synthase, putative adenine methyl transferase, ribonucleotides diphosphate
reductase, ribonucleotides diphosphate, reductase beta chain, ATP dependent protease
subunit, DNA ligase, putative ribose phosphate pyrophosphokinase, putative antirepressor
protein nicotinate phosphoribosyl transferase, DNA replicative helicase/primase, DNA
polymerase, and ribonuclease H and PhoH family protein. The ORF 55 was predicted to
encode large subunits of terminase involved in phage DNA packaging. It was predicted
that seven ORFs encoded structural proteins such as the putative tail fiber protein, puta-
tive baseplate component, putative baseplate assembly protein, tail length tape measure
protein, and putative major head protein. The ORF 130 was predicted to encode for the
host lysis protein putative baseplate hub subunit and tail lysozyme. Furthermore, BLASTP
analysis of the VMJ710 genome revealed no similarities to genes encoding for integrase,
recombinase, and excisionase. Consequently, the phage VMJ710 was considered a lytic
bacteriophage and was selected for further studies. In addition, genome analysis showed
that the phage VMJ710 does not contain gene encoding for virulence factors, antibiotic
resistance, and CRISPR-Cas.
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Figure 3. Vibrio phage VMJ710 stability rate: (a) Thermal stability; (b) pH stability. Each data point
represents the mean result of experiments performed in triplicates, while the error bars represent the
standard deviation.
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Figure 4. Circular genome map of phage VMJ710.

3.5. Phylogenetic Analysis

A phylogenetic tree generated using MEGA X (large terminase subunit based) with
other related phages (with an identity of >53.2% in BLASTp) showed that the phage
VMJ710 is closely related to the class Caudoviricetes phage ICP1_2012_A (Figure 5a). The
whole genome-based phylogenetic tree of phage VMJ710 was constructed using Viptree
to determine the exact taxonomic position (Figure 5b,c). Phage VMJ710 was placed next
to the closely related phages with 121.4–133.6 kb genomes. Phage VMJ710 was classified
under the class Caudoviricetes in the taxonomical branch Duplodnaviridae > Heunggongvirae >
Uroviricota > Caudoviricetes.

3.6. Comparative Genomics and Core Genome Analysis

The complete genome of the phage VMJ710 was compared with four related phages
(Table 1). According to the Progressive Mauve analysis, the genome of each phage stated
above has three homologous local collinear blocks (LCBs), and the boundaries of colored
blocks represent the breakpoints of genome organization (Figure 6). Mauve revealed a few
conserved portions of the aforementioned phages that appear to be devoid of genomic
changes internally. Some potential orthologous genes have also been observed and are
denoted by the black vertical bars (Figure 6). We observed 92.09% (198/215) core and 7.90%
(17/215) accessory ORFs among these five phages. The Brig tool analysis showed that
the most variable genome regions of insertions or deletions among the above-mentioned
phages encoding for accessory ORFs are shown as gaps (Figure S3). No significant areas of
GC content variation were found. Despite being present in all of the genomes included in
our investigation, the sequence conservation of the core-genome ORFs varied. The core
ORFs were divided into three categories based on average pairwise nucleotide and amino
acid sequence identity: conserved-core, synonymous-core, and divergent-core (Figure 7,
Table S4).
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Figure 5. (a) Phylogenetic relationship between Vibrio phage VMJ710 (red sphere) and the other
related phages. (b,c) are rectangular and circular phylogenetic trees generated using ViPTree [30].
The external and internal rings are colored according to the host bacterial group and virus family,
respectively. Red star represents genome of Vibrio phage VMJ710.

Table 1. Properties of Vibrio phage VMJ710 and related four Vibrio phages.

Vibrio Phage
Name

Taxonomic
Class Isolation Year Isolation

Source
Genomic Size

(bp)
G+C

Content

Genbank
Accession
Number

ICP1 Caudoviricetes 2001 Stool 125,956 37.1 HQ641347

ICP1_2012_A Caudoviricetes 2012 Stool 121,418 37.2 MH310936

VMJ710 Caudoviricetes 2015 Water 121,402 37.2 MN402506

JSF13 Caudoviricetes 2017 Water 128,814 37.2 KY883638

ICP1_2011_A Caudoviricetes 2011 Stool 126,861 37.1 MH310933

The conserved core was made up of 87 ORFs that had 100% nucleotide sequence
and amino acid sequence identity. The synonymous core includes 27 ORFs with a small
amount of nucleotide variability between genomes, but all mutations were silent, resulting
in identical amino acid sequences. The remaining 84 ORFs with divergent nucleotide and
amino acid pairwise identities made up the divergent core. These divergent ORFs had
pairwise identity similarities ranging from 99.9 to 92.7% at the nucleotide level and from
99.95% to 94.16% for amino acid sequences (Table S4).

The accessory ORFs were distributed in three separate groups of patterns A, B, and C
throughout all three genomes (Table S5). These ranged from occurrences in three genomes
(n = 2) to singletons (n = 2) with an alternative pattern of accessory ORFs occurrence.
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Figure 7. ORF divergence in the core genome. The average pairwise similarity of both DNA
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organize all ICP1 core-genome ORFs.

3.7. Conserved Functional Domains

The majority of ORFs in the accessory and core genomes were categorized as hypo-
thetical proteins. Only 35 of the core ORFs (17.6%), including 13 in the conserved core, 5 in
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the synonymous core, and 17 in the divergent core, had a projected function. The accessory
core only has one ORF with a putative function (Table S5).

3.8. Host Range Testing

Phage VMJ710 was tested against 26 MDR V. cholerae isolates and was observed to be
active against 12 (46.1%) strains (Figure S2). The highest EOP (>1) was observed against
V. cholerae 219, 235, ELPGI212, 220, 15-238 isolates, and the lowest EOP (0.001–0.099) was
against V. cholerae 231, 229, and 221 isolates (Table 2).

Table 2. The clinical isolate data including source, date of isolation, antibiotic sensitivity, and killing
effect of the phage VMJ710 on the individual bacterial isolates.

Date of Collection, Antibiotic Sensitivity, Source of Isolation, and Phage Killing of V. cholerae Strains.
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Phage
Killing
(EOP)

219 10 August 2015 ST
235 12 August 2015 ST
66 23 August 2015 ST

ELPGI212 14 September 2015 ST
231 14 September 2015 ST
223 20 September 2015 ST
220 20 September 2015 ST

15-238 25 October 2015 ST
1672 30 October 2015 ST

VMJ3 8 November 2015 SW
CHD5 15 November 2015 ST
LDH4 5 August 2016 SW

183 19 July 2016 ST
100 20 August 2016 ST
221 20 August 2016 ST
187 11 September 2016 ST
163 20 September 2015 ST
174 20 September 2016 ST
226 16 October 2016 ST
222 17 October 2016 ST
238 25 October 2016 ST
229 25 October 2016 ST
236 28 October 2016 ST
218 5 November 2016 ST
211 10 November 2016 ST

VMJ1 11 November 2016 ST

Footnotes
ST-Stool

SW-Sewage water

Key to EOP EOP
>1.00Color codes of the antibiotic

sensitivity profile
0.100–1.00

Sensitive 0.001–0.099

Intermediate Reference
1.00

Resistant No growth

The lytic ability of phage was tested against V. cholerae ELPGI212 strain at MOIs 0.01,
0.1, and 1.0 using the time–kill assay. No significant reduction in bacterial growth was
observed at any MOI up to 2 h of incubation. When compared with the control group,
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bacterial growth was reduced (p < 0.05) after 4–6 h of treatment at all MOIs (Figure 8).
Phage VMJ710 was found to be most effective at MOI 1 compared with MOI 0.01 and
MOI 0.1.
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Figure 8. Time–kill assay of phage VMJ710 against MDR V. cholerae strains at MOI 1.0, MOI 0.1, and
MOI 1. Error bars indicate the standard deviation among triplicate experiments.

3.9. Anti-Biofilm Activity of Phage VMJ710 against Multidrug-Resistant V. cholerae

The quantitative estimation of biofilm formation of 26 MDR V. cholerae strains by
the microtiter well test method categorized the strains as follows: non–adherent (7.69%),
weak (23.07%), moderate (38.4%), and strong (30.7%) (Figure S4). It demonstrates the
production of aggregates and microcolonies, resulting in the formation of a compact and
dense biofilm structure covering the surface of the polystyrene coverslip (Figure S5). As
24 h old biofilms were exposed to phages at three different titers (106, 107, and 108 PFU),
the biofilm viable counts significantly decreased (p < 0.01) (Figure 9a). The phage titer of
108 PFU was found to be most effective to degrade preformed biofilms (Figure 9a, b). The
structural architecture of an established 24 h biofilm at 5000× is shown in Figure S5. The
SEM results showed bacterial dispersal, clear disruption, and a reduction in the bacterial
biofilm structure (Figure 9b).

3.10. Efficacy of Vibrio Phage VMJ710 against MDR V. cholerae ELPGI212 in Mice

A bacterial inoculum of 107 CFU (minimum infective dose) after 8 h was found to be
the most optimum to induce cholera infection in the infant mice.

Before testing the prophylactic effect of the phage to prevent cholera infection, we
tested whether phages could be retained in the mice intestine in the absence of host
bacteria. When animals were dosed with a high titer (1 × 109 PFU), 1.7 × 108 PFU/g
(SD ± 13,769,531) of phages could be recovered after 12 h (Figure 10a). However, at 24 h, a
steep decline in the phage titer was observed. The data provided in Figure 10b showed
that phage prophylaxis was maximum when mice were dosed with phage VMJ710 before
6 h of bacterial inoculation where the bacterial load was reduced by approximately three
orders of magnitude in comparison to the infection control group.
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Figure 9. (a) Activity of phage VMJ710 at three different titers (106, 107, 108 PFU) on preformed biofilm
structure after 24 h incubation in terms of biofilm viable counts. Error bars indicate Mean ± SD.
** indicates a statistically significant difference at the p-value < 0.01. (b) SEM images at 5000×
(magnification) (i) Control group (ii) Effect of phage VMJ710 (108 PFU) on biofilm after 24 h of
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In the treatment group, a reduction in the bacterial count was observed from 1.0 × 108

CFU/g (SD ± 84,660,772) to 7.6 × 104 CFU/g (SD ± 6046) after 24 h, and furthermore, no
V. cholerae cell was detected after 48 h in comparison to the untreated group, where bacterial
counts raised to 1.6 × 1010 CFU/g (SD ± 1,737,354,310) (Figure 10c). Animal survival
percentage was 83% in the treatment group and 57% in the infection control group (10d).
Histopathological analysis of the small intestine of mice infected with V. cholerae ELPGI212
showed infiltration of lymphocytes, plasma cells, and disruption of the overlying mucosa,
where intestinal microvilli were normal, and no intestinal damage was observed in the
phage-treated group. Phage-treated mice showed less damage to intestinal architecture
and reduced inflammatory exudate (Figure 11).
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Figure 10. (a) Vibrio phage number (PFU/g of tissue) retained in the mouse intestine without host
bacteria. (b) V. cholerae (CFU/g of tissue) cells recovered when phages were administered before
bacterial challenge as follows: Prophylaxis group A (6 h), prophylaxis group B (12 h), and prophylaxis
group C (24 h). (c) Bacterial load (CFU/g) recovered from mice intestine tissue after treatment with
phage at 12, 24, and 48 h post-infection. (d) Percent survival of mice in different groups. Error bars
indicate Mean ± SD. The significant difference indicated by *p < 0.05, ** p < 0.01, and *** p < 0.001.
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Figure 11. Histopathology of the mouse small intestine: (i) Negative control showing normal villus
architecture. (ii) Infection-only control group; disruption of overlying mucosa and inflammatory
cell infiltration (blue arrow). (iii) Intestinal architecture after phage treatment at 108 PFU. Scale bar
(resolution)-200 µm.

4. Discussion

Bacteriophages are natural predators of bacteria and are abundantly available. Phages,
like all viruses, are very species-specific in terms of their hosts, infecting only a single
bacterial species or even distinct strains within a species. Phages are promising alternatives
to treat multi-drug-resistant bacteria and the biocontrol of cholera. We isolated Vibrio phage
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VMJ710 from the community sewage water sample in Manimajra, Chandigarh, in 2015
when an outbreak of cholera was occurring in this region. VMJ710 belongs to the class
Caudoviricetes and is very similar (BLASTn identity 99.96%) to phage ICP1_2012 which
was isolated from patients’ stool samples that were collected in India. All-tailed bacterial
and archaeal viruses with icosahedral capsids and double-stranded DNA genomes are
classified into the class Caudoviricetes [38].

Phage VMJ710 has a long contractile tail of 130 ± 5 nm and an icosahedral capsid of
85 ± 2.4 nm length, similar to phage ICP1, which has an 86 nm long icosahedral capsid
and a 106 nm long tail [39]. ICP1 phages are dominant phages widespread throughout
the Bay of Bengal’s coastline zones [40]. In Bangladesh, during cholera outbreaks, this
group of phages is found along with V. cholerae in affected patients [40]. The whole-
genome sequence of VMJ710 shows the most similarity (BLASTn identity 86–92.97%) to
four phages (ICP1_2012_A (MH310936), ICP1 (NC_015157), ICP1_2011_A (MH310933), and
JSF13 (KY883638) isolated from different geographic regions across the world in BLASTn
analysis. The genome size range of previously studied ICPI (class Caudoviricetes) related
Vibrio phages is 121.4–133.6 kb, similar to VMJ710. Comparative genomics of VMJ710 and
related four phages using BRIG and Mauve tools revealed the conservation of nucleotide
homology to a larger extent. Phage VMJ710 is closely related to ICP1-like phages of the
class Caudoviricetes, as demonstrated in the phylogenetic study based on the terminase
large sequence and ViPTree. Some of the ICP1 phages possess the CRISPR-Cas (clustered
regularly interspersed short palindromic repeats-CRISPR-associated proteins) system,
which is involved in bacterial defense against predators such as phages [41]. Another
mechanism to resist is the prevention of phage reproduction by hosting phage-inducible
chromosomal islands (PICI) [40]. CRISPR-Cas systems are typically found in bacteria and
archaea; however, V. cholerae- specific ICP1 phages have recently been revealed to contain
the CRISPR-Cas system that inactivates PICI-like elements (PLE) in V. cholerae [42]. In a
previous study, CRISPR-Cas-related sequences were found in five (JSF5, JSF6, JSF13, JSF14,
and JSF17) of the 29 sequenced Vibrio phages (17.2%) [41]. VMJ710 lacks a CRISPR-Cas
sequence, whereas the other two closely related phages (JSF13 and ICP1_2011_A) possess
a CRISPR-Cas system. It is presumed that enhanced interactions of phages with cholera
bacteria during seasonal epidemics of cholera may be facilitated by the phage-encoded
CRISPR-Cas system.

Like previously studied Vibrio ICP1 phages, the majority of the phage VMJ710 genome
is related to hypothetical proteins, and more than half of ORFs (20/36) with the predicted
functions are involved in replication/metabolism-related proteins. A putative Gp5 base-
plate hub subunit and a tail lysozyme with N-acetylmuramidase activity were encoded
by ORF 132 of phage VMJ710. These components are crucial for locally digesting the
peptidoglycan layer to allow the tube to enter the periplasm [43]. ORFs 10 and 11 encode
for HNH homing proteins that are involved in endonuclease activity, such as site-specific
homing endonucleases [44]. HNH proteins belong to a large Pfam protein family and
are associated with nuclease activity in all kingdoms of life [44]. Tailed bacteriophages
use terminase enzymes to bundle their enormous double-stranded DNA genomes into a
preformed protein shell known as the “prohead”. The ORF 55 was predicted to encode for
a large subunit terminase protein which is involved in the translocation of the viral capsid
DNA during the final stage of phage assembly. The most prevalent proteins found in the
majority of phages in the class Caudoviricetes, are terminases [45]. Endonuclease proteins
with the HNH motif may interact with phage terminase proteins to facilitate the packaging
and maturation of viral DNA [44].

This phage has a host range of 46 % and no bacterial resistance was observed against
phage VMJ710 in comparison to a study by Yen et al., who observed bacterial resistance
against the ICP1 phage after 4–6 h of treatment [37]. The host range of VMJ710 and ICP1-like
phages is limited to V. cholerae O1, whereas the host range of ICP2 and ICP3 includes non-O1
V. cholerae strains. ICP2 and ICP3 can lyse the V. cholerae O139 strain MO10 and the non-O139
strain CR034-24, respectively [39]. Biofilm-forming cells are more resistant to antibacterial
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agents and may contribute to higher levels of antimicrobial resistance [46–49] Phages have
been considered potential agents to control biofilms [50]. Extracellular polysaccharide
material is a well-known component of stable bacterial biofilms and can protect bacteria
from desiccation, predation, and bacteriophage attack [51–53]. Numerous studies have
revealed that the components of the biofilm, its age, the efficacy of the phage, and the
length of the treatment play a role in efficient biofilm eradication [54,55]. The findings
of our study confirmed the concept that the use of phage can reduce Vibrio biofilms, in
particular those grown on plastic surfaces. Phage treatment has significantly removed the
biofilms grown on polystyrene coverslip surfaces. The SEM results were consistent with
the quantitative data, which showed a considerable decrease in biofilm-forming cells and
biomass. The phage was stable over a wide range of temperatures and pH when incubated
without a host, suggesting that it has good thermal and pH stability. Thus, it would be easy
to preserve and beneficial in different environmental conditions in phage therapy.

Our study is unique as we tested both the preventive and treatment potential of phage
VMJ710 against a biofilm-forming MDR V. cholerae isolate in a mouse model. The infant
mouse model is the most commonly used in a majority of cholera studies [56]. Adult
mice are not able to colonize efficiently by V. cholerae without the elimination of the gut
microflora, whereas infant mice are efficiently colonized [57]. Though the exact reason for
the colonization of infant mice is not well studied but might be because of their immature
or poor immune system. Bacterial counts were reduced significantly, and animals survived
within 24–48 h post-bacterial challenge when phages were administered by orogastric
inoculation. This indicated that phage preparation needs to be administered within a
specified time. The histopathological examination of the intestine of the phage-treated mice
revealed lesser tissue damage and almost normal intestinal walls, crypts, and overlying
mucosa. This reveals that phage-treated animals had less severe infections and could
withstand a deadly bacterial attack.

We also showed that the phage can prevent the establishment of V. cholerae infection
and prevent disease when the phage was administered 6–12 h before the bacterial challenge.
Our results are similar to those of a previous study by Yen et al., where a cocktail of three
highly characterized virulent phages (ICP1, ICP2, and ICP3) was similarly tested in infant
mice. When phages were administered orally up to 24 h before V. cholerae challenge, the
colonization of the intestinal tract was reduced, and cholera-like illness was prevented [37].
In our study, though the most significant reduction in bacterial counts occurred at 6–12 h,
mouse survival was the same in the 24 h group, suggesting that phages administered
orally up to 24 h before V. cholerae infection could prevent cholera. This is helpful as a
pre-emptive therapy in cholera-outbreak-affected areas. The phage can be given to close
contacts of cholera cases, where the secondary attack rate may be as high as 50%. Due
to the increasing resistance of V. cholerae to antibiotics, alternative therapies are needed.
Biocontrol of the disease, as well as the environmental reservoir via phages, can also be a
potential alternative to control cholera. Genome analysis provided no evidence of lysogenic
genes (obligately lytic), genes related to potential virulence factors, or antibiotic resistance.
Based on all these characteristics, phage VM710 is a suitable and promising candidate as a
biocontrol and therapeutic agent. However, more such phages need to be discovered for
formulating suitable cocktails. Further trials will be needed to ensure the safety of phages
for human use.

5. Conclusions

We isolated a Vibrio phage VMJ710 from the community sewage sample during an
outbreak of cholera in Chandigarh, India. WGS revealed that the phage was lytic and
devoid of genes associated with lysogeny, virulence, or antibiotic resistance. The phage has
anti-biofilm activity and is stable under different environmental conditions. This phage can
be a suitable candidate for oral phage administration and potentially combatting cholera
infections caused by pathogenic MDR V. cholerae strains.
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5-Sewage treatment plant, Raipur Khurd, 6-Ambala. Map was created using the online version of
Scribble Maps software. Figure S2: Representative picture of host range determination of Vibrio phage
VMJ710 by spot assay. Figure S3. Whole-genome sequence comparison between the genomes of
phage VMJ710 and four selected Vibrio phages using the BRIG tool v0.95: Reference genome: phage
VMJ710 (Innermost black ring) genome. The phage genome sections that have less than 50% or no
resemblance to VMJ710 are shown by a gap in the relevant genome ring. Figure S4: Biofilm formation
capacity of 26 MDR Vibrio cholerae strains in crystal violet assay. Figure S5: The structural architecture
of an established 24-hour-old V. cholerae biofilm at 5000×. Table S1: Antibiotic sensitivity pattern
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Abstract: This research work aimed at developing an edible biopolymeric microcapsular wrapping
(EBMW) integrating lytic bacteriophage particles for Salmonella enterica, with potential application in
poultry feed for biocontrol of that pathogen. This pathogen is known as one of the main microor-
ganisms responsible for contamination in the food industry and in foodstuff. The current techniques
for decontamination and pathogen control in the food industry can be very expensive, not very
selective, and even outdated, such as the use of broad-spectrum antibiotics that end up selecting
resistant bacteria. Hence, there is a need for new technologies for pathogen biocontrol. In this
context, bacteriophage-based biocontrol appears as a potential alternative. As a cocktail, both phages
were able to significantly reduce the bacterial load after 12 h of treatment, at either multiplicity of
infection (MOI) 1 and 10, by 84.3% and 87.6%, respectively. Entrapment of the phage virions within
the EBMW matrix did not exert any deleterious effect upon their lytic activity. The results obtained
showed high promise for integration in poultry feed aiming at controlling Salmonella enterica, since
the edible biopolymeric microcapsular wrapping integrating lytic bacteriophage particles developed
was successful in maintaining lytic phage viability while fully stabilizing the phage particles.

Keywords: bacteriophage particles; Salmonella enterica; edible biopolymeric wrapping; foodborne
illness; phage cocktail; antibacterial control

1. Introduction

Foodborne diseases are a major cause of morbidity and mortality worldwide. Accord-
ing to the World Health Organization (WHO), it is estimated that diarrheal diseases alone
(most of which are caused by foodstuff contaminated by pathogenic microorganisms) kill
1.9 million children per year [1]. Foodborne diseases are a global public health concern and,
according to the WHO, it is estimated that one out of ten cases can be fatal, especially in
children under five years of age, causing about 420 thousand deaths in the American conti-
nent [2]. In Brazil, most foodborne diseases are caused by the pathogens Salmonella enterica,
Escherichia coli, and Staphylococcus aureus [3,4], causing diarrhea, abdominal pain, vomiting,
and/or nausea [4].

Discovered and described in 1885 by Daniel Salmon, a veterinary bacteriologist, the
genus Salmonella is considered a member of the Gram-negative Enterobacteriaceae family [5].
It is commonly divided into two species, Salmonella enterica and Salmonella bongori, and has
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over 2500 known serotypes that differ in their wide host range and ability to cause disease,
with over 50% of the identified serotypes belonging to the Salmonella enterica species, which
is responsible for the vast majority of Salmonella infections in humans [6]. Salmonella is part
of the microbiota of birds, and there is a diverse amount of Salmonella serovars. While the
serovars Salmonella pullorum and Salmonella gallinarum are important pathogens of birds, the
serovars Salmonella enteritidis and Salmonella typhimurium have a broad host spectrum [7].
Among other foodborne pathogens, Salmonella alone is responsible for several tens of
millions of incidents of salmonellosis worldwide, on a yearly basis, associated with more
than 150,000 deaths [4,5].

From the second half of the twentieth century, the emergence of bacterial strains
resistant to multiple drugs (viz. multi-drug resistant) has been a reality arising from broad,
indiscriminate utilization of chemical antibiotics in areas as diverse as (but not limited to)
human medicine, animal medicine, food industry, and agriculture [6,8]. In addition, such
multi-drug resistant bacteria may be transmitted from direct contact between farmers and
animals and the environment [9]. Antibiotics that promote animal growth have been used
since the last three quarters of a century with the aim of improving both animal health and
performance. Despite this, and due to the appearance of resistance to antibiotics in bacteria
associated with public health hazards, routine supplementation of antibiotics in animal
production has been drastically reduced and even banned in some countries [10].

Poultry production is one of the world’s sectors that most uses antibiotics, and reduc-
ing the use of antibiotics is one of the biggest challenges for this industry globally [9]. In
this context, alternative approaches have become necessary, with the application of lytic
bacteriophages (or phages) being a potential alternative to combat bacterial diseases in the
agricultural industry [11], with enormous potential in the fight to reduce the burden of
infectious diseases [2,12].

Bacteriophages are viruses devoid of metabolic machinery of their own that exclusively
infect susceptible bacterial cells, hence being obligate intracellular parasites that require
a bacterial host cell to replicate [13,14]. The use of bacteriophages to biocontrol bacteria
has unique advantages, including that these viral particles are natural, self-multiplying,
and highly specific antibacterial agents [13,14]. In addition, bacteriophages specifically
target their bacterial host cells while not affecting the local microbiota, are self-replicating
and self-limiting nano-entities while there are still viable target host cells, can adapt to the
major defense mechanisms of the target host cells, display virtually nil toxicity, are easy and
economical to isolate, and can tolerate various conditions prevailing in food matrices [13].
In this way, researchers have sought to use them to treat various types of bacterial infections
in humans and animals as well as in environmental applications [5,13,15]. According to
several researchers, the concept of combating pathogenic bacteria in food by using phage
particles can be addressed at all stages of the entire food chain, specifically in preventing or
reducing colonization and disease in livestock via phage therapy [16].

In the poultry industry, bacteriophages have also been used in a wide variety of
applications, such as treating live birds, adding to poultry products, and disinfecting
processing equipment. It was shown that treatment with phages administered to chickens
via aerosol or oral gavage was able to control bacterial infections and decrease mortality [17].
Recent studies have reported success in reducing Salmonella spp. by the application of
bacteriophages in chickens and products derived from them. Additionally, bacteriophage
supplementation has been shown to improve feed efficiency, reduce pathogens in broilers,
and improve production and egg quality in laying hens [11].

For the success of antibacterial therapy with phages, several obstacles still have to be
overcome, with one of the problems of phage therapy for birds (especially in large commer-
cial aviaries) being the form of administration. In this sense, the incorporation of phage
particles into poultry feeds could be an interesting alternative. For this, the phage must be
able to survive in the feed and the gastrointestinal tract of the birds. The acidic environment
of the stomach can promote the deactivation of phage particles [18]. Abiotic factors such
as pH, temperature, and light radiation are parameters known to affect the stability of
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bacteriophages and their infectious ability [19]. Luminal pH in the gastrointestinal tract of
birds ranges from highly acidic in the proventriculus (pH 2.0–5.0) to slightly basic in the
small intestine (pH 5.0–7.0). All feeds fed to chickens are thus subjected to gastric pH in
the range of 2.0 to 5.0 [20]. In the case of bacteriophages, for their efficient delivery into
the gastrointestinal environment and a safe passage through the acidic environment, the
protection of phage particles is a very important factor to achieve the desired antibacte-
rial therapeutic effect of bacteriophages. From this perspective, preventive strategies are
necessary to protect the phage particles. One such strategy is the microencapsulation of
phages [18,21] aiming at their potential incorporation into poultry feed, which was the
strategy followed in the research work entertained herein. Essentially, phage encapsulation
is a process whereby the phage particles are coated with appropriate biopolymeric materials
to segregate them from the surrounding environment, thus protecting the bacteriophages
from the aggressive environment of the bird’s gastrointestinal tract, which could reduce
their viability or render them inactive [22] before they could exert their antibacterial action.

With all the aforementioned facts in mind, the major goal of the research work enter-
tained herein was to isolate and characterize lytic bacteriophage particles for Salmonella enterica
and promote their structural and functional stabilization within biopolymeric microcap-
sular wrappings aiming at potential applications in poultry feed for the biocontrol of
Salmonella enterica in live poultry and the associated foodstuff thereof (eggs and carcasses).

2. Materials and Methods
2.1. Biological Material

Bacterial host for phage isolation: The collection Salmonella enterica CCCD-S004 strain
utilized in this work as host for phage isolation was acquired from CEFAR Diagnóstica
(São Paulo, SP, Brazil). Bacteriophages: The two phages utilized in this study (ph001L and
ph001T) were previously isolated from samples of lake water (ph001L) and soil with hen
faeces (ph001T) collected near the Veterinary Hospital at UNISO (geographic coordinates:
23◦29′58.7” S; 47◦23′45.2” W), Sorocaba/SP (Brazil). Collection strains for host-range as-
says: The bacterial strains utilized in the extended host-range assays were obtained either
from ATCC (American Type Culture Collection, Gaithersburg, MD, USA) (viz. Aeromonas
hydrophyla ATCC 7966, Salmonella thyphimurium ATCC 13311, Escherichia coli ATCC 8739, En-
terococcus faecalis ATCC-29212, Klebsiella pneumoniae ATCC-13883, Salmonella enterica subsp.
Enteritidis ATCC 13076, Proteus mirabilis ATCC 25933, Pseudomonas aeruginosa ATCC 27853,
Pseudomonas aeruginosa ATCC 9027, Staphylococcus aureus ATCC 25923, Staphylococcus aureus
ATCC 6538, Salmonella enterica subsp. enterica serovar Typhimurium ATCC 14028, Bacillus
cereus ATCC 14579, and Escherichia coli ATCC 25922), CEFAR (São Paulo, SP, Brazil) (viz.
Pseudomonas aeruginosa CCCD-P004, Salmonella enterica CCCD-S004, and Proteus mirabilis
CCCD-P001), IBSBF (Phytobacteria Culture Collection of Instituto Biológico Campinas, SP,
Brazil) (viz. Pseudomonas syringae pv. garcae IBSBF-158), and NCTC (National Collection
of Type Cultures, UK Health Security Agency (UKHSA), Salisbury, UK) (viz. Klebsiella
pneumoniae NCTC-13439). All manipulation of materials, bacteria, bacteriophages, culture
media, and evaluation of microbiological activity was carried out in a Filterflux® Class
II, type B2, biological safety cabinet model SP-SBIIB2-126 from SP-LABOR (Presidente
Prudente, SP, Brazil).

2.2. Chemicals

The chemicals utilized in this study were purchased from Dinâmica Química Con-
temporânea Ltd.a (Diadema, SP, Brazil). Tryptic Soy Agar (TSA) and Tryptic Soy Broth
(TSB) culture media were purchased from Sigma-Aldrich Brazil (Cotia, SP, Brazil), and
bacteriologic solid agar was purchased from Gibco Diagnostics (Madison, WI, USA). Ster-
ilizing filtration systems Stericup™-GP (with 0.22 µm pore diameter polyethersulphate
membrane) were acquired from Merck-Millipore (Darmstadt, Germany). Tap water was
ultra-purified to a final resistivity of 18.18 MΩ·cm and conductivity of 0.05 µS·cm−1 in a
Master System All MS2000 (Gehaka, São Paulo, SP, Brazil).
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2.3. Preparation of a Salmonella enterica CCCD-S004 Growth Curve

The host bacteria (in lyophilized form, from CEFAR collection) was hydrated in TSB
liquid medium, plated on solid TSA, and incubated at 37 ◦C for 12 h. A single CFU was
then withdrawn with a sterile loop, inoculated in 250 mL sterile TSB, and incubated at
37 ◦C for 12 h. At predetermined time intervals, the optical density of the culture was
evaluated spectrophotometrically at 610 nm.

2.4. Phage Enrichment, Isolation, Propagation, and Enumeration

Phage enrichment from samples of lake water and soil with hen faeces collected near
the Veterinary Hospital at UNISO was performed according to the procedure described
elsewhere [23–25], with small modifications, using Salmonella enterica CCCD-S004 (in
exponential growth).

Isolation of phage plaques was carried out using the conventional double-layer
agar method described in previous works [23–26], and titres (PFU/mL, plaque-forming
units/mL) of the phage suspensions produced thereof were determined.

A Salmonella enterica overnight culture (100 µL) was mixed with 5 mL of molten top
agar–TSB (30 g/L TSB, 6 g/L agar, 0.05 g/L CaCl2, 0.12 g/L MgSO4, pH 7.4) in test tubes,
tapped gently, and poured onto TSA plates which were gently swirled and allowed to dry
out for 1–2 min, followed by overnight incubation at 37 ◦C. Sterile paper strips were wetted
in the phage enrichment suspension and dragged several times on a Petri plate containing
a bacterial lawn. The plate was incubated at 37 ◦C for 24 h and then the morphology of the
phage plaques was observed. Different phage plaques were pierced with sterile toothpicks,
which were then stuck several times (in a line) in Petri plates with bacterial lawn. Sterile
paper strips were then used to streak the phages as described above. More successive
single-plaque isolation cycles were performed to obtain pure phage isolates. The plates
with different plaque morphologies were then incubated overnight at 37 ◦C, and the last
two steps were repeated until all phage plaques were uniform. The plates were stored at
4 ◦C until needed. To each plate used, 5 mL of SM buffer was added, and the plates were
then further incubated with shaking (70 rpm) at 4 ◦C for 18 h. After incubation, the SM
buffer with phages was collected and added to chloroform up to a final ratio of 10% (v/v).
The phage suspensions were centrifuged (9000× g, 4 ◦C, 10 min) to remove intact bacteria
or bacterial debris. The aqueous phases were collected into a single sterile flask and stored
at 4 ◦C as phage stocks.

Bacteriophage enumeration was carried out via the double agar overlay technique, as
follows. Serial dilutions of the concentrated stock bacteriophage suspensions produced
were prepared sequentially, starting by adding 50 µL of each concentrated stock bacterio-
phage suspension to 450 µL SM buffer. An amount of 5 µL-droplets of each bacteriophage
dilution were plated in triplicate in a lawn of the bacterial host and the plates were allowed
to dry out for 10 min, after which they were incubated overnight at 37 ◦C. Following
incubation, the bacteriophage plaques formed in each serial dilution were counted, con-
sidering only those dilutions with 3–30 bacteriophage plaques. The bacteriophage titre
(PFU/mL) of the concentrated stock bacteriophage suspensions was then calculated as
number o f phage plaques f ormed× (1/dilution)× (1/Vbacteriophage inoculum (mL)).

2.5. Phage–PEG Precipitation

Phage suspensions (1010–1011 PFU/mL) were added to a sterile mixture of polyethy-
lene glycol (PEG) 8000 (Sigma-Aldrich, St. Louis, MO, USA) (10%, w/w) and NaCl (1 M)
(Sigma-Aldrich, St. Louis, MO, USA), in a volumetric proportion of 2:1, respectively. The
resulting suspensions were incubated overnight at 4 ◦C and then centrifuged at 11,000 rpm
(4 ◦C, 45 min). The supernatant was then discarded, and the pellet was resuspended and
homogenized in a 5 mM MgSO4 aqueous solution (Sigma-Aldrich, St. Louis, MO, USA).
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2.6. UV-Vis Spectral Scans for Determination of Phage Particle Extinction Coefficient

Determination of the phage particle molar extinction coefficient was based on the
procedure described elsewhere [23–27], using the wavelengths producing the maximum
absorption of phage particles (viz. 252 nm (phage ph001L) or 251 nm (phage ph001T))
and 320 nm (wavelength where phage chromophores produce little light absorption). All
spectrophotometric readings were performed in a UV-Vis spectrophotometer from Agilent
(model Cary 60 UV-Vis, Santa Clara, CA, USA).

2.7. Transmission Electron Microscopy (TEM) Analyses

Phage particles of PEG-concentrated suspensions were centrifuged (4 ◦C, 150 min,
45,000 rpm, 124,740× g) in a benchtop Beckman-Coulter ultracentrifuge (model Optima
TLX micro-ultracentrifuge) with a TLA-55 Fixed-Angle Rotor (Indianapolis, IN, USA) and
underwent negative staining with uranyl acetate (Sigma-Aldrich, St. Louis, MO, USA) at
2% (w/v) and pH 7.0, following the procedure described in previous works [23,24], prior
to analysis via transmission electron microscopy in a transmission electron microscope
from JEOL (model JEM 2100, Tokyo, Japan), encompassing an LaB6 filament, operating
at 200 kV and with resolution of 0.23 nm; a high-resolution CCD camera from GATAN
Inc. (model ORIUS™ 832.J4850 SC1000B, Pleasanton, CA, USA) with a resolution of 11 Mp
(4.0 × 2.7 k·pixels/9 × 9 µm2) was utilized for the acquisition of digital images, via the
software Gatan Microscopy Suite (DigitalMicrograph from Gatan Inc., version 2.11.1404.0,
Pleasanton, CA, USA).

To determine virion capsid and tail dimensions, 7 phage particles were measured for
each phage using the public domain ImageJ software (version 1.52a) from the National
Institute of Health (Bethesda, MD, USA).

2.8. Host Range of Isolated Phage Particles: Spot Test and Efficiency of Plating (EOP)

Phage host-range was determined by spot-testing using the bacterial strains listed
in Table 4, according to the procedure described elsewhere [25,28,29]. For those bacte-
rial strains that produced positive spot tests, the EOP was calculated by comparison
with the efficacy for Salmonella enterica CCCD-S004 (isolation host, EOP = 100%), as
EOP =

(
Average PFUtarget bacteria /Average PFUhost bacteria

)
× 100 [23–25,28,30,31]. All

EOP data displayed in Table 4 represent averages of three separate experiments, and were
scored as high (≥50%), moderate (10–0.1%), low (0.1–0.001%), or inefficient (≤0.001%),
relative to the isolation host (100%) [31].

2.9. Phage One-Step Growth (OSG) Analyses

Growth parameters for the two phages were extracted from the one-step growth curves
using Salmonella enterica CCCD-S004 (1 × 108 CFU/mL) and ph001L (1 × 105 PFU/mL)
and ph001T (1× 105 PFU/mL) at MOI≤ 0.001 [23,25], with three independent experiments.
Adjusting a typical sigmoidal model such as a four-parameter logistic (4-PL) regression

equation, viz. Log (Pt) = P∞ +

{
(P0 − P∞)/

(
1 +

(
t
ψ

)ξ
)}

, to the experimental phage

growth data was a natural sequence. This allowed one to determine phage growth charac-
teristics such as eclipse, latent and intracellular accumulation periods, and virion progeny
yield [23–25,29]. In the model just described, Pt, P0, and P∞ are phage concentrations
(PFU/mL) at times t, 0, and ∞, respectively, ψ is the curve inflection point, ξ is the curve
steepness (Hill’s slope), and t is the incubation time (min). The model was fitted to the ex-
perimental phage growth data via nonlinear regression analysis using the function “Solver”
within Microsoft Excel (Microsoft, Redmond, WA, USA).

2.10. Phage Adsorption Analyses
A Salmonella enterica CCCD-S004 suspension in exponential growth (OD610nm ≈ 0.5,

≈ 5 × 108 CFU/mL) was added to bacteriophage particles at 8 × 105 CFU/mL in order
to produce MOI 0.001 [32], so that phage particles had a bacterial cell to adsorb onto, and
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the determinations proceeded in three independent assays as previously described [23–25].
Phage particle adsorption onto the host cells was expressed as normalized phage concentra-
tion in the supernatant along incubation time. If one assumes that phage virions have the
ability to adsorb onto susceptible cells and establish a reversible complex involving both
bacterial cells and adsorbed virions leading either to an infected bacterium or to a non-infected
counterpart, according to the mechanistic representation deployed by several researchers [33–35],

viz. Free virion (P) + bacterium (X0)
δ·X0
�
φ

Reversible complex {virion− bacterium} (∆), resulting

in postulation of the mathematical model Pt
P0

=
φ+{δ ×X0× e−(δ ×X0+φ)×t }

δ ×X0+φ , where Pt and P0 are phage

concentrations (PFU·mL−1) at times t and 0, respectively, δ is the (first order) phage virion adsorption
rate onto susceptible bacteria (CFU−1·mL·min−1), φ is the (first order) phage virion desorption
rate from reversible virion–bacteria complexes (mL·min−1), X0 is the initial concentration of unin-
fected (but susceptible) bacteria (CFU/mL), and t is infection time (h). The model was then fitted
to the experimental phage adsorption data via nonlinear regression analysis using the function
“Solver” within Microsoft Excel (Microsoft, Redmond, WA, USA), allowing determination of the
phage adsorption rate.

2.11. Bacteria Inactivation Experiments In Vitro by the Two Phages
Inactivation of planktonic host cells (105 CFU/mL, exponential growth) by the phages was

studied at MOI values 0.01, 0.1, 1, 10, 100, and 1000. For each MOI experiment (performed in triplicate
in three independent assays), a bacterial control (BC) was also added, comprising only planktonic host
cells. Both BC and treatments (BP-B, bacteria, and phage–bacterial concentration) were incubated
with the same time/temperature parameters, viz. 37 ◦C and 12 h. Two mL-aliquots of BC and
treatment samples (BP-B) were withdrawn at predetermined intervals of time up to a total treatment
timeframe of 12 h, viz. 0, 15, 30, 45, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330, 360, 420, 480, 540, 600,
660, and 720 min, and their absorbance duly measured at a wavelength of 610 nm.

2.12. Assessment of the Outcome of Abiotic Factors upon Phage Viability
The aftermath of T, pH, and solar radiation on phage (ph001L and ph001T, 107–8 PFU/mL)

viability was studied in phosphate-buffered saline (PBS, 10 mL). For the pH and T experiments,
aliquots were withdrawn every 2 h during the first 12 h and then every 12 h up to 72 h of incubation.
For the solar radiation experiments, aliquots were withdrawn every 1 h up to 7 h of exposure to
direct sunlight. Phage concentrations were evaluated in triplicate in three independent experiments
through double-layer agar plating followed by overnight incubation at 37 ◦C.

2.12.1. pH Studies
The aftermath of pH on phages ph001L and ph001T viability was studied via addition of phage

suspensions to sterile PBS with different pH values (viz. 3.0, 6.5, 8.0, 9.0, 10.0, and 12.0), under
constant temperature (25 ◦C).

2.12.2. Temperature Studies
The aftermath of T on phages ph001L and ph001T viability was studied via addition of phage

suspensions to sterile PBS (pH 7.0), followed by incubation at a constant temperature (25, 41, and
50 ◦C).

2.12.3. Solar Radiation Studies
The aftermath of solar radiation on phages ph001L and ph001T viability was studied via

addition of phage suspensions to sterile PBS (pH 7.0), followed by exposure to natural sunlight
(these were the test samples, S). Control samples (SR-C) were not exposed to solar radiation. These
studies were carried out on a shiny day with ambient T varying from 29 ◦C (09h00) to 35 ◦C
(end of the experiment), with a solar irradiance of ca. 4.561 kWh/m2 (data obtained from https:
//globalsolaratlas.info/map?c=-23.499789,-47.400936,11&s=-23.499789,-47.400936&m=site (accessed
on 3 April 2023)). Solar radiation (specifically, UV irradiation) is the most important factor for the
loss of phage infectivity in the environment [28]. Short radiation wavelengths (UV-B, 290–320 nm)
impart irreversible damages to the phage virion genome and result in modification of viral proteins
and formation of (lethal) photoproducts [28]. In the experiments performed herein, one used small
transparent flasks made of ordinary (non-mineral) glass, so that UV-A and UV-B radiation from
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sunlight could pass through and hit the phage suspensions. At the same time, the opening of the
flasks were maintained oriented towards the sun, in such a position that sunlight directly hit the
surface of the phage suspensions.

2.13. Formulation of the Edible Biopolymeric Microcapsular Wrapping (EBMW) Integrating the
Bacteriophage Cocktail

Preparation of the EBMW formulation integrating (or not) the phage cocktail followed the
internal gelation procedure described elsewhere [36–38], with modifications, aimed at structurally
and functionally stabilizing the phage particles. As the source of calcium ions, one used calcium
chloride. The phage MOIs used in the formulation of the EBMWs were defined considering an initial
bacterial contamination “load” of 1.0 × 107 CFU·mL−1. Hence, the process (Table 1) was initiated via
the preparation of sodium alginate dispersions in ca. 80% (w/w) of the total mass of ultrapure water
containing the phage cocktail. Occasionally, these dispersions were stirred and allowed to stand by
for at least 1 h, to allow complete hydration of the sodium alginate. For the EBMW formulation,
5.0 mL gelatin solution at a concentration of 10 mg/mL and 5 mL of the phage cocktail at a given MOI
were thoroughly mixed together in a beaker and, afterwards, the resulting suspension was added to
20 mL of sodium alginate at 2% (w/w). The suspension thus produced (dispersion A, Table 1) was
then dripped on 10 mL of a 2.65 mol·dm−3 calcium chloride solution containing chitosan at 0.3%
(w/w) (dispersion B, Table 1). After the formation of the EBMWs, the pH was measured and adjusted
to 5.5, and the EBMW particles were stored at 4 ◦C.

Table 1. Final (qualitative and quantitative) compositions of all edible biopolymeric microcapsu-
lar wrapping (EBMW) formulations encompassing calcium alginate biopolymeric matrices with
entrapped phage particles.

Component
EBMW Formulation

EBMW 1:
No Phages

EBMW 2:
MOI 1

EBMW 3:
MOI 10

EBMW 4:
MOI 100

EBMW 5:
MOI 1000

Phage ph001L (amount of virions) - 8.63 × 107 5.18 × 108 5.18 × 109 9.94 × 109

Phage ph001T (amount of virions) - 5.70 × 107 5.70 × 108 5.70 × 109 1.09 × 1010

Dispersion A

Phage buffer (mL) 5 5 5 5 5
Gelatin (mg) 50 50 50 50 50

Phage cocktail (virions) - 1.43 × 108 1.09 × 109 1.09 × 1010 2.09 × 1010

Sodium alginate at 2%
(w/w) (mL) 20 20 20 20 20

Dispersion B

Calcium chloride
2.65 mol dm−3 with

chitosan at 0.3% (w/w)
(mL)

10 10 10 10 10

2.14. Assessment of the Lytic Viability of Entrapped Bacteriophage Particles within the
EBMW Formulations

To check the preservation of lytic viability of the bacteriophage particles entrapped within
EBMW, a sample of the formulation was placed on a bacterial lawn of the host bacteria on a Petri
plate followed by incubation at 37 ◦C for 24 h. After this time period, the presence (or not) of clear
lysis zones surrounding the EBMW sample was observed.

2.15. Bacteria Inactivation Experiments In Vitro by the EBMW Particles with Entrapped
Phage Cocktail

Inactivation of planktonic (Salmonella enterica) host cells (OD610nm ≈ 0.5, exponential growth)
by the EBMW particles with entrapped phage cocktail at MOI values 100 and 1000 was studied. For
each EBMW formulation (performed in triplicate in three independent assays), a bacterial control
(BC) was also prepared, comprising only planktonic host cells. Both BC and treatments (EBMW-
BP-B, bacteria, and EBMW formulation—bacterial concentration) were incubated with the same
time/temperature parameters, viz. 37 ◦C and 12 h. A total of 10 microparticles of a given formulation
were placed in a 0.5 mL conical-bottom bioreactor containing a Teflon-coated conical stirring bar.
An amount of 500 microlitres of bacterial suspension (OD610nm ≈ 0.5, exponential growth) was then
added, magnetic stirring (75 rpm) was initiated, and the bioreactor was placed in an incubation
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chamber set at 37 ◦C. Five µL-aliquots of BC and treatment samples (EBMW-BP-B) were withdrawn
at predetermined intervals of time up to a total treatment timeframe of 12 h, viz. 0, 15, 30, 45, 60,
120, 240, 360, 480, and 720 min, and serial diluted in 45 µL SM buffer. The bacterial concentration in
both BC and EBMW-BP-B dilutions was determined in triplicate in solid TSA medium via the drop
(5 µL)-plate method after an incubation period of 12 h at 37 ◦C.

2.16. Phage Release Experiments from the EBMW Particles with Entrapped Phage Cocktail
To verify the preservation of lytic activity of the entrapped phage particles and to assess

their release from the EBMW particles, a simple experiment was performed. A total of 10 EBMW
microparticles with entrapped phages at MOI 1000 were placed in a 0.5 mL conical-bottom bioreactor
containing a Teflon-coated conical stirring bar. An amount of 500 microlitres of SM buffer was then
added, magnetic stirring (75 rpm) was initiated, and the bioreactor was left at room temperature
(ca. 25 ◦C). Five µL-aliquots of the supernatant were withdrawn at predetermined intervals of time
up to a total timeframe of 3 h, viz. 0, 5, 10, 15, 20, 25, 30, 45, 60, 75, 90, and 120 min, and serial
diluted in 45 µL SM buffer. The phage titre in all dilutions was determined in triplicate by the double
agar-layer method [23–25], using 5 µL droplets plated in triplicate in Salmonella enterica bacterial lawn
(exponential growth phase, OD610nm ≈ 0.5), after an incubation period of 12 h at 37 ◦C.

2.17. Physicochemical Characterization of EBMW Formulation
The physicochemical characterization of the EBMW formulations (Table 1) involved a wide array

of analyses (Fourier transform infrared spectrophotometry (FTIR), differential scanning calorime-
try (DSC), energy-dispersive X-ray fluorescence (EDXRF), X-ray tomography (XRT), and scanning
electron microscopy (SEM)), which will be detailed next.

2.17.1. FTIR Tests
FTIR spectra of EBMW formulations 1 and 5 were obtained in a FTIR spectrophotometer from

Thermo Scientific (model Nicolet 6700, Madison, WI, USA) coupled with an ATR module (germanium
crystal) (Smart Omni Sampler), from 4000 cm−1 to 675 cm−1 (resolution: 4 cm−1, 1024 scans), with
Happ–Genzel apodization.

2.17.2. Thermal Analyses via DSC Tests
Thermal analyses (DSC) of EBMW formulations (16.6180 mg of plain EBMW, and 16.0130 mg

of EBMW with phage cocktail at MOI 1000) were performed in a microcalorimeter from METTLER
TOLEDO (model DSC-1, Schwerzenbach, Switzerland), according to Rocha et al. [39], using high-
pressure aluminum pans sealed by pressure (with the lid punctured with a small hole) containing
the samples and a reference aluminum pan with plain air sealed inside. Samples were heated from
ca. 25 ◦C up to 250 ◦C, at 10 ◦C·min−1, under a constant N2 flow of 50 mL·min−1, with the heat
absorbed by the samples being recorded at a sampling rate of 0.2 s per data point.

2.17.3. EDXRF Tests
The elemental makeup of EBMW formulations (plain and loaded with bacteriophage cocktail at

MOI 1000) was determined using an EDXRF spectrometer (model Epsilon 1, Malvern Panalytical,
Cambridge, UK) equipped with a 5 W, 10–50 kV, Ag anode X-ray tube, with energy resolution of
125 eV, filters of Ag, Cu, Ti, and Al for the X-ray beams, and a high-resolution 25 mm2 silicon drift
detector (SDD) operating at Patm. All tests were performed with a measuring timeframe of 300 s
using atmospheric air, and the spectra were obtained sequentially from 0 keV to 30 keV (resolution of
0.02 keV).

2.17.4. XRT Tests
Tomographic images of the EBMW formulation entrapping the phage cocktail at MOI 1000

were obtained in an X-ray transmission tomograph [40] from Bruker microCT (model SkyScan 1174,
Kontich, Belgium). The sample was placed on top of a metallic support coated with adhesive tape
which was then placed inside the tomograph chamber. Image slices of the sample were then collected
at an operating voltage of 31 kV and electric current of 661 µA. A high number of radiographs
(image slices) of the sample were collected via measurement of the X-ray intensities transmitted
through the sample at different angular positions (rotation of 180◦ with angular increments of
0.7◦ originating 217 radiographs per image (exposure time per radiograph of 2500 ms), each of
which holding 1024 × 1304 (width × height) pixels with a spatial resolution of 6.70 µm), so that a
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tomographic image could be produced. Mathematical algorithms were then utilized to reconstruct
the three-dimensional (3D) tomographic images (652 × 652 × 652 pixels) of the EBMW particle,
via composition of the bi-dimensional (2D) images acquired. With all the radiographs collected at
each angular position, the software NRecon™ (Bruker, version 1.6.9.4, Kontich, Belgium) (using the
Feldkamp et al. [41] algorithm to reconstruct the tomographic images), CTVox™ (Bruker, version
2.6.0 r908-64bit), CTan™ (Bruker, version 1.13.5.1-64bit), and CTvol™ (Bruker, version 2.2.3.0-64bit)
were utilized for processing all the digital radiographs (image slices).

2.17.5. SEM Tests
The surface and morphology of an EBMW particle were analyzed in a SEM (JEOL, model

JSM-IT200, Tokyo, Japan) at high-vacuum. The samples were sputter-coated with a 92 Å-thick Au
film via cathodic pulverization, in a metalizing device (JEOL, Sputter Coater model DII-29010SCTR
Smart Coater, Tokyo, Japan). Photomicrographs were collected via random scanning using electron
beams at acceleration speeds of 10.0 keV.

2.18. Statistical Tests
Statistical tests of lack of fit of the mathematical model for phage adsorption (i.e., the expectation

function) to the experimental phage adsorption data were undertaken, aiming at testing the goodness
of the nonlinear fittings. These statistical tests are based on the fact that the subspace containing
the experimental data replications is orthogonal to the subspace containing both the experimental
data averages and the expectation function [23,24,28,29,42–44]. For this, the F-ratio (lack of fit mean
square (SSlack of fit/NDFlack of fit) over the replications mean square (SSreplications/NDFreplications)) was
compared with the statistical F-value (F(νNDF, lack of fit; νNDF, replications; α = 5%)). SS = sum of squares,
NDF = number of degrees of freedom.

The data gathered in the in vitro phage–bacteria inactivation assays was statistically analyzed
with GraphPad Prism 7.04 (GraphPad Software, San Diego, CA, USA). While the normal distribution
of the experimental inactivation data was verified by a Kolmogorov–Smirnov test, the homoscedas-
ticity was verified by the Levene’s test. The significance of the differences recorded for bacterial
concentration was evaluated via comparison between the results of treatment samples for each MOI
(BP-B, bacteria and phage—bacterial concentration in the treatment) with the corresponding bacterial
concentrations in the control (BC, bacterial concentration in the control) for the different inactivation
times, using two-way ANOVA and Bonferroni post hoc tests. A value of p < 0.05 was considered to
be statistically significant.

3. Results
In the present research work, the formulation of a bioactive edible biopolymeric microcapsular

wrapping (EBMW) integrating a structurally and functionally stabilized cocktail of two newly isolated
lytic phages for Salmonella enterica has been proposed, aiming at potential applications in poultry feed
for the biocontrol of this pathogen. Two different virulent phages were selected based on their ability
to form clear plaques of lysis, which were amplified in a Salmonella enterica CCCD-S004 bacterial
strain and, to assess their infectious potential for biotechnological applications such as biocontrol of
the aforementioned pathogen in live poultry, physicochemical and biological characterization was
undertaken, together with the characterization of the EBMW formulation integrating the lytic cocktail.

3.1. Bacterial Growth Curve
For isolating lytic bacteriophage particles, one decided to use a collection bacterium (viz.

Salmonella enterica CCCD-S004), and therefore the production of a growth curve (Figure 1) was
mandatory to observe the growth characteristics of the bacterial cells. For up to 5 h of growth,
approximately, the bacterium remained in a latency period and, after this short timeframe, its
exponential growth phase began and extended up to 9 h of growth (data not shown). Then, the
onset of the stationary phase period could be observed. These results were very important to the
subsequent research work, since an active bacterial culture in the exponential phase is necessary
for all phases of phage infection, isolation, and amplification. A nonlinear fitting of the Gompertz
function was performed on the experimental bacterial growth data, allowing one to estimate the
maximum biomass concentration at t = ∞ as 1.013 × 109 CFU/mL (corresponding to a maximum
absorbance of 1.1049), and of the lag period as 345 min (ca. 5.75 h).
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Figure 1. Growth curve of the host bacteria (Salmonella enterica CCCD-S004). The nonlinear fitting 
performed (Gompertz function) allowed estimation of the maximum biomass concentration at t = ∞ 
of 1.013 × 109 CFU/mL (corresponding to a maximum absorbance of 1.1049), and of the lag period 
(345 min, ca. 5.75 h). Values represent the mean of three experiments; error bars represent the stand-
ard deviation. 

3.2. Phage Virion Morphology via Transmission Electron Microscopy (TEM) Analyses 
Phages ph001L and ph001T, isolated from lake water and soil containing hen faeces 

in the surroundings of the Veterinary Hospital located within the UNISO Campus (Soro-
caba/SP, Brazil), produced clear plaques with very small dimensions on the host (Salmo-
nella enterica CCCD-S004) lawn (Figure 2), with absence of secondary halo surrounding 
them, indicating that these phages probably do not produce depolymerase enzymes 
[45,46]. TEM photomicrographs of phages ph001L and ph001T can be observed in Figure 
2. 

 
Figure 2. Images of lysis plaques and negative-staining TEM photomicrographs of phages ph001L 
(a) and ph001T (b). 

Figure 1. Growth curve of the host bacteria (Salmonella enterica CCCD-S004). The nonlinear fitting
performed (Gompertz function) allowed estimation of the maximum biomass concentration at
t = ∞ of 1.013 × 109 CFU/mL (corresponding to a maximum absorbance of 1.1049), and of the lag
period (345 min, ca. 5.75 h). Values represent the mean of three experiments; error bars represent the
standard deviation.

3.2. Phage Virion Morphology via Transmission Electron Microscopy (TEM) Analyses
Phages ph001L and ph001T, isolated from lake water and soil containing hen faeces in the

surroundings of the Veterinary Hospital located within the UNISO Campus (Sorocaba, SP, Brazil),
produced clear plaques with very small dimensions on the host (Salmonella enterica CCCD-S004)
lawn (Figure 2), with absence of secondary halo surrounding them, indicating that these phages
probably do not produce depolymerase enzymes [45,46]. TEM photomicrographs of phages ph001L
and ph001T can be observed in Figure 2.
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Figure 2. Images of lysis plaques and negative-staining TEM photomicrographs of phages ph001L
(a) and ph001T (b).

Based on the morphological analysis entailed by TEM (Figure 2), both phages displayed
siphovirus morphotypes and were putatively identified as belonging to the class Caudoviricetes.
Phages ph001L and ph001T displayed perfect icosahedral heads and long, flexible, non-contractile
tails; their approximate dimensions are displayed in Table 2.
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Table 2. Approximate dimensions of the two newly isolated bacteriophages.

Dimension Phage ph001L Phage ph001T

Head length (nm) 56.1 ± 1.7 52.6 ± 1.7

Head width (nm) 56.9 ± 2.6 57.1 ± 0.0

Tail length (nm) 217.9 ± 1.8 185.2 ± 2.7

Tail thickness (nm) 16.8 ± 1.4 12.8 ± 1.9

3.3. Phage Particle Extinction Coefficients
UV-Vis spectral scans of PEG-concentrated phages ph001L and ph001T (Figure 3a) were used to

obtain the wavelength producing the maximum absorption of radiation of both phages, giving rise
to the data displayed in Table 3 that was used to determine the phage particle extinction coefficient
(Figure 3b).
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Table 3. Data used to determine the (whole) phage particle extinction coefficients.

Phage
Suspension

Volume
(µL)

Dilution
Volume

(µL)
Virion

Number of Phage
Virions Withdrawn

from Suspension

Virion Particle
Concentration

(PFU/mL)

Absorbance at
251 (or 252) nm

Absorbance at
320 nm

Absorbance at 251 (or 252)
nm—Absorbance at 320 nm

10 2000
ph001L 1.73 × 1010 8.65 × 109 0.106 0.032 0.075

ph001T 1.14 × 1010 5.70 × 109 0.135 0.045 0.090

25 2000
ph001L 4.33 × 1010 2.16 × 1010 0.250 0.082 0.168

ph001T 2.85 × 1010 1.43 × 1010 0.226 0.065 0.161

50 2000
ph001L 8.65 × 1010 4.33 × 1010 0.451 0.141 0.310

ph001T 5.70 × 1010 2.85 × 1010 0.429 0.130 0.299

100 2000
ph001L 1.73 × 1011 8.65 × 1010 0.841 0.263 0.577

ph001T 1.14 × 1011 5.70 × 1010 0.905 0.277 0.628

150 2000
ph001L 2.60 × 1011 1.30 × 1011 1.272 0.394 0.878

ph001T 1.71 × 1011 8.55 × 1010 1.210 0.374 0.836

200 2000
ph001L 3.46 × 1011 1.73 × 1011 1.544 0.476 1.068

ph001T 2.28 × 1011 1.14 × 1011 1.610 0.495 1.115

For the two phages, maximum absorption was observed around 251 nm (phage ph001L) and
252 nm (phage ph001T), and the minimum absorption that was observed around 245 nm was an
indication that bacterial cell debris were virtually absent from the preparation with the concomitant
presence of a high concentration of phage virions.

Fitting the Beer–Lambert linear relationship to the experimental data displayed in Table 3
(Abs251(2) nm − Abs320 nm = ƒ (phage particle concentration, PFU/mL)), allowed obtaining the molar
extinction coefficient of the newly isolated phages as εphage ph001L = 6.463× 10−12 (PFU/mL)−1·cm−1

and εphage ph001T = 9.986 × 10−12 (PFU/mL)−1·cm−1. By subtracting Abs320nm, a wavelength where
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there is little absorption of radiation from phage chromophores, a raw correction for light scattering
from phage particles and non-phage particulate contaminants was carried out [23–28].

Phage virions are essentially made of structural proteins such as capsid, tail, baseplate, and spike,
whose chromophores (essentially the side chains of TRP, TYR, and PHE and disulfide bonds of CYS
moieties) exhibit a maximum absorption of radiation around 278–280 nm in the ultraviolet wavelength
region. Hence, quenching of radiation owing to protein chromophore absorption and scattering by
whole virion particles corrected by the quenching of radiation owing solely to protein chromophores,
leads to the hallmark absorbance for a particular virion at a particular concentration [47]. Structural
protein chromophores of phage virions have a nearly zero absorption of radiation (completely due
to scattering [48]) at 320 nm, which one uses to correct for radiation scattering from virions and
other contaminating particulates. Therefore, the structural proteins of the two phages isolated in
the research work described herein contributed substantially to their absorption spectrum and were
responsible for the wide plateau between 250 and 280 nm in the spectra, with a shallow maximum at
251 nm (phage ph001L) or 252 nm (phage ph001T).

According to previous studies [23–26,29], the molar extinction coefficient is yet another parame-
ter that allows one to differentiate between isolated phages and, as can be observed in Figure 3b, the
two phages are indeed different despite exhibiting the same siphovirus morphotype.

3.4. Phage Host Range and Efficiency of Plating (EOP)
Spot testing indicated that phages ph001L and ph001T could form completely cleared zones

on 7 of the 19 strains tested (Table 4). Beyond the host isolation strain, phages ph001L and ph001T
infected Salmonella enterica subsp. Enteritidis ATCC 13076, Pseudomonas syringae pv. Garcae IBSBF-
158, Escherichia coli ATCC 25922, Escherichia coli ATCC 8739, Klebsiella pneumoniae ATCC-13883, and
Klebsiella pneumoniae NCTC-13439, with moderate efficacies (Table 4).

3.5. Phage One-Step Growth (OSG) Analyses
Fitting the experimental one-step phage growth data to the 4-PL model via nonlinear regression

enabled one to determine the virion growth features for phages ph001L and ph001T (Figure 4).
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Figure 4. Analysis of the growth curves in a single synchronous cycle of phages (105 PFU/mL)
ph001L and ph001T on a late exponential phage culture of the host (Salmonella enterica CCCD-S004,
108 CFU/mL) (MOI ≤ 0.001). The fitted 4-PL model to the experimental phage virion growth data,
represented by blue and green lines, enabled estimation of phage virion growth features such as
eclipse (ep), latent (lp), and host intracellular accumulation (iap) periods, and burst size (bs), as
illustrated in Figure 4. All experimental data values represent means of triplicate determinations in
three independent experiments. Error bars represent asymmetric standard deviations.
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Table 4. Host range of phages ph001L and ph001T, evaluated on 19 collection strains. (+): clear zone
of lysis; (−): absence of lysis.

Bacterial Strains Source

Phage ph001L Phage ph001T

Spot
Test

Titre in
Target

Bacteria
(PFU/mL)

EOP (%) Score Spot
Test

Titre in
Target

Bacteria
(PFU/mL)

EOP (%) Score

Salmonella enterica
CCCD-S004

Collection,
CEFAR + 1.42 × 1012 100 (host) High + 1.82 × 1012 100 (host) High

Salmonella enterica subsp.
Enteritidis ATCC 13076

Collection,
ATCC + 6.87 × 1011 48.4 Moderate + 6.06 × 1011 33.3 Moderate

Pseudomonas syringae pv.
Garcae IBSBF-158

Collection,
IBSBF + 2.10 × 1011 14.8 Moderate + 3.26 × 1011 17.9 Moderate

Escherichia coli ATCC 25922 Collection,
ATCC + 2.18 × 1011 15.4 Moderate + 1.78 × 1011 9.8 Moderate

Escherichia coli ATCC 8739 Collection,
ATCC + 1.89 × 1011 13.3 Moderate + 2.25 × 1011 12.4 Moderate

Klebsiella pneumoniae
ATCC-13883

Collection,
ATCC + 1.04 × 1011 7.3 Moderate + 4.12 × 1011 22.7 Moderate

Klebsiella pneumoniae
NCTC-13439

Collection,
NCTC + 9.41 × 1010 6.6 Moderate + 3.29 × 1011 18.1 Moderate

Aeromonas hydrophyla
ATCC-7966

Collection,
ATCC − − − − − − − −

Enterococcus faecalis
ATCC-29212

Collection,
ATCC − − − − − − − −

Proteus mirabilis ATCC 25933 Collection,
ATCC − − − − − − − −

Pseudomonas aeruginosa
ATCC 27853

Collection,
ATCC − − − − − − − −

Pseudomonas aeruginosa
ATCC 9027

Collection,
ATCC − − − − − − − −

Staphylococcus aureus
ATCC 25923

Collection,
ATCC − − − − − − − −

Staphylococcus aureus ATCC
6538

Collection,
ATCC − − − − − − − −

Salmonella enterica subsp.
Enterica serovar
Typhimurium ATCC 14028

Collection,
ATCC − − − − − − − −

Pseudomonas aeruginosa
CCCD-P004

Collection,
CEFAR − − − − − − − −

Bacillus cereus ATCC 14579 Collection,
CEFAR − − − − − − − −

Proteus mirabilis CCCD-P001 Collection,
CEFAR − − − − − − − −

Salmonella thyphimurium
ATCC 13311

Collection,
ATCC − − − − − − − −

The phage growth parameters were determined from the nonlinear fittings performed to the
experimental phage growth data. Phage ph001L presented an eclipse period (ep) of 10 min, a
latent period (lp) of 25 min, and an intracellular accumulation period (iap) of 15 min, with a virion
morphogenesis yield (bs) of 466 virions/host cell, whereas phage ph001T presented an eclipse period
(ep) of 10 min, a latent period (lp) of 40 min, and an intracellular accumulation period (iap) of 30 min,
with a virion morphogenesis yield (bs) of 132 virions/host cell.

3.6. Phage Adsorption Analyses
Phages ph001L and ph001T adsorption assays showed that approximately 90% of the phage

particles adsorb to Salmonella enterica CCCD-S004 cells after 30 min and 100% adsorbed after 60 min
(Figure 5).

Fitting the experimental phage virion adsorption data to the adsorption decay model via non-
linear regression enabled estimation of the phage virion adsorption rates onto their host cells (δ)
and desorption rates from virion–bacteria complexes (φ): δph001L = 8.000 × 10−10 CFU−1·mL·min−1

and ϕph001L = 1.900 × 10−3 mL·min−1 (X0 = 1.0 × 108 CFU·mL−1; r2 (coefficient of determina-
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tion) = 0.96384); δph001T = 7.000 × 10−10 CFU−1·mL·min−1 and ϕph001T = 4.000 × 10−4 mL·min−1

(X0 = 1.0 × 108 CFU·mL−1; r2 (coefficient of determination) = 0.96791).
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Figure 5. Adsorption curves of phages ph001L and ph001T particles onto their host cells. The fitted
adsorption decay model to the experimental phage virion adsorption data, represented by blue
and magenta lines, enabled estimation of phage virion adsorption features such as adsorption and
desorption rates. All experimental data values represent means of triplicate determinations in three
independent experiments. Error bars represent standard deviations.

A statistical test of lack of fit of the adsorption decay model depicted in Section 3.9 was made
due to the not-so-small standard deviations of the experimental data points during the first 20 min
of the assay, indicating no lack of fit of the mathematical model at a significance level of 0.05 (95%
confidence), (phage ph001L: calculated Fratio = 0.0868, standard Fratio = 2.0147, p-value = 0.9999;
phage ph001T: calculated Fratio = 0.0772, standard Fratio = 2.0147, p-value = 0.9999). Because “lack of
fit” arises from the oscillation of experimental data points around the model fitted, a p-value > 0.10
(lack of fit statistically not significant), allows one to conclude that the mathematical model fits (i.e.,
predicts) the actual response data. Such a conclusion was illustrated via inclusion of small plots in
Figure 5, containing upper and lower 95% confidence intervals of the nonlinear fittings performed to
the phage adsorption data.

3.7. In Vitro Phage–Bacteria Inactivation Assays
The bacterial concentration in the control (BC) increased substantially (ANOVA, p < 0.05) during

the 12 h of incubation (Figure 6(a1,b1,c1)). When applying the two phages in an independent fashion,
phage ph001L did show the worst performance in terms of bacterial reduction (ANOVA, p > 0.05)
(Figure 6(a1,a2)). At MOI 0.01, phage ph001L managed to reduce the bacterial load by 32.5% after 12 h
of incubation with its host. This number increased to 42.5% at MOI 0.1 after 12 h of incubation, and to
56.2% at MOI 1 after 12 h of incubation (Figure 6(a1,a2)). At MOI 1, higher bacterial inactivation was
attained after 8 h, viz. 74.6% (ANOVA, p < 0.05), with phage ph001L. At MOI 10, the performance
of this phage was similar to at MOI 1 (ANOVA, p > 0.05). However, at MOI 100, phage ph001L
reduced the bacterial load by 58.0% after 6 h of incubation with the host, which was reduced to
only 26.6% after 12 h, due to bacterial regrowth (Figure 6(a1,a2)). At MOI values 100 and 1000, the
performance of phage ph001L was similar (ANOVA, p > 0.05) (Figure 6(a1,a2)). Increasing the MOI
from 0.01→ 0.1→ 1→ 100 did significantly increase the inactivation factor after 6 h of incubation
(ANOVA, p < 0.05), for independently applied phage ph001L (Figure 6), but after 12 h of incubation
MOI 100 was not very effective in maintaining bacterial reduction, with the increase in MOI from
0.01→ 0.1→ 1 succeeding in maintaining a significant bacterial reduction (Figure 6(a1,a2)). This
scenario was completely changed when phage ph001T was used. After 6 h of incubation with
its host, phage ph001T managed to reduce the bacterial load by ca. 93.0% at MOI 10 or 99.2% at
MOI 1000, reductions that were maintained at both MOI up to 9 h of incubation (Figure 6(b1,b2)).
These bacterial reductions were, however, reduced to not-so-high values after 12 h of incubation,
viz. 77.7% (MOI 1), 79.2% (MOI 10), 62.3% (MOI 100), or 67.2% (MOI 1000) (Figure 6(b1,b2)). For
phage ph001T, MOI 0.01 was the worst in terms of bacterial reduction performance (Figure 6(b1,b2)),
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attaining only 24.3% (ANOVA, p > 0.05) of bacterial load reduction after 12 h of incubation with
the host. Increasing the MOI from 0.01→ 0.1→ 1→ 10→ 100→ 1000 did significantly increase
the inactivation factor after 6 h of incubation (ANOVA, p < 0.05), for independently applied phage
ph001T (Figure 6(b1,b2)). This same trend could be noticed at 7 h, 8 h, and 9 h of incubation of this
phage and its host (Figure 6(b1,b2)). As a cocktail, both phages were able to significantly reduce the
bacterial load at both MOI 1 and MOI 10, by 84.3% and 87.6%, respectively, after 12 h of incubation
with the bacterial host (Figure 6(c1,c2)). At MOI values 1 and 10, the phage cocktail was able to
effectively control the bacteria after only 6 h of incubation, maintaining the bacterial reduction at
high levels of 84.3% and 87.6%, respectively, up to 12 h of incubation (Figure 6(c1,c2)). The phage
cocktail at MOI 10 proved to be the most effective, by significantly (ANOVA, p < 0.05) reducing the
bacterial load between 6 h and 12 h of incubation with the host (Figure 6(c1,c2)), although MOI 1000
was highly effective between 6 h and 9 h of incubation (Figure 6(c1,c2)). No statistical difference was
found for the results produced by the phage cocktail at MOI 1 and MOI 10 after 12 h of Incubation
(ANOVA, p > 0.05). When phage ph001L was used, a significant bacterial regrowth was observed
after 8 h of incubation (ANOVA, p < 0.05) for MOI 1, 10, 100, and 1000 (Figure 6(a1,a2)). Regarding
phage ph001T, after 8 h of incubation, a slight bacterial regrowth at MOI 1, 10, 100, and 1000 could be
observed, until the end of the treatment (Figure 6(b1,b2)). When the two-phage cocktail was used,
only a slight (and similar) bacterial regrowth could be observed at MOI 100 and 1000 after 9 h of
incubation with the host (ANOVA, p > 0.05). Despite this, by the end of the incubation timeframe, the
bacterial densities in the different treatments using either independent phages ph001L and ph001T
or a cocktail of both phages were significantly lower than that observed for the bacterial control
(BC, Figure 6).Antibiotics 2023, 12, x FOR PEER REVIEW 17 of 36 
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(a2), ph001T (b2), and their cocktail (c2), during a 12 h treatment timeframe. Bacterial concentration: 
BC, bacterial control; BP-B, bacteria with phage. Values represent the mean of three independent 
assays and error bars represent the standard deviation. 
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pH 8.0 than at pH 6.5 (Figure 7(a1), ANOVA, p < 0.05). However, at pH 3.0, phage ph001L 
endured during the first 2 h (Figure 7(a1), ANOVA, p > 0.05) but lost all its lytic viability 
(Figure 7(a1), ANOVA, p < 0.05) after 4 h. At pH values 6.5 and 8.0, phage ph001L persisted 
as viable for at least 72 h at 25 °C (Figure 7(a1)). Regarding phage ph001T, 2 h of incubation 
at pH 3.0 were sufficient to completely inactivate it (Figure 7(b1), ANOVA, p < 0.05). After 
72 h of incubation at pH 6.5 the abundance of phage ph001T decreased by about two or-
ders of magnitude (Figure 7(b1), ANOVA, p < 0.05). Nevertheless, the reduction of lytic 

Figure 6. In vitro inactivation of Salmonella enterica CCCD-S004 by (a1) independent phage ph001L,
(b1) independent phage ph001T, and by their cocktail (c1), at a multiplicity of infection (MOI) of 0.01,
0.1, 1, 10, 100, and 1000, and bacterial reductions (%) produced at all MOI for phages ph001L (a2),
ph001T (b2), and their cocktail (c2), during a 12 h treatment timeframe. Bacterial concentration: BC,
bacterial control; BP-B, bacteria with phage. Values represent the mean of three independent assays
and error bars represent the standard deviation.
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3.8. Assessment of the Outcome of Abiotic Factors upon Phage Viability
3.8.1. pH Studies

When different pH values (3.0, 6.5, 8.0, 9.0, 10.0, 12.0) were tested, it was observed that phage
ph001L concentration decreased with the decrease in pH; however, the differences among pH values
6.5 and 8.0 were not statistically significant (Figure 7(a1), ANOVA, p > 0.05) up to 12 h of incubation,
after which phage ph001L viability decreased more at pH 8.0 than at pH 6.5 (Figure 7(a1), ANOVA,
p < 0.05). However, at pH 3.0, phage ph001L endured during the first 2 h (Figure 7(a1), ANOVA,
p > 0.05) but lost all its lytic viability (Figure 7(a1), ANOVA, p < 0.05) after 4 h. At pH values 6.5 and
8.0, phage ph001L persisted as viable for at least 72 h at 25 ◦C (Figure 7(a1)). Regarding phage
ph001T, 2 h of incubation at pH 3.0 were sufficient to completely inactivate it (Figure 7(b1), ANOVA,
p < 0.05). After 72 h of incubation at pH 6.5 the abundance of phage ph001T decreased by about two
orders of magnitude (Figure 7(b1), ANOVA, p < 0.05). Nevertheless, the reduction of lytic viability
was more significant at pH 6.5 for this phage than at pH 8.0, after 24 h of incubation (Figure 7(b1),
ANOVA, p < 0.05). At pH 9.0, phage ph001T lost 1.07 log·PFU/mL after 2 h, 2.35 log·PFU/mL after
6 h, and completely lost its lytic viability after 12 h (Figure 7(b1)). On the other hand, phage ph001L
was relatively stable at pH 9.0 up to 12 h of incubation at that pH (Figure 7(a1)), but progressively
lost 1.28 log·PFU/mL after 36 h of incubation, 1.59 log·PFU/mL after 48 h, and 1.73 log·PFU/mL
after 72 h. At pH values 10 and 12, both phages lost completely their lytic activity immediately after
contacting the buffer at those high pH values (Figure 7(a1,b1)).
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Figure 7. Survival of phages ph001L and ph001T following exposure to different pH values ((a1):
ph001L; (b1): ph001T), different temperature values ((a2): ph001L; (b2): ph001T), and solar radiation
((a3): ph001L; (b3): ph001T). All experimental data values represent means of triplicate determi-
nations in three independent experiments. Error bars represent the standard deviation. SR: phage
exposed to direct sunlight; SR-C: phage not exposed to sunlight (control).
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3.8.2. Temperature Studies
The reduction in the concentration of viable phage ph001L particles was much higher at 50 ◦C

than at 25 ◦C and 41 ◦C (Figure 6(a2), ANOVA, p < 0.05). A maximum decrease of ca. 1 log·PFU/mL
was observed after 72 h when the phage ph001L samples were kept at a temperature of 25 ◦C, a trend
that was also observed at 41 ◦C (Figure 7(a2)). However, at 50 ◦C, phage ph001L viability decreased
1 log·PFU/mL after only 2 h of incubation, after which it completely lost its lytic viability (Figure 7(a2),
ANOVA, p < 0.05). Regarding phage ph001T, it was completely stable at 25 ◦C (Figure 7(b2), ANOVA,
p > 0.05), but at 41 ◦C lost 0.8 log·PFU/mL after 48 h of incubation and ca. 1.8 log·PFU/mL after 72 h
(Figure 7(b2), ANOVA, p < 0.05). At 50 ◦C, phage ph001T lost ca. 1.6 log·PFU/mL after only 4 h of
incubation, but after this timeframe it ceased to be viable (Figure 7(b2), ANOVA, p < 0.05).

3.8.3. Solar radiation Studies
Exposure of phages ph001L and ph001T to direct sunlight for 7 h promoted a decrease of

2.2 log·PFU/mL (phage ph001L, Figure 7(a3), ANOVA, p < 0.05) and 3.8 log·PFU/mL (phage ph001T,
Figure 7(b3), ANOVA, p < 0.05) in the abundance of viable phage virion particles, when compared to
the controls (SR-C).

3.9. Preparation and Characterization of the Edible Biopolymeric Microcapsular Wrapping
(EBMW) Integrating the Bacteriophage Cocktail

The edible biopolymeric microcapsular wrapping was prepared with sodium alginate by in-
otropic gelling. The technique allowed the preparation of a microcapsular wrapping with translucent
and uniform characteristics, with average diameters of 2 µm (Figure 8). Sodium alginate was chosen
for the production of the edible microcapsular wrappings for its interesting characteristics linked
to biocompatibility, biodegradability, non-toxicity, and gelling capacity [49]. Sodium alginate has
been successfully applied in edible films and coatings, aiming at food protection and also as car-
riers of some food preserving agents (antioxidants and antimicrobials) [50]. Furthermore, other
research works have indicated that alginate-based matrices are suitable for phage incorporation and
protection [36–38,51–53].
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integrating a cocktail of two lytic bacteriophages for Salmonella enterica CCCD-S004.

3.10. Assessment of the Lytic Viability of Entrapped Bacteriophage Particles within the
EBMW Formulations

Entrapment of the phage virion particles in the chitosan-coated calcium alginate biopolymeric
matrix of the EBMW particles promoted structural and functional stabilization of said virions, with
maintenance of their lytic viability (Figure 9). Maintenance of the lytic activity of the phage virion
particles within the microcapsular wrapping was evaluated since immobilization on different matrices
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can affect both their viability and availability. The process of obtaining films, coatings, and hydrogels
integrating phage particles ends up exposing them to stressful conditions such as mixing, stirring,
or drying [54]. Figure 8 displays images of Petri plates containing a lawn of Salmonella enterica
CCCD-S004 and, on top of it, the microcapsular wrappings (integrating or not phage particles). Lysis
zones can be seen in the lawn, surrounding the microcapsular wrappings integrating the phage
cocktail at MOI 1 (Figure 9b, inserted arrow), 10 (Figure 9c, inserted arrow), 100 (Figure 9d, inserted
arrow), and 1000 (Figure 9e, inserted arrow), indicating maintenance of the lytic activity of the phage
particles on the host bacteria upon immobilization within the microcapsular wrapping matrices. No
lysis zone could be observed for the control EBMW (Figure 9a).
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integrating the phage cocktail at (b) MOI 1, (c) MOI 10, (d) MOI 100, and (e) MOI 1000.

No lysis zone could be observed in the bacterial lawn surrounding the control microcapsular
wrapping matrix (Figure 9a). On the contrary, clear zones of lysis surrounding the EBMW matrices
integrating the phage cocktail was most evident for all MOI values tested (Figure 9), with the lysis
area increasing in general with increasing MOI, leading to the conclusion that integration of the
phage particles within the EBMW matrix formulation did not interfere with the lytic activity of the
entrapped phage particles.

To try to explain the lysis promoted by the entrapped phage particle cocktail when in contact
with a lawn of the host (Salmonella enterica CCCD-S004), a putative mechanism was put forward
(Figure 10).

Figure 10 displays an illustration for the putative interactions between the Ca alginate matrix
and the chitosan coating at different pH values. Chitosan is electrostatically bound to the surface of
the Ca alginate matrix at a lower pH (top-agar surface, pH equal to ca. 6). At a higher pH (Salmonella
enterica lawn surface, pH equal to ca. 9), chitosan becomes deprotonated and acquires a net negative
charge, and the repulsion forces acting on the (also negatively charged) Ca alginate matrix prevents
surface rebinding. The increase in pH promotes a disentanglement of the two polymers, destructuring
the particle and promoting release of the phage virions into the outer medium, where the phage
virions can contact and infect the bacterial host cells, promoting their lysis, as can be observed
in Figure 9.

The EBMW matrices integrating the phage cocktail at MOI 100 and MOI 1000 were also used in
microscale bacterial inactivation assays, and the results obtained are displayed in Figure 11.
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As can be observed from inspection of the data in Figure 11, the bioactive (lytic) EBMW
formulation containing the cocktail of bacteriophages at MOI 1000 was able to promote a reduction
in the bacterial load, albeit slight, due most probably to the non-disintegration of the particles within
the bacterial suspension and concomitant non-release of all bacteriophage particles. The EBMW with
the entrapped phage cocktail at MOI 100 was able to promote a slight decrease of 2.81 log·CFU/mL
after 4 h of treatment, which decreased to only 2.68 log·CFU/mL after 8 h and 2.65 log·CFU/mL
after 12 h of treatment. On the other hand, the EBMW with the entrapped phage cocktail at MOI
1000 was able to promote a nearly identical decrease in bacterial load after 4 h of treatment, which
increased to 2.88 log·CFU/mL after 8 h and endured up to the end of treatment, with a decrease of
2.90 log·CFU/mL after 12 h.

From the simple experiment that was designed and implemented aiming at evaluating the
process of release of the phage virions from the EBMW formulation with entrapped phage particles
at MOI 1000, it is clear that the EBMW particles released the virions progressively with time and that
they retained their lytic activity (Figure 12).
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3.11. Fourier Transform InfraRed Spectrometry (FTIR) Analyses
Figure 13 shows the FTIR spectra of the chitosan-coated EBMW integrating the phage cocktail

at MOI 1000 and of the chitosan-coated EBMW devoid of phage particles (control sample).
The FTIR spectra of the chitosan-coated EBMW integrating or not the phage cocktail are very

similar (Figure 13), allowing one to conclude that the phage particle did not engage in any type of
chemical reaction with the EBMW biopolymeric matrix. The broad peak between 3000 and 3650 cm−1

corresponds to the elongation of the OH- groups present in both the alginate polymer chain and
residual water molecules [55,56]. The peaks at 1420.05/1419.78 cm−1 and 1635.87/1635.66 cm−1 may
be attributed, respectively, to asymmetrical and symmetrical axial distortions of -COO- groupings,
indicative of the existence of carboxylic acid residues in the calcium alginate matrix [55]. Stretching of
C=C were encountered at ca. 1636 cm−1 for the calcium alginate matrix coated with chitosan, arising
most likely from isolated alkenes. The existence of N-acetyl moieties originating from chitosan was
ascertained by the peaks appearing at ca. 1635 cm−1 (primary amide C=O stretching) and 1295 cm−1

(tertiary amide C-N stretching). No characteristic N-H bondings from secondary amides were found
in the spectra of the formulations tested. The peaks at ca. 1420 cm−1 were attributed to bonding of
CH2 groups. The small peak at ca. 1144 cm−1 was assigned to asymmetrical stretching of -C-O-C-
groups whereas the peaks at 1078 cm−1 and 1028/1029 cm−1 were assigned to stretching vibrations
of the -C-O-C- bond of the ether groups from the chitosan coating [57–61]. The peak found at ca.
902 cm−1 was attributed to -C-H- groups bonding out of the plane of the sugar rings in chitosan
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moieties [62], whereas the peak at 1078 cm−1 was most likely due to stretching of -C-N- bonds from
aliphatic amines [63]. Abnormally, the absorption peak that appeared at 2360 cm−1 was most likely
due to antisymmetric stretching of CO2 molecules from air entrapped inadvertently in the EBMW
matrices during their formation [64]. As can be noticed from inspection of Figure 13, the same peaks
can be observed (with only minor variations in peak intensity) in the FTIR spectra of plain EBMW
microparticles and EBMW microparticles integrating the phage virion cocktail at MOI 1000, strongly
suggesting that the chemical features of phage virions were conserved during entrapment within the
microcapsular wrappings.
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Figure 13. Fourier transform infrared (FTIR) spectra of the chitosan-coated EBMW integrating the
phage cocktail at MOI 1000 (pink line) and of the chitosan-coated EBMW devoid of phage particles
(blue line).

3.12. Thermal Characterization of the EBMW Formulations via DSC
DSC thermograms of a plain EBMW formulation and of an EBMW formulation integrating the

phage virion cocktail at MOI 1000 are displayed in Figure 14.
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Very similar thermal events can be perceived for both EBMW particles, with the sample con-
taining the phage virion cocktail displaying a slightly higher melting enthalpy at virtually the same
temperature, viz. 111 ◦C. The peak temperature of heat absorption of the two particle formula-
tions were very close to one another and virtually equal to the mid-point of the calcium alginate
melting range, viz. ca. 111.5 ◦C [65]. The prepared microcapsular wrappings were basically made
of chitosan-coated calcium alginate. Thus, one can observe thermal events similar to each other.
The first endothermic events (sample and control) are probably related to coating dehydration [66].
The second endothermic events at 163.31 ◦C (sample) may be due to a depolymerization process.
The process of thermal disintegration of (bio)polymers encompass sequential steps of dehydration,
depolymerization, and disruption of -C-O- and -C-C- bonds with concomitant production of CO, CO2,
and H2 [67]. The EBMW sample also showed two small endothermic events at higher temperatures,
viz. 195.83 ◦C and 205.88 ◦C, which might be due to the influence of components in the buffer
solution (where the phages are diluted) that increase the conformational stability by electrostatic
interactions of the present components [68]. Phages encapsulated in a glassy matrix having a low
moisture content, such as the EBMW, may result in better storage stability at low and ambient storage
temperatures [69]. In addition, the glass transition temperature (Tg) detected at Tg = 74.23 ◦C in the
EBMW sample containing the phage cocktail might be due to the phage proteins, a value slightly
higher than the Tg reported by other researchers [70] for microencapsulated phage against Salmonella.
According to several researchers [71], protein moieties can be retained dried within a vitreous sugar
matrix at temperatures (T) lower by at least 50 ◦C than Tg, primarily for the reason that at (Tg − T)
> 50 ◦C, protein moieties are sufficiently stagnant with decreased reactivity. Perhaps such vitreous
stabilization rationale may also be applied to protein-based entities such as phage virions.

3.13. Elemental Profile of the EBMW Formulations Obtained by EDXRF
The elemental profiles of EBMW formulations, with and without phage particles, are displayed

in Figure 15. Relatively high concentrations of magnesium (Mg), chlorine (Cl), and calcium (Ca) were
found for both formulations, originating probably from the bacteriophage suspension and calcium
chloride utilized to prepare the formulations. Al (most likely originating from the sodium alginate
itself or chitosan, being probably a contaminant) was detected at ca. 0.4%, and other elements such as
phosphorus, sulfur, iron, and silver were detected in very small amounts.
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Figure 15. Elemental profiles of EBMW formulations, with and without phage particles.

The most common substances were, as expected, carbon, hydrogen, and oxygen, accounting
for ca. 79% and 77% of EBMW formulations without and with the phage cocktail, respectively
(Figure 15). Calcium alginate, the basis of the edible microcapsular wrapping, is made almost
entirely of alginate extracted from seaweed [72], and thus, CHO, calcium, and chlorine, in greater
proportions, are derived, probably from alginate. The element calcium (Ca) was also found in higher
concentration due to its addition during the inotropic gelation process. The elements phosphorus (P)
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and magnesium (Mg) also stood out, probably coming from the phage suspensions utilized. However,
these elements are not at all considered to be toxic.

3.14. XRT Analysis of the EBMW Integrating the Cocktail of Phage Particles
The optimized EBMW developed may be considered a natural polymer composite exhibiting a

very special porous microstructure which enables the imprisonment of the phage particles. From the
tomographic analyses via X-ray transmission performed to an EBMW particle loaded with the phage
particle cocktail (Figure 16), a homogeneous surface can be observed.
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Figure 16. Images obtained by tomographic analyses via X-ray transmission of the EBMW particle
loaded with phage particles, being (a) front view of a EBMW, (b) vertical cut of a EBMW, (c) top view
of a EBMW, (d) frontal cut, and (e) EBMW particle with front and top cuts. Three-dimensional image
slices were gathered using an operating voltage set at 31 kV and electric current with 661 µA.

The chitosan layer coating the calcium alginate matrix is in greater evidence (in green in
Figure 16) since, due to its stronger atomic density, it absorbs radiation to a greater extent. On
the other hand, the void spaces show up pinpointed in light green within the polymeric network
matrix (in purple in Figure 16) in the reconstructed three-dimensional image (Figure 16b,d,e). This
closely compares with the information gathered in the FTIR tests (Figure 13), viz. that the virion
particles likely did not establish any covalent bondings with the calcium alginate matrix. This
realization is clearly significant, meaning that by not establishing permanent bonding with the calcium
alginate matrix, the phage particles become readily available and maintain their lytic bioactivity,
as was demonstrated before (Figures 9, 11 and 12). A comparative porosity analysis of the EBMW
formulation integrating the phage particles can be found in Table 5, resulting from 2D and 3D
morphological analyses.

Table 5. Bi- and three-dimensional morphological parameters of the EBMW containing the cocktail
of phage virions at MOI 1000.

Parameter
EBMW Entrapping the Cocktail of Virion Particles at MOI 1000

Bi-Dimensional (2D)
Morphological Analysis

Three-Dimensional (3D)
Morphological Analysis

Number of layers - 101.0

Pixel size (µm) - 6.70

Total VOI (volume of interest), TV (µm3) 6.45 × 109 6.45 × 109

Object volume, Obj.V (µm3) 8.67 × 108 8.66 × 108

Percent object volume, Obj.V/TV (%) 13.44 13.42

Total VOI surface, TS (µm2) 2.74 × 107 2.74 × 107

Object surface, Obj.S (µm2) 6.13 × 106 5.41 × 106

Total intersection surface, i.S (µm2) 0 1.92 × 106

Object surface/volume ratio, Obj.S/Obj.V (µm−1) 7.07 × 10−3 6.25 × 10−3

Mean number of objects per slice, Obj.N 1.15 -

Average object area per slice, Av.Obj.Ar (µm2) 1.20 × 106 -
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Table 5. Cont.

Parameter
EBMW Entrapping the Cocktail of Virion Particles at MOI 1000

Bi-Dimensional (2D)
Morphological Analysis

Three-Dimensional (3D)
Morphological Analysis

Average moment of inertia (x), Av.MMI (x) (µm4) 1.79 × 1011 1.51 × 1014

Average moment of inertia (y), Av.MMI (y) (µm4) 1.00 × 1011 9.83 × 1013

Average moment of inertia (z), Av.MMI (z) (µm4) - 1.90 × 1014

Mean eccentricity, Ecc 0.69 -

Cross-sectional thickness, Cs.Th (µm) 573.70 -

Object surface density, Obj.S/TV (µm−1) - 8.38 × 10−4

Mean surface convexity index, SCv.I (µm−1) 2.17 × 10−4 3.14 × 10−3

Degree of anisotropy, DA - 2.75 (0.64)

Eigenvalue 1 - 2.86 × 10−2

Eigenvalue 2 - 4.32 × 10−2

Eigenvalue 3 - 7.88 × 10−2

Number of closed pores, Po.N (cl) - 0

Volume of closed pores, Po.V (cl) (µm3) - 0

Surface of closed pores, Po.S (cl) (µm2) - 0

Closed porosity (percent), Po (cl) (%) 9.47 × 10−4 0

Mean fractal dimension, FD 1.02 2.04

Volume of open pore space, Po.V (op) (µm3) - 5.58 × 109

Open porosity (percent), Po (op) (%) - 86.58

Total volume of pore space, Po.V (tot) (µm3) - 5.58 × 109

Total porosity (percent), Po(tot) (%) - 86.58

Euler number, Eu.N - 1

Connectivity, Conn - 3

Connectivity density, Conn.Dn (µm−3) - 0

When the properties of a substance, both mechanical and/or physical, differ when determined
along a Cartesian coordinate system, it means that such properties are directionally dependent, i.e.,
are anisotropic. The degree of anisotropy (DA) { 1− (Eigenvaluemin/Eigenvaluemax)} can assume
any value in the range 0 (total isotropy)–1 (total anisotropy). The EBMW loaded with phage virions
exhibited a DA of 0.63632 (Table 5), and thus can be considered more anisotropic than isotropic. The
results obtained for the total porosity of the EBMW (86.58%, Table 5) allow one to conclude that
the particles produced were mostly porous in their structure, displaying an open porosity exactly
equal to the total porosity (Table 5). Additionally, the mean fractal dimension in the 3D analysis is
2.04, giving a measure of how “intricate” a self-similar figure is and measuring roughly “how many
points” lie in a given set. The mean fractal dimension obtained (2.04) has an interesting property in
the sense that, as it fills the space of an area, it acts as if it is filling the space of a volume [73].

3.15. Morphological Analyses of the EBMW via SEM
Analyses of a EBMW particle via SEM allowed one to observe a homogeneous surface without

any fissures or crevices (Figure 17).
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microscopy (SEM) confirmed the formation of microcapsular wrappings with homogene-
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Figure 17. Photomicrographs of the vaginal egg surface at several magnifications ((a): ×500;
(b): ×1400; (c): ×4000; (d): ×25,000; (e): ×43,000). Images obtained by scanning electron microscopy
(SEM) confirmed the formation of microcapsular wrappings with homogeneous characteristics. In
photomicrograph (d) it is possible to observe the mean diameter of the particles produced.

4. Discussion
Salmonella enterica is known as one of the main microorganisms responsible for poultry con-

tamination. Developing new alternatives to the conventional antibiotic-based antimicrobial control
for preventing and/or controlling infections by this pathogen have been quite challenging and a
long-time goal within the scientific community, aiming at reducing the development of multi-drug
resistant bacteria. In the research effort described herein, the structural and functional stabilization
of two newly isolated lytic phages for S. enterica (viz. phages ph001L and ph001T, isolated from
environmental samples at the Campus of UNISO in Sorocaba, SP, Brazil) within edible biopolymeric
microcapsular wrappings (EBMW) has been proposed, aiming at a potential integration in poultry
feed as a means to control the aforementioned pathogen. The results obtained in this study provide
clear evidence that the use of the two newly isolated phages can reduce the population of pathogenic
S. enterica cells. The two newly isolated phages produced translucent and tiny plaques on a lawn of
the bacterial host, exhibiting diameters of approximately 0.1 mm (Figure 2); were identified as mem-
bers of the class Caudoviricetes and displayed siphovirus morphotypes (Figure 2) with similar capsid
dimensions but with different tail lengths (Table 2); and displayed distinct extinction coefficients
(Figure 3b) yet of the same order of magnitude [24,25]. The phage plaques produced by both phages
were clear and tiny and did not exhibit a secondary halo in the frontier of the lysis plaque of phage
(Figure 2), which is a likely indication that these phages do not produce depolymerase enzymes [74].

In the present study, the host range of the two newly isolated phages was assessed by determin-
ing if they were able to form clear plaques of lysis on particular bacteria (meaning that the phages
were able to productively infect the bacteria and yield progeny). According to Hyman [75], newly
isolated phage particles may also infect different bacterial cells displaying similar receptors on their
surface, beyond the species used in their isolation. Besides the isolation strain, phages ph001L and
ph001T were able to bind to Salmonella enterica subsp. Enteritidis ATCC 13076, Pseudomonas syringae
pv. Garcae IBSBF-158, Escherichia coli ATCC 25922, Escherichia coli ATCC 8739, Klebsiella pneumoniae
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ATCC-13883, and Klebsiella pneumoniae NCTC-13439, and kill them with moderate efficacies (Table 4),
yielding progeny virions at relatively high numbers and producing EOP values not so low, as was
verified for those bacterial strains, representing 37% of all bacteria tested. According to several au-
thors, while some phages can only infect one or a few bacterial strains, other phages can infect many
species or even bacteria from different genera [76–79], evidence that supports the results obtained in
the present research effort for the EOP determinations in the bacterial strains that produced positive
spot tests with both phages. Hence, a well-known singularity of bacterial lysis prompted from the
inside by phage-derived holins and lysins, a process commonly known as “lysis from within”, can
be speculated as a credible reasoning for these bacterial strains exhibiting specific surface receptors
recognized by both phages that led to their infection and concomitant killing. Notwithstanding this
realization, if practical applications are sought, new (different) lytic phages (isolated from environ-
mental sources) need to be integrated in the cocktail in order to attain a broader lytic spectrum against
more strains of S. enterica.

A one step of growth was clearly observed for both phages (Figure 4) during the first 10–30 min,
which levelled off after this growth. The two phages produced quite large virion progenies (i.e., burst
sizes), viz. 466 and 132 virions/host cell, respectively, for phages ph001L and ph001T, suggesting
that both phages replicate well in the host with small latencies (25 min for phage ph001L and 40 min
for phage ph001T). A number of studies that appear in the specialty literature revealed that using
phages producing large virion progenies (morphogenesis yields) within short lytic cycles enhance
the efficiency of bacterial control [80–82], however large morphogenesis yields are generally followed
by considerably longer latencies [83]. The morphogenesis yield of phage ph001L was ca. 4 times
larger than that of phage ph001T, but this did not imply a better performance of phage ph001L; on the
contrary, inactivation of planktonic host cells in vitro was in general much higher with phage ph001T.

Adsorption of a free phage virion onto a bacterial host cell is the apotheosis of its existence,
with the free energy reserve imparted to the virion three-dimensional conformation during its
morphogenesis coming into play, with the bacterial surface receptor-specific adsorption of free phage
virions dictating their host range [84]. Hence, knowing the dynamics of virion adsorption onto the
bacterial host and its concomitant inactivation in in vitro experiments is of utmost importance if use
of phage virions is intended to control pathogenic bacteria.

Both phages revealed virtually equal adsorption rates onto the host cells, viz.
8.0 × 10−10 CFU−1·mL·min−1 and 7.0 × 10−10 CFU−1·mL·min−1, for phages ph001L and ph001T,
respectively (Figure 5). These results are of the same order of magnitude as the results reported by [85]
(lytic phage fSPB adsorption rate on Salmonella serovar Paratyphi B, 4.7 × 10−10) and [86] (adsorption
rate of phage 1 = 2.2× 10−10 mL·min−1 and adsorption rate of phage 2 = 1.8× 10−10 mL·min−1, onto
Salmonella typhi), one order of magnitude lower than results reported by [87] (phage PVP-SE1 adsorp-
tion rate on Salmonella enterica serovar Enteritidis strain S1400, 1.00 × 10−9 mL·CFU−1·PFU−1·h−1)
and [88] (phage SHWT1 adsorption rate on Salmonella pullorum SP01, (8.8 ± 0.5) × 10−9 mL·min−1),
and two orders of magnitude lower than the results reported by [89] (phage phi1 adsorption rate
onto Salmonella enterica = 1.6 × 10−8 mL·min−1). According to [84], the adsorption constants in
some phages are close to the maximally possible values, viz. ca. 1 × 10–8 mL·min−1, but our results
(as the vast majority of the adsorption rates for phages onto their bacterial hosts) were two orders
of magnitude lower than such a maximum. Nevertheless, the desorption rate of phage ph001L
(1.900 × 10−3 mL·min−1) was much larger than that of phage ph001T (4.000 × 10−4 mL·min−1),
implying that fewer phage ph001L virions endured adsorbed to the host cells. Because adsorption of
phage virions onto specific receptors on the host cell followed by the virion genome translocation
into the host cytoplasm is required for its effective infection and concomitant virion morphogen-
esis [23,24,90], the much larger desorption rate for phage ph001L may have been accountable for
the smaller bacterial inactivation rates promoted by this phage at all MOI studied (Figure 6). The
adsorption profile showed that after 30 min ca. 90% of phages ph001L and ph001T particles were
adsorbed onto the host cells (Figure 5), whereas after 60 min ca. 100% of the phage particles were
adsorbed onto the host cells. As a consequence of the much higher desorption rate, phage ph001L
was not able to promote a significant decrease in bacterial concentration at all MOI studied, compared
with the non-treated BC (Figure 6(a1,a2)). During the first 6 h of incubation of phage ph001L in the
presence of its host, the bacterial concentration was only slightly reduced at all MOI, compared with
that of the bacterial control (Figure 6(a1)). On the other hand, phage ph001T, by having a much lower
desorption rate, succeeded in promoting significant bacterial reductions, especially at MOI 1, 10, 100,
and 1000 (Figure 6(b1,b2)). When incubating the phage cocktail integrating both phages ph001L and
ph001T with its host, significant bacterial reductions were observed especially at MOI 1, 10, 100, and
1000 (Figure 6(c1,c2)). A number of studies found in the specialty literature revealed that the decrease
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in bacterial cell numbers is either stronger or faster at higher MOI [25,91–93]. In this work, for either
phage, increasing MOI from 0.01→ 0.1 did not significantly increase the efficacy of phage-based
treatment (Figure 6(a1,b1,c1)) but increasing MOI from 1→ 10 was much more effective than when
increasing MOI from 10→ 100 or from 100→ 1000.

When tested against abiotic factors such as pH, temperature, and solar radiation, phage ph001L
concentration decreased with decreasing pH; however, the differences among pH values 6.5 and
8.0 were not statistically significant up to 12 h of incubation, after which phage ph001L viability
decreased more at pH 8.0 than at pH 6.5. However, at pH 3.0, phage ph001L endured during the
first 2 h but lost all its lytic viability after 4 h. At pH values 6.5 and 8.0, phage ph001L persisted
as viable for at least 72 h at 25 ◦C (Figure 7(a1)). Regarding phage ph001T, 2 h of incubation at pH
3.0 were sufficient to completely inactivate it (Figure 7(b1)). After 72 h of incubation at pH 6.5 the
abundance of phage ph001T decreased about two orders of magnitude (Figure 7(b1)). Nevertheless,
the reduction of lytic viability was more significant at pH 6.5 for this phage than at pH 8.0, after
24 h of incubation (Figure 7(b1)). At pH 9.0, phage ph001T was not very stable, fully losing its lytic
viability after 12 h (Figure 7(b1)). On the other hand, phage ph001L was relatively stable at pH 9.0 up
to 12 h of incubation at that pH (Figure 7(a1)), but progressively lost up to 1.73 log·PFU/mL after
72 h of incubation at that pH. At pH values 10 and 12, both phages lost completely their lytic activity
immediately after contacting the buffer at those high pH values (Figure 7(a1,b1)). The reduction
in the concentration of viable phage ph001L particles was much higher at 50 ◦C than at 25 ◦C and
41 ◦C (Figure 7(a2)). A maximum decrease of ca. 1 log·PFU/mL was observed after 72 h when the
phage ph001L samples were kept at a temperature of 25 ◦C, a trend that was also observed at 41 ◦C
(Figure 7(a2)). However, at 50 ◦C, phage ph001L viability decreased by 1 log·PFU/mL after only 2 h of
incubation, after which it completely lost its lytic viability (Figure 7(a2)). Regarding phage ph001T, it
was completely stable at 25 ◦C (Figure 7(b2)), but at 41 ◦C lost 0.8 log·PFU/mL after 48 h of incubation
and ca. 1.8 log·PFU/mL after 72 h (Figure 7(b2)). At 50 ◦C, phage ph001T lost ca. 1.6 log·PFU/mL af-
ter only 4 h of incubation, but after this timeframe it ceased to be viable (Figure 7(b2)). When
phage ph001L was exposed to solar radiation, the abundance of phage particles decreased by
2.2 log·PFU/mL (Figure 7(a3)) after 7 h of exposure, when compared with the phage control (SR-
C). The decrease in phage abundance was 2.0 log·PFU/mL (Figure 7(a3)). When phage ph001T
was exposed to solar radiation, the abundance of phage particles decreased by 3.8 log·PFU/mL
(Figure 7(b3)) after 7 h of exposure, when compared with the phage control (SR-C). The decrease in
phage abundance was 3.8 log·PFU/mL (Figure 7(b3)).

Salmonella enterica was not effectively inactivated by the cocktail of both isolated phages at
MOI 0.01 and 0.1 (Figure 6(c1)), and all remaining MOI tested failed to fully prevent bacterial
regrowth (Figure 6(c1)). A number of studies found in the specialty literature state that, because of
the gargantuan variability in bacterial cell surface receptors recognized by phage virions, regrowth of
bacteria after treatment with phages can be virtually circumvented by using a cocktail composed of a
variety of lytic phages displaying different adsorption processes [28,29,80,94–97].

One of the many challenges faced when performing bacterial biocontrol studies using phage
virions resides in proving its feasibility in real-world situations [24,28,29] and, therefore, integration
of the phage virions as a cocktail within the chitosan-coated calcium alginate matrix formulation
(EBMW) was performed aiming at proving its suitability for inclusion in poultry feed. The process
of entrapment of the phage particles via ionotropic gelation did not impact negatively in the lytic
viability of the imprisoned phage virions (Figure 9), a conclusion backed by the formation of clear
zones of lysis surrounding the EBMW formulations containing phages at different MOI on the
S. enterica lawn (Figure 9b–e). This was a clear indication that the phage virions imprisoned within
the calcium alginate matrix retained their lytic viability [26,27,38,98], with the biopolymeric matrix
providing suitable diffusion of the phage particles towards their host cells.

Hence, new in vitro phage–bacteria inactivation assays were performed in microscale, using
the EBMW particles containing entrapped phage virion cocktails at MOI 100 and MOI 1000. These
experiments, together with the putative mechanism developed (Figure 10), indeed gave a better
understanding of how EBMWs with entrapped phages will work in the avian digestive tract. In
bacterial suspension in TSB (pH ≈ 7), the chitosan-coated alginate microparticles remain cohesive
and firm since the cationic (protonated) chitosan coating stays firmly electrostatically attracted to
the Ca alginate matrix (negatively charged). This impairs the full release of phage particles into the
suspension, with concomitant low levels of bacterial inactivation, as can be observed in Figure 11.
In the avian digestive tract, where pH changes from 2.5–3.5 in the gizzard to 5–6 in the duodenum,
6.5–7.0 in the jejunum, 7.0–7.5 in the ileum, and 8.0 in the cecum/colon, this effect is anticipated to be
much more pronounced since separation of the chitosan layer due to its deprotonation at higher pH
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values leads to disintegration of the EBMW particles. Hence, according to the putative phage release
mechanism deployed (Figure 10), release of phage virions from the EBMW formulations is expected
to occur easily.

The FTIR spectra of the chitosan-coated EBMW integrating or not the phage cocktail were very
similar (Figure 13), allowing one to conclude that the phage virions did not engage in any types of
chemical reactions with the EBMW biopolymeric matrix, which suggests that the chemical aspect of
the phage virions was fully preserved during incorporation into the biopolysaccharide microcapsular
wrapping, a very important conclusion, because if the phages were involved in any type of bonding
with the biopolymeric matrix, that would prevent their release.

The prepared microcapsular wrappings were basically made of chitosan-coated calcium alginate,
hence similar (major) thermal events were observed for both the EBMW formulation devoid of phage
particles and the EBMW formulation integrating the cocktail of phage particles (Figure 14), with
melting enthalpies of the same order of magnitude, with the EBMW formulation integrating the
phage cocktail absorbing a slightly higher amount of energy (viz. 1728.72 J/g) at virtually the same
melting point (Figure 10), viz. 111.79 ◦C, than the EBMW formulation devoid of phage particles
(1713.07 J/g at 111.34 ◦C). Integration of the phage cocktail in the EBMW formulation promoted
a slight increase in the melting enthalpy and displaced slightly the peak temperature of the major
thermal event (Figure 14).

The results from the thermal characterization of the EBMW particles are linked to the stability of
the particles, a crucial parameter for their successful incorporation into poultry feeding. The thermal
stability of a biopolymer can be defined as its ability to withstand the action of heat while maintaining
its properties (such as toughness or elasticity) at a given temperature and as can be observed from
inspection of Figure 14, the melting temperature peak was around 111 ◦C. Since both phages retained
most of their lytic activity at 41 ◦C (Figure 7), the thermal analysis confirmed the stability of the
EBMW microparticles at temperatures up to 41 ◦C at least, since the biopolymeric matrix melts down
at a much higher temperature (Figure 14).

As expected, the EBMW formulations were composed almost entirely of carbon, hydrogen, and
oxygen (Figure 15), arising from the calcium alginate, chitosan, and also from the virions integrated
into the antibacterial EBMW formulation.

Analysis of EBMW containing the cocktail of lytic virions at MOI 1000 by XRT (Figure 16)
closely compared with the FTIR analysis (Figure 13) and denoted a lack of establishment of cova-
lent bonding between the phage virions and the calcium alginate matrix, thus making the phage
virions readily available with maintenance of their lytic bioactivity, as was demonstrated before
(Figures 9, 11 and 12). The EBMW formulation produced is essentially anisotropic, with a highly
porous (viz. 86.58%) structure and a high mean fractal dimension in the 3D analysis (Figure 16).

Additionally, morphology analysis of a EBMW particle via SEM allowed one to observe a
homogeneous rugged surface (photomicrographs c, d, and e in Figure 17), devoid of any fissures
or crevices whatsoever. From observation of the photomicrographs in Figure 17, a highly uniform
and compact matrix structure can be clearly observed, in clear agreement with results from X-ray
tomography (Figure 16). These observations are very significant, since the phage particles were
uniformly dispersed within the biopolymeric matrix, and the three-dimensionally reconstructed
digital slices in Figure 16 allow the clear observation of the compactness of the formulation, with
plenty of hydrophilic pores without air pockets (hydrophobic in nature, which could negatively
impact phage viability).

The results described herein clearly suggest that the cocktail produced with the two newly
isolated lytic phages, ph001L and ph001T, have the potential to be an effective surrogate to antibiotics
in controlling Salmonella enterica. Yet, both phages could not fully restrain bacterial regrowth in vitro,
neither separately nor as a cocktail. Hence, selecting more lytic phages for phage–bacteria inactivation
assays should consider not only their efficacy but also their potential for developing phage-resistant
bacterial mutants, which should circumvent and virtually obliterate the downside of bacterial-
acquired resistance to phages.

5. Conclusions
The results of the present work suggest that phage treatment using phages ph001L and ph001T

can be an effective alternative to control Salmonella enterica. However, both phages were not able
to fully prevent bacterial regrowth, although the bacterial reduction levels were quite high when
both phages were used as a cocktail, especially at MOI 1 and 10. It was also demonstrated that
microencapsulation within a biopolymeric formulation is a viable method for fully stabilizing the
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virion particles, both from structural and functional points of view, if integration within poultry feed
is sought as a means of controlling Salmonella enterica in poultry.
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Abstract: Biofilms are complex bacterial structures composed of bacterial cells embedded in extra-
cellular polymeric substances (EPS) consisting of polysaccharides, proteins and lipids. As a result,
biofilms are difficult to eradicate using both mechanical methods, i.e., scraping, and chemical methods
such as disinfectants or antibiotics. Bacteriophages are shown to be able to act as anti-biofilm agents,
with the ability to penetrate through the matrix and reach the bacterial cells. However, they also seem
to have their limitations. After several hours of treatment with phages, the biofilm tends to grow back
and phage-resistant bacteria emerge. Therefore, it is now recommended to use a mixture of phages
and other antibacterial agents in order to increase treatment efficiency. In our work we have paired
staphylococcal phages with lactoferrin, a protein with proven anti-biofilm proprieties. By analyzing
the biofilm biomass and metabolic activity, we have observed that the addition of lactoferrin to phage
lysate accelerated the anti-biofilm effect of phages and also prevented biofilm re-growth. Therefore,
this combination might have a potential use in biofilm eradication procedures in medical settings.

Keywords: phage therapy; phages; lactoferrin; biofilm; Staphylococcus aureus; MDRSA; MRSA

1. Introduction

Staphylococcus aureus is a common nosocomial pathogen that can be responsible for
wound infections, hospital-acquired pneumonia or sepsis [1,2]. The emergence of antibiotic
resistance, especially to methicillin among nosocomial strains, resulted in difficulties in
treatment, which is then responsible for prolonged hospital stays, increased mortality and
morbidity of infections [3]. The rates of methicillin resistance among clinical isolates vary
from country to country, ranging from a small percent in Scandinavian countries to over
50% in the U.S. and Asian countries [3–5]. S. aureus can form a biofilm—a complex bacterial
structure composed of bacterial cells embedded in extracellular polymeric substance (EPS)
that can attach to both organic and inorganic surfaces [6]. The ability to form a biofilm
plays an important role in S. aureus virulence as cells in biofilms are more resistant to
various eradication mechanisms. Furthermore, individual cells can detach from the original
biofilm and establish new sites of infection or mediate an acute infection such as sepsis [7].
Bacteriophages, the viruses that infect bacteria, have been shown to be able to successfully
eradicate biofilms [8,9]. Phages can prevent biofilm formation and maturation by destroying
bacteria in the outer layer of biofilm and planktonic cells. They can also penetrate existing
biofilms and eliminate the biofilm structure as phage lytic enzymes, depolymerase and
lysins, are being released from the cells upon phage progeny release [10]. However, even
phages have their limitations. In some cases, the re-growth of biofilm was observed, and
the emergence of resistant bacteria was reported [11,12]. Therefore, it is recommended
to pair the phages with other antimicrobials [13,14]. Since the global consensus is to
reduce the use of antibiotics, other compounds with antimicrobial activity are also being
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researched. Lactoferrin is an 80 kDa protein of the transferrin family of non-heme, iron-
binding glycoproteins and an important part of the innate immune system. It is present
in the blood, at the mucosa, and it is secreted with fluids such as milk, tears, sweat or
semen [15]. It has been shown that lactoferrin can act as anti-biofilm agent reducing the
biomass, loosening the biofilm structure and enabling its dispersion [15–17]. The detailed
mechanisms of lactoferrin’s anti-biofilm activity remain to be discovered [15]. However,
its potential in treatment should be investigated. Therefore, we have decided to test
the combination of phages and lactoferrin against clinical strains of multidrug-resistant
S. aureus (MDRSA). We have discovered that the phage–lactoferrin mixture significantly
reduced biofilm metabolic activity and biomass. Furthermore, the addition of lactoferrin
to phage lysate slowed down the process of biofilm re-growth. We believe that combined
phage–lactoferrin treatment could be implemented in the eradication of biofilms formed by
nosocomial pathogens and should be studied further to fully evaluate its potential.

2. Results
2.1. Lactoferrin Influence on Phage Activity

Bacteriophages vB_SenM-A, vB_SauM-C and vB_SauM-D have previously been char-
acterized and have proven activity against MDRSA biofilms when used alone [8,18].
In order to assess if phage and lactoferrin can be used simultaneously in the form of
a cocktail, the phage–lactoferrin mixture was stored at 4 ◦C for a period of 5 days, with
titration performed every 24 h. The phage titer began to drop after 3 days of incubation
in case of phages vB_SauM-C and vB_SauM-D (Figure 1). The highest drop in activity
(assessed using Plaque Forming Unit—PFU/mL) was observed for phage vB_SauM-C. The
titer dropped from an initial 109 PFU/mL to 6 × 108 PFU/mL after 4 days of incubation.
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2.2. Lactoferrin Influence on Biofilm Formed by MDRSA Strains

To evaluate lactoferrin anti-biofilm activity, we selected appropriate MDRSA strains
that were classified as strong biofilm producers during our previous studies [19]. Mature
MDRSA biofilms treated with three different concentrations of lactoferrin: 0.1 mg/mL,
1.0 mg/mL and 10 mg/mL, which were chosen based on literature data [16,17]. After 4 h,
12 h of 24 h of incubation with lactoferrin total biofilm biomass (Crystal Violet staining),
biofilm metabolic activity (MTT-Formazan assay) and the colony-forming unit (CFU/mL)
numbers were assessed. It was found that lactoferrin significantly decreased biofilm
biomass and viability in concentrations of 1.0 mg/mL and 10 mg/mL after 12 h and 24 h
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of incubation, respectively (Figures 2 and 3). In most cases, statistical analysis revealed
no difference between 1.0 mg/mL and 10 mg/mL concentrations of lactoferrin on biofilm
biomass and viability.

The effect was most pronounced for MDRSA strain no. 121 (more that 50% reduction
in both biofilm biomass and viability) (Figures 2 and 3). While strains no. 70, 120 and 203
were the least influenced in case of viability (Figure 3), significant reduction in biofilm
biomass was observed (Figure 2). We did not, however, observe a significant reduction in
the number of cells creating the biofilm (Figure 4).
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2.3. Biofilm Eradication by Phage–Lactoferrin Mixture

In order to assess if lactoferrin will influence phage anti-biofilm activity, a phage–
lactoferrin mixture was prepared. The mixture consisted of one of three previously char-
acterized phages (vB_SauM-A, vB_SauM-C and vB_SauM-D) with proven activity against
MDRSA strains [8,18]. Based on our previous studies and presented data on lactoferrin activity,
we have chosen the concentration of phage to be 109 PFU/mL and 1.0 mg/mL for lactoferrin.

We have observed that the phage–lactoferrin mixture was more efficient against
bacterial biofilm in the first hours after administration. The reduction was especially visible
in biofilm biomass and metabolic activity for phage vB_SauM-A (Figure 5). In the case
of phage vB_SauM-C, we have only observed an increased reduction in biofilm biomass
after the first four hours of incubation (Figure 6A). Biofilm biomass and metabolic activity
reduction for phage vB_SauM-D (Figure 7) was similar to phage vB_SauM-A. After 12 h, the
effectiveness of the phage–lactoferrin cocktail and phage lysate equaled out, and statistical
analysis revealed no significant differences. However, after 24 h of incubation in the
case of phages vB_SauM-C and vB_SauM-D, we have observed that the CFU/mL would
start to increase, signaling the re-growth of biofilm and possible emergence of resistant
bacteria (Figures 5I and 7I). When lactoferrin was added to the mixture, this effect was
not observed, and in the case of phage vB_SauM-D, there was a statistically significant
difference between the phage lysate and phage–lactoferrin treatments (except for strains
no. 70 and 110) (Supplementary Materials, Table S1). The difference in CFU/mL between
phage vB_SauM-C lysate and the phage–lactoferrin cocktail after 24 h of incubation was
statistically significant in the case of strains 70 and 370. In the case of strains 113, 124, 203
and 352, no statistical significance was reported (Supplementary Materials, Table S2).
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Statistical analysis was performed using t-test, p < 0.01 (**), p < 0.001 (***).
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3. Discussion

Bacteriophages are an effective tool against biofilms formed by nosocomial, which are
often multi-drug-resistant, strains of bacteria [20,21]. This has been proven by numerous
studies by various research groups [8,22,23]. However, even though phages were successful
where antibiotics have failed, they also seem to have their limitations [24–26]. Not all
bacteriophages can penetrate to the inner layers of the biofilm and are only able to lyse the
bacteria from the outermost layers. Additionally, extracellular polymeric substances secreted
in biofilm formed by some bacterial genera can immobilize and inactivate the phages [27].
Furthermore, the emergence of phage-resistant bacteria has been reported [26,28]. Therefore,
there is a need to find ways to counter these effects and increase the efficacy of phage
therapy [26,27]. Currently, pairing bacteriophages and other antimicrobial agents such as
antibiotics or essential oils are being investigated with promising results [14,29–31].

Antimicrobial proteins (AMPs), such as lactoferrin, are naturally occurring pro-
teins that act as natural barriers against infection [32]. They are seen as another al-
ternative to antibiotics in combat of antibiotic-resistant strains of bacteria. Lactoferrin
has proven antimicrobial activity against various pathogens such as Herpes simplex [33],
Papillomavirus [34], Pseudomonas aeruginosa [16], Salmonella enterica, Streptococcus sp. and
Staphylococcus sp. [32,35,36].

We have observed that the use of lactoferrin alone had a moderate effect on S. aureus
biofilm biomass and metabolism. The doses influencing biofilm metabolic state were
1.0 mg/mL and 10 mg/mL, and there was no statistically significant difference between
those concentrations. However, the treatment of MDRSA biofilms with lactoferrin did not
reduce the number of cells in the biofilm in a statistically significant way. It is therefore
possible that lactoferrin acted as a bacteriostatic agent rather than a bactericidal one and
prevented further biofilm formation. This was also observed by other research groups.
Singh et al. [21] and Ammons et al. [37] have reported that the addition of lactoferrin
to the medium prevented Pseudomonas aeruginosa from forming biofilms. Additionally,
Quinteiri et al. [17] have observed that application of 2.5 mg/mL lactoferrin hydrolysate
solution on biofilms attached to glass surfaces caused biofilm dispersion.

Since lactoferrin can influence biofilm dispersion in a significant way, it is therefore
proposed to use it as an additive to other antimicrobials to increase their effectiveness. For
example, it was reported that lactoferrin increases the inhibitory activity of penicillin up to
4-fold in penicillin-susceptible S. aureus strains and up to 16-fold in penicillin-resistant
strains by reducing β-lactamase activity [38,39]. Similar results were observed when
lactoferrin was paired with other antimicrobials and used against strains of E. coli [40],
P. aeruginosa [37,41,42], Candida sp. [43] and S. epidermilis [44]. Furthermore, reports by Am-
mons et al. and Leitch and Willcox suggest that pairing lactoferrin with other compounds
(that are not antibiotics) such as xylitol [37,42] or lysozyme [44] have resulted in increased
antimicrobial effect. Taking this into account, the pairing of lactoferrin with phages seems to
be a logical course of action. However, data on the use of the phage-lactoferrin mixture are
very scarce. There are reports that the use of lactoferrin increased phage stability and toler-
ance to environmental factors [45–47], and there are few in vivo studies of phage–lactoferrin
mixture’s effectiveness. Experiments performed by Zimecki et al. on mice models reported
that a combination of lactoferrin (10 mg i.v.) and T4 phage reduced the bacterial load of E.
coli in liver more effectively that each of the components separately [48]. Golshahi et al. [45]
have observed that the use of lyophilized phages in lactose/lactoferrin in a ration of 60:40
improved phage performance when delivered as inhalable aerosol. However, there are not
enough data to conclude whether the phage–lactoferrin mixture can be safely used and
whether the use of such a cocktail will increase the effectiveness of the treatment. Therefore,
in our work we have decided to analyze if the use of a phage–lactoferrin cocktail will result
in increased effectiveness against biofilms formed by clinical strains of MDRSA [19]. Since
we have observed that there was no significant difference in activity between 1.0 mg/mL
and 10 mg/mL concentrations of lactoferrin, we have chosen to use the lower concentration
for our studies. The phage concentration was chosen to be 109 PFU/mL based on our previ-
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ous reports [8]. We have observed that the use of a mixture resulted in significant decrease
in all parameters: biomass, metabolic activity and CFU/mL of S. aureus biofilms after just
4 h of incubation. The effect of a mixture was more pronounced than the use of phages
alone, with statistically significant differences after 12 h and 24 h of incubation. Further-
more, we have observed that the use of lactoferrin prolonged the activity of bacteriophages
on the biofilm and prevented its re-growth; this was observed after 24 h of incubation if
phages were used alone. This corresponds with the reports of other researchers, which
suggests that lactoferrin boosts and prolongs the effects of other antimicrobials [44,45,47].
Therefore, it can be assumed that the use of the phage–lactoferrin cocktail has potential
application against biofilms formed by multi-drug-resistant bacteria, though the detailed
mechanism remains to be determined [15,16,47]. We believe that more in vitro studies
involving other phage types and bacterial genera, followed by in vivo studies, i.e., on
Galleria mellonella or Caenorhabditis elegans models, could deliver more detailed data on
phage–lactoferrin synergy and effectivity, helping to answer the question if phage–AMPs
mixtures can be used as one of the treatment methods of multi-drug-resistant infections.

4. Materials and Methods
4.1. Bacterial Strains

A total of 18 multi-drug-resistant Staphylococcus aureus clinical isolates were chosen
from the collection of the Department of Medical Microbiology, the Medical University of
Gdańsk. Strains were selected based on their biofilm forming ability and were previously
described and characterized [18,19].

4.2. Bacteriophages

Bacteriophages vB_SauM-A, vB_SauM-C and vB_SauM-D were isolated from different
wastewater treatment plants and were previously characterized [18]. Their anti-biofilm
activity was analyzed and described [8]. Phage propagation, purification and enumer-
ation were performed as described previously [18]. Final phage titer used in this study
was 109 PFU/mL.

4.3. Lactoferrin

Lactoferrin from bovine milk (Sigma-Aldrich, St. Louis, MO, USA) was dissolved
in LB (Luria-Bertani) broth and filtered through 0.22 µm cellulose acetate filter (Merc,
Darmstadt, Germany) to form a stock solution of 20 mg/mL and stored at 4 ◦C. Final
concentrations used in the study were 10 mg/mL, 1 mg/mL and 0.1 mg/mL [16,32].

4.4. Lactoferrin Influence on Phage Activity

An amount of 100 µL of phage lysate with titer 109 PFU/mL was mixed with 100 µL
of lactoferrin at final concentration of 10 mg/mL and then incubated at 4 ◦C for 5 days.
Every 24 h, a 10 µL sample was collected, serial dilutions were made and the mixture was
titrated using double agar plate technique. The plates were incubated overnight at 37 ◦C
and then scanned for plaques. The phage titer was calculated based on the number of
plaques formed [18,49].

4.5. Assessment of Biofilm Biomass Using Crystal Violet Staining

Biofilms were grown on 96-well plates (Nest Biotechnology, Wuxi, China) in accor-
dance with previously described protocols, with minor modifications [19]. Each well was
inoculated with 200 µL of bacterial suspension, and the microtiter plates were incubated
for 24 h at 37 ◦C. After incubation, established biofilms were washed with distilled H2O,
and 200 µL of phage, lactoferrin or phage–lactoferrin mixture in LB was added to a set of
wells. After an incubation period (4 h, 12 h or 24 h) at 37 ◦C, the wells were washed with
distilled H2O, 100 µL of 1% crystal violet (Sigma Aldrich, St. Louis, MO, USA) solution was
added to each well and the plate was incubated for 15 min at 37 ◦C. Excess stain was rinsed
off by running tap water until the water was colorless, and the plate was left to air dry.
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To solubilize the dye bound to the biofilm, 200 µL of ethanol–acetic acid–water (30:30:40)
was added to the wells, and the optical density at 595 nm was measured in the microplate
spectrophotometer (BioTek Instruments, Winooski, VT, USA).

4.6. Assessment of Biofilm Metabolic Activity Using MTT

Biofilms were set and treated in accordance with protocol described above. After incu-
bation period, MTT solution in PBS was added to final concentration of 0.5 mg/mL in 100 µL
to each well and incubated at 37 ◦C for 1 h. After staining, the MTT solution was removed,
and 200 mL of acidified isopropanol was added to dissolve the MTT formazan product. The
absorbance was measured at 540 nm using a microplate spectrophotometer [19].

4.7. Enumeration of Cells in Biofilm Using CFU/mL Count

Biofilms were set and treated in accordance with protocol described at point 4.5. After
the incubation period, the number of bacteria adhered to the surface of microplate wells
was enumerated in accordance with previously described protocol. Therefore, 200 µL of
0.9% NaCl was added to each well, and biofilm cells were suspended by vigorous pipetting.
The 10-fold serial dilutions were immediately performed in 0.9% NaCl and 40 µL of the
dilutions were directly plated on LB plates.

4.8. Statistical Analysis

All the experiments were performed in triplicates that were averaged to produce
means used for analysis. Mean values were compared using the t-test. Differences were
considered statistically significant if p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics11091256/s1, Table S1: p values for statistical comparison
between influence of phage vB_SauM-D and vB_SauM-D + 0.1 Lf on cell count (CFU/mL) of MDRSA
biofilm, Table S2: p values for statistical comparison between influence of phage vB_SauM-C and
vB_SauM-C + 0.1 Lf on cell count (CFU/mL) of MDRSA biofilm.
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Abstract: Prosthetic joint infections are a devastating complication of joint replacement surgery.
Consequently, novel therapeutics are needed to thwart the significant morbidity and enormous
financial ramifications that are associated with conventional treatments. One such promising adjuvant
therapeutic is bacteriophage therapy given its antibiofilm activity and its ability to self-replicate.
Herein we discuss the case of a 70-year-old female who had a recalcitrant MRSA prosthetic knee and
femoral lateral plate infection who was successfully treated with adjuvant bacteriophage therapy.
Moreover, this case discusses the importance of propagating bacteriophage therapeutics on bacteria
that are devoid of toxins and the need to ensure bacteriophage activity to all bacterial morphologies.
Overall, this case reinforces the potential benefit of using personalized bacteriophage therapy for
recalcitrant prosthetic joint infections, but more translational research is needed to thereby devise
effective, reproducible clinical trials.

Keywords: bacteriophage therapy; Staphylococcus aureus; prosthetic joint infection; cell surface
receptor; transaminitis

1. Introduction

Prosthetic joint infections (PJIs) are the most feared complication of joint replacement
surgeries with an estimated 1 to 2% of all knee and hip prosthetics becoming infected
during the life of the prosthetic [1]. The gold standard treatment of chronic PJIs is two
stage revision surgery whereby the prosthetic is removed and reimplantation of a new
arthroplasty is not conducted until after six weeks of antibiotic therapy. This procedure is
taxing to patients and has immense financial ramifications [2]. Obstinately, the success rates
of this surgical technique have not changed over the past several decades and, consequently,
novel therapeutics are drastically needed [3].

One such novel therapeutic for PJI treatments is bacteriophage therapy given these
viruses have evolved with bacteria to possess innate anti-biofilm activities, can infect
metabolically reduced bacteria and can degrade the biofilm matrices [4]. In addition,
bacteriophages can self-replicate on their bacterial hosts, thereby, potentially increasing
their numbers to help cure the infection. Therefore, bacteriophages have been proposed to
be possible adjuvants with debridement and implant retention surgery to, thereby, cure PJIs
without prosthesis removal [5]. However, bacteriophages also hold promise as an adjuvant
in revision surgeries when retention of prosthetics is not feasible. Herein we discuss a case

109



Antibiotics 2022, 11, 616

of a patient who had a recalcitrant methicillin resistant Staphylococcus aureus (MRSA) PJI
of her knee and femoral plate that conventional treatments were not able to cure. Rather,
only after adjuvant bacteriophage therapy was a sustained clinical and microbiological
cure achieved

2. Case

A 70-year-old female with a past medical history of hypertension, diabetes and chronic
lymphedema of the right leg presented to the University of Maryland for a second opinion
of her recalcitrant MRSA PJI. The patient initially underwent bilateral knee arthroplasties
in 2008 for progressive osteoarthritis. Unfortunately, her right knee arthroplasty was
complicated by an MRSA PJI requiring revision surgery and intravenous vancomycin
and then indefinite oral suppression doxycycline therapy given her chronic lymphedema.
She then underwent right hip arthroplasty for progressive osteoarthritis, but this was
complicated by a periprosthetic femur fracture requiring the insertion of an extensive
lateral femoral plate, cerclage wires and single staged revision of right knee arthroplasty for
MRSA PJI followed by 6 weeks of vancomycin therapy and then indefinite oral doxycycline
therapy (Figure 1). Three months later, she had worsening pain in her knee and a draining
sinus tract. Arthrocentesis culture again grew MRSA. A repeat revision surgery was
deemed unlikely to be successful given her chronic lymphedema and extensive chronic
MRSA infection. Subsequently, she was recommended for fusion or amputation.
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Given the sinus tract and the extent of hardware infection (knee prosthetic, lateral
plate and hip prosthetic) in correlation with erosion of the medial condyle, salvage of
her prosthesis was not feasible as the prosthetic was loose. Therefore, explantation of
all hardware followed by reconstruction with a right revision hip replacement and knee
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replacement with total femur implant was deemed the best chance to eradicate the infection,
salvage her lower extremity and allow for ambulation. However, given the extent and
recalcitrant nature of her infection, adjuvant bacteriophage therapy was discussed with
this patient. She agreed to this experimental therapy and a repeat arthrocentesis of her
knee was obtained. Again, only MRSA was cultured, and the clinical isolate was sent to Dr.
Benjamin Chan to create a personalized bacteriophage therapy.

Her clinical isolate was matched to the bacteriophage Mallokai, which had adequate
growth inhibition and plaque formation. This bacteriophage was then amplified on her
clinical isolate to titers of 1 × 1010 PFU/mL. Evaluation of the bacteriophage therapeutic
did not reveal any endotoxins and USP-71 sterility testing was negative. Expanded access
was granted by the FDA (IND 27250) and approval by the University of Maryland of
Baltimore Institutional Review Board (HP-00094883EA) was obtained.

She then underwent removal of her knee prosthetic, lateral plate and hip prosthetic.
At the end of the surgery, an intraoperative dose of bacteriophage (1 × 1010 PFU/mL) was
diluted in 10 mL of normal saline, with resulting titers administered being 1 × 109 PFU/mL.
Intravenous daptomycin, 500 mg every day, was started after the operation. The next day
intravenous bacteriophage therapy (1 × 1010 PFU/mL) was diluted in 50 mL of normal
saline and infused over 30 min, with resulting titers administered being 2 × 108 PFU/mL.
She received three doses of intravenous bacteriophage therapy and was planned to receive
two more days of intravenous bacteriophage therapy. However, before her fourth dose
she developed an increase in aspartate and alanine transferase up to 2.5 times the upper
limit of normal and further doses were held. Four days after stopping bacteriophage her
transaminitis returned to normal. Operative cultures grew two different distinct MRSA
colony morphologies that were spatially separated, with one distinct colony morphology
obtained from knee tissues and another colony morphology from the proximal end of the
femoral lateral plate adjacent to the distal hip prosthetic. We retrospectively tested both
morphologies to ensure bacteriophage activity (Figure 2).
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Figure 2. Bacteriophage growth inhibtion assays for the two different MRSA clinical isolates: Sig-
nificant bacteriophage (Mallokai) induced growth inhibition was observed for both MRSA clinical
isolates at 24 h (Wilcoxon test, ** p < 0.005). Experiment was conducted with six replicates and was
reproduced in triplicate. Error bars are SD.

She then completed six weeks of intravenous ceftaroline therapy, 600 mg every 12 h,
as daptomycin was cost prohibitive. After six weeks, all antibiotics were stopped, and after
two months off antibiotic therapy, a repeat arthrocentesis was obtained that showed no evi-
dence of infection in the hip or knee joints. One month later, she underwent reconstruction
of her hip and knee joints with an intramedullary total femur implant (Figure 3). No MRSA
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could be cultured from operating room cultures and no infection was seen in the operating
room, but a rare growth of Streptococcus pyogenes was seen in one culture. While this
was thought to be a contaminate, especially given the lack of any signs of infection in the
operating room, we elected to treat for four weeks with intravenous ceftriaxone therapy,
2 g every day, to be conservative. In addition, as a result of her chronic lower extremity
lymphedema and the extensive reconstruction, we elected to use oral Cephalexin, 500 mg
twice daily, to prevent further PJIs after the ceftriaxone therapy. Given the prolonged
period in which she had not ambulated, she is currently receiving rehab to increase her
mobility but has had no signs of recurrence of her infection 12 months later.
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3. Discussion

Two stage revision surgery is the gold standard for the treatment of chronic PJIs, but
this intervention is associated with significant morbidity and financial ramifications [1,2].
When PJIs fail, two stage revision surgery limited standardized options are available. This is
in part because the biofilm laden prosthetic was removed and, consequently, all theoretical
niduses of infection were eliminated. Therefore, when immunocompetent patients have
recurrence with the same pathogen, this suggests that a deep-seated infection may be
present. Bacterial factors that cause these deep-seated infections include: persister cells,
small colony variants, plasma protein aggregates and microscopic abscesses in cortical
canaliculi [6–8]. Furthermore, when additional infected hardware is present beyond the
infected prosthetic, this complicates treatment and makes eradication even more difficult
as seen here.

In this case the patient had failed standard of care revision surgeries and a draining
sinus tract was present over her knee, indicating a chronic MRSA infection. A previous
periprosthetic femur fracture required a large lateral plate that was also infected with MRSA
and, obstinately, this was directly adjacent to the distal end of her hip prosthetic. Unfor-
tunately, her hardware could not be salvaged given the instability of the knee prosthetic,
but it was paramount to cure her infection to thereby implant a megaprosthesis to give her
the best chance to ambulate again on her lower extremity (Figure 3). Therefore, the use
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of intraoperative and intravenous bacteriophage therapy was used as an adjuvant to help
sterilize the joint. The benefits of using bacteriophage therapy with surgical interventions
have been discussed and have been used by other researchers [5,9–11]. Moreover, surgical
interventions are a central dogma of PJI treatments to achieve infection source control.
No standard of care PJI treatment is recommended without some form of surgery [12,13].
However, the use of surgical intervention does hinder the ability to definitively prove
effectiveness of the bacteriophage therapeutic, but in this case the intraoperative cultures
off antibiotics for many months supports sterilization of her infection. However, only
randomized clinical trials will be able to definitively prove if using bacteriophages as
therapy are effective adjuvants in PJI treatments.

While the bacteriophage therapy helped cure her recalcitrant MRSA infection, we
did observe a mild transaminitis with our protocol of intraoperative phage and then
intravenous phage therapy. As seen in a previous reported case, it was not until after
the third intravenous dose that we observed a mild transaminitis, which further supports
the need for close monitoring of liver enzymes when using bacteriophage therapy for
PJIs [14]. Additionally, since her bacteriophage therapeutic was grown on her MRSA clinical
isolate, we retrospectively evaluated her therapeutic for possible enterotoxins in which we
observed low levels of Staphylococcal enterotoxin A (3 ng/mL). It is unknown if this low
level of enterotoxin caused her to have mild liver inflammation or if the inflammation was
cytokine driven for reasons we state elsewhere [14,15]. Nonetheless, this case reinforces
that bacteriophage therapies can be contaminated with other elements beyond endotoxins
and supports the need to grow bacteriophage therapeutics on bacteria that are devoid of
these contaminants to mitigate the potential risks [15].

What was also interesting was that the patient had two distinct different MRSA
clinical isolates, which had different colony morphologies. Nonetheless, given the narrow
spectrum of bacteriophage activity, the bacteriophage used here was tested to ensure
growth inhibition to both morphologies. Figure 2 shows the results in which no differences
in growth inhibition were seen for the two morphologies. Even though the bacteriophage
had activity to both isolates, this case reinforces the need to ensure bacteriophage activity to
all isolates and morphologies given that assuming activity is what has led to failed clinical
trials [16]. Furthermore, most Staphylococcal bacteriophages bind to teichoic acid, but this
receptor can have different glycosylation patterns in different environments, which can
have ramifications for bacteriophage activity [17–19]. Therefore, at this nascent stage when
using bacteriophages for PJI, there is ample evidence supporting bacteriophage therapy use
as an adjuvant to surgical interventions instead of in lieu of surgery. This is to thereby allow
for effective and reproducible treatments as well as to isolate all bacteria and all potential
phenotypes of the causative bacteria to ensure activity of the bacteriophage therapeutic.

4. Materials and Methods
4.1. Bacteriophage Screening, Amplification and Purification

The screening, amplification and purification followed the same procedure as previ-
ously described [20]. To note, the concentrated bacteriophage was buffered in plasmalyte.
The final therapeutic was quality control tested for titers, sterility (USP <71>) and endotoxin
levels. The results from quality control testing can be found in Table 1. Retrospectively, we
also tested for levels of Staphylococcal enterotoxin A-C with use of commercially available
ELISA testing (Thermo Fisher Scientific, Waltham, MA, USA), which can be seen in Table 1.

Table 1. Titer, endotoxin, sterility and exotoxin levels of the bacteriophage used in this case.

Phage ID Titer (PFU/mL) Endotoxin (EU/Dose) USP <71> Sterility Staphylococcal
Enterotoxin A (ng/mL)

Mallokai 1 × 1010 <1 No Growth 3
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4.2. Testing for Bacteriophage Activity to the Two MRSA Morphologies

Overnight cultures of the two MRSA morphologies were grown in tryptic soy broth
(TSB) to optical density 0.30–0.60, representing exponential growth (OD 620 nm). Bacterial
cultures were then diluted to OD of 0.024 with TSB and placed into wells of microtiter
plates. Negative control included TSB without bacteria or bacteriophages (not shown in
Figure 2), but no changes in OD were seen. Positive control included bacteria in TSB without
bacteriophages. Wells of bacteria in TSB were infected with 0.05 mL of bacteriophage with
the same titers as used for the patient (1 × 1010 PFU/mL). OD was read at time zero and
again after microwell plates were incubated at 37 degrees Celsius for 24 h. Results were
reproduced in triplicate.

5. Conclusions

In conclusion, this case adds to the growing data supporting the potential use of bacte-
riophage therapy as an adjuvant to surgical interventions in PJI treatment. Bacteriophage
therapy may be a promising agent in treating PJI to either circumvent the need for revision
surgery or to enhance the efficacy of revision surgery, especially in complex cases that have
high risk of recurrence. However, more translational research is needed to clarify many
aspects of this therapeutic to devise effective, reproducible protocols before efficacy clinical
trials are conducted.
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Abstract: Enterococcus is a diverse genus of Gram-positive bacteria belonging to the lactic acid bacteria
(LAB) group. It is found in many environments, including the human gut and fermented foods. This
microbial genus is at a crossroad between its beneficial effects and the concerns regarding its safety.
It plays an important role in the production of fermented foods, and some strains have even been
proposed as probiotics. However, they have been identified as responsible for the accumulation
of toxic compounds—biogenic amines—in foods, and over the last 20 years, they have emerged as
important hospital-acquired pathogens through the acquisition of antimicrobial resistance (AMR).
In food, there is a need for targeted measures to prevent their growth without disturbing other
LAB members that participate in the fermentation process. Furthermore, the increase in AMR has
resulted in the need for the development of new therapeutic options to treat AMR enterococcal
infections. Bacteriophages have re-emerged in recent years as a precision tool for the control of
bacterial populations, including the treatment of AMR microorganism infections, being a promising
weapon as new antimicrobials. In this review, we focus on the problems caused by Enterococcus
faecium and Enterococcus faecalis in food and health and on the recent advances in the discovery and
applications of enterococcus-infecting bacteriophages against these bacteria, with special attention
paid to applications against AMR enterococci.

Keywords: Enterococcus faecalis; Enterococcus faecium; antimicrobial resistance; bacteriophage; food;
health

1. Introduction

The discovery of antibiotics in the mid-20th century is one of the scientific advances
that has had the most significant impacts on increasing life expectancy. The prescription
of antibiotics and other antimicrobials to treat bacterial infections, which can often cause
permanent damage and even end a patient’s life, has become a routine treatment. However,
in recent decades, the misuse of antimicrobials has led to a rapid increase in the isolation of
antimicrobial-resistant (AMR) bacteria. Today, AMR bacteria pose a great health problem;
in Europe alone, up to 133,000 deaths in 2019 were attributable to infections caused by
AMR bacteria [1], with an estimated cost for health services of over EUR 1000 million
every year [2]. Seven pathogenic species were responsible for most of the deaths registered,
namely, Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa and Enterobacter spp., listed together as the ESKAPE
group by the World Health Organization (WHO, Geneva, Switzerland) [1,3]. Because of the
great impact of these pathogens in terms of nosocomial infections, deaths and the economic
losses of health services, the WHO has encouraged the scientific community to search
for new ways to combat them [3]. In the context of this problem, bacteriophages have
re-emerged as a potential weapon to fight AMR bacteria.
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In this review, we focus on the advances in the characterization and application of ente-
rococcal phages as rediscovered weapons against AMR E. faecium and Enterococcus faecalis.

2. E. faecium and E. faecalis

Enterococci are a diverse group of Gram-positive bacteria belonging to the lactic acid
bacteria (LAB) group. The members of this genus are Gram-positive coccus-shaped bacteria
that possess a versatile metabolism allowing them to adapt to very diverse environments
and to resist rough conditions [4,5]. E. faecium and E. faecalis are the most studied species
from the genus Enterococcus due to their role in human health [6]. These species are consid-
ered commensal bacteria of the gastrointestinal tract in mammals, including that of human
beings [6–8]. They have also been isolated from a wide variety of environments that are
mostly, but not exclusively, related to animal and human facilities, for example, cattle facili-
ties [7], farms [9], hospitals [10] and wastewater facilities [11]. In fact, due to their persistent
presence in the intestinal habitat, their robustness and endurance and the ease of their
cultivation in the laboratory, enterococci are used as indicators of fecal contamination [12].
In addition, due to their presence in the gut, feces and milk of animals [13], they are also
commonly found in foods of animal origin, such as meat and dairy products [11,14].

Although E. faecium and E. faecalis are considered harmless commensal bacteria, some
strains are used as safe and effective probiotics, and they are present in certain cheeses in
which they participate in the elimination of foodborne pathogens via the production of
bacteriocins [15,16]. They can behave as opportunistic pathogens, and in recent years, they
have been established as one of the major nosocomial pathogens. E. faecalis is considered the
most pathogenic, but E. faecium has gained more concern due to the increasing acquisition
of AMR [6,16].

2.1. E. faecium and E. faecalis in Food

As previously mentioned, their presence in the gut, feces and milk of mammals results
in their presence in raw materials of animal origin, such as meat and dairy products. Their
resistance to adverse environmental conditions allows them to grow in a wide range of pH
values, temperatures and salt concentrations and to colonize foods, including fermented
foods [17]. Enterococci have an ambiguous status regarding food safety. In fact, although
these microorganisms belong to the LAB group (safe bacteria involved in the production
of fermented foods), they have been granted with neither the Generally Regarded as
Safe (GRAS) status nor the Qualified Presumption of Safety (QPS) status. Enterococci
can be considered a valuable asset in cheese making, as some strains can be used as
adjunct starter cultures [18,19]. The role of enterococci during cheese making is based
on the large variety of technologically interesting enzymatic activities, such as protease,
peptidase and lipolytic activities, which contribute to the organoleptic properties during
the maturation process [18]. In addition, some strains are able to produce enterocins—
so-called bacteriocins—and these produced by different strains of enterococcus that can
inhibit the growth of several foodborne pathogens, such as Staphylococcus aureus, Listeria
monocytogenes and Salmonella enterica [20]. However, their presence in foods has also been
associated with the production of biogenic amines (BAs), toxic compounds that can cause
food poisoning [21,22]. In fact, E. faecalis has been identified as the main species responsible
for the accumulation of elevated concentrations of tyramine and putrescine [23–25], two of
the most frequent BAs in dairy products [26,27]. Moreover, due to the increase in recent
years of multidrug-resistant (MDR) bacteria, including enterococci, and the coining of the
One Health concept to prevent their proliferation [28], concern regarding MDR enterococci
in food has emerged [29]. These AMR enterococci can reach the food chain, where they can
be transmitted directly or indirectly to humans and act as reservoirs of AMR genes that can
be transferred to human-adapted strains or to other pathogenic bacteria [29]. Of special
concern is the increase in vancomycin-resistant enterococci (VRE) from different food
sources [30–33]. Thus, although the presence of enterococci in food could be considered
beneficial in some scenarios, in general, they are considered a potential health threat.
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2.2. E. faecium and E. faecalis in Human Health

Enterococci are considered a commensal organism of the human gastrointestinal (GI)
tract, and they can be found in the GI microbiota of more than 90% of healthy people [34].
The first description of an enterococcal human infection was in 1899, when MacCallum and
Hastings reported infective endocarditis (IE) caused by a bacterium that they called Micro-
coccus zymogenes, later identified as a member of the Enterococcus genus [35,36]. Enterococci
were subsequently shown to be the cause of several kinds of infections, both community-
(e.g., including pelvic infections, urinary tract infections and IE) and healthcare-associated
infections (HAIs) (e.g., including surgical site infections, and urinary and bloodstream
catheter-related infections) [37]. Therefore, enterococci usually display low levels of viru-
lence, but they can also act as an opportunistic pathogen, causing severe infections, mainly
in vulnerable patients, such as those who are immunocompromised, have undergone
invasive procedures (e.g., the insertion of urinary or blood catheters) and have previously
received antimicrobial treatments [34].

2.2.1. Epidemiology of Enterococcal Infections

E. faecium and E. faecalis account for more than 90% of the enterococci recovered
from clinical samples in humans. Among them, E. faecalis is the most frequent species
(80–90%) causing human infection, followed by E. faecium (5–10%) and other species (less
than 10%) [38]. In recent decades, enterococci have become a first-rate clinical problem,
being one of the most common microorganisms of HAIs around the world [39,40]. Several
factors related to the host and to the microorganism have contributed to this conversion
of a commensal pathogen into one of the major causes of HAIs. The most relevant factors
associated with enterococci are their intrinsic resistance to some antimicrobials (e.g., amino-
glycosides, cephalosporins and clindamycin); their ability to acquire and disseminate AMR
determinants (e.g., linezolid and vancomycin resistance); and the plasticity of their genome,
which may contribute to improve their adaptation to harsh environments. Moreover, the
increasing number of patients undergoing immunomodulatory therapies, undergoing
invasive procedures or receiving multiple antimicrobial treatments, all of which are factors
associated with the host, favors the role of enterococci to cause disease [34,41].

2.2.2. Antimicrobial Resistance in Enterococci
Resistance to ß-Lactams

Enterococci are intrinsically resistant to cephalosporins, and they present a natural
reduced susceptibility to penicillin due to the expression of low-affinity penicillin binding
proteins (PBPs), designated PBP4 in E. faecalis and PBP5 in E. faecium [34,42]. Moreover,
many enterococci strains show tolerance to the bactericidal activity of ß-lactams, with the
minimal bactericidal concentrations being higher than the minimum inhibitory concen-
trations (MICs) [5]. This situation can be solved with the addition of an aminoglycoside
(typically streptomycin or gentamicin) to an active ß-lactam, which results in bactericidal
synergism [43,44].

A higher-level resistance to penicillin or ampicillin resistance in enterococci can be due
to the overexpression of chromosomal PBP4 and PBP5 in E. faecalis and E. faecium, respec-
tively, or through acquired mechanisms [45–47]. The former is anecdotic, as acquired mech-
anisms are the most frequent cause of ampicillin resistance. Acquired mechanisms include
ß-lactamase production and mutation acquisition in low-affinity PBP4 and PBP5 [48,49].
Currently, ampicillin resistance in enterococci is mainly mediated by the acquisition of
mutations in PBP, and it is far more prevalent in E. faecium than in E. faecalis [49]. Ampicillin-
resistant E. faecium due to acquired mutations in the PBP5-encoding gene has been linked
to a hospital-associated (HA) clade, and it emerged in the late 1970s in the United States
(US) [34]. Today, there is a high rate of ampicillin resistance in E. faecium strains, and it
exceeds 70% in many countries [5,50].
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Resistance to Aminoglycosides

Enterococci are intrinsically resistant to clinically achievable concentrations of amino-
glycosides due to the poor penetration of these agents through the bacterial cell wall in
E. faecalis and due to two chromosomally encoded genes, namely 6′-N-aminoglycoside
acetyltransferase (aac(6′)-Ii) and rRNA methyltransferase (efmM) in E. faecium [5,34]. As
previously mentioned, this type of resistance can be overcome with the addition of an agent
that disrupts cell wall synthesis, such as ß-lactams. Some strains can also exhibit a high
level of aminoglycoside resistance (MIC > 500 mg/L for gentamycin and MIC > 2000 mg/L
for streptomycin) through the acquisition of aminoglycoside-modifying enzymes (phos-
photransferases, acetyltransferases and nucleotidyltransferases), which inhibit the afore-
mentioned synergic effect [5,51].

Resistance to Glycopeptides

Vancomycin, the main member of the glycopeptide family, was the first-line treatment
of ampicillin-resistant E. faecium for decades, without reports of VRE strains until the
1980s [52–54]. Glycopeptide resistance in enterococci is mediated by the acquisition of eight
different genes of the van operon (vanA, vanB, vanD, vanE, vanG, vanL, vanM and vanN).
Moreover, E. casseliflavus and E. gallinarum exhibit intrinsic low-level resistance to gly-
copeptides through the presence of a vanC gene in their chromosome [55,56]. These genes
code for the terminal amino acids of peptidoglycan precursors different from the original
form (D-Ala-D-Ala). Thus, the modified amino acids D-Ala-D-Lactate and D-Ala-D-Serine
present a lower affinity to glycopeptides, leading to high-level and low-level resistance
to glycopeptides, respectively [57]. The vanA and vanB genes are the main mechanism
of resistance to glycopeptides in enterococci, mainly being present in E. faecium [55,58].
The prevalence of glycopeptide-resistant E. faecium varies widely between continents and
countries. Accordingly, the percentage of resistance to glycopeptides in E. faecium invasive
isolates is more than 60% in the US, 37% in Australia and 16.8% in European countries (with
national percentages ranging from 0.0 to 56.6%) [49,50,59–61]. HA ampicillin-resistant E.
faecium clones often acquire resistance to glycopeptides, highlighting the importance of E.
faecium as a nosocomial pathogen [62,63]. The scarce active antimicrobials available to treat
infections caused by this MDR microorganism are a global cause for concern.

Resistance to Linezolid

Although linezolid resistance in enterococci remains uncommon, the number of
linezolid-resistant enterococci (LRE) has increased in recent years. The main mechanism
of linezolid resistance in Gram-positive bacteria is point mutations in the central loop of
domain V of the 23S rRNA gene, among which the G2576T (Escherichia coli numbering)
nucleotide mutation is the most described [64,65]. Other point mutations in the genes rplC,
rplD and rplV, which code for the L3, L4 and L22 ribosomal proteins, respectively, are
also associated with a decreased susceptibility to linezolid; however, they play a minor
role [66,67]. Moreover, the acquisition and dissemination of transferable linezolid resistance
genes, namely, cfr-like, optrA and poxtA genes, have been increasingly reported in linezolid-
resistant Gram-positive bacteria in recent years [10,67–70]. The cfr-like genes encode a 23S
rRNA methyltransferase, which confers resistance to phenicols, lincosamides, oxazolidi-
nones, pleuromutilins and streptogramin A (PhLOPSA phenotype) [71,72]. However, the
optrA and poxtA genes code for the ribosomal protection proteins of the ABC-F family, and
they confer resistance to oxazolidinones and phenicols, as well as tetracyclines in the case of
poxtA [73,74]. Nowadays, the cfr, cfr(B), cfr(D), optrA and poxtA genes have been described
among enterococci from different sources (animal, human and environmental samples)
and countries [75]. The main linezolid resistance mechanisms are mutations in the 23S
rRNA in E. faecium and the optrA gene in E. faecalis [68]. The spread of these transferable
linezolid resistance genes to difficult-to-treat bacteria, such as VRE, is a cause for concern.
Unfortunately, outbreaks caused by E. faecium strains that are resistant to vancomycin and
linezolid (optrA-positive) have already been reported [76,77].
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Resistance to Daptomycin

Daptomycin-resistant enterococci (previously called daptomycin-nonsusceptible ente-
rococci) are uncommon, and they have often been associated with prior exposure to the
drug [67]. Daptomycin resistance in enterococci is mainly mediated by structural alter-
ations of the cell envelope through a variety of mutations, mainly in the three-component
regulatory system LiaFSR [5,78]. This alteration of the cell envelope produces a repulsion
of daptomycin from the membrane. Moreover, daptomycin resistance in E. faecium is also
associated with mutations in the cls gene [49]. Daptomycin resistance is more common
in E. faecium than in E. faecalis, which is probably related to the use of this drug to treat
vancomycin-resistant E. faecium infections [78].

3. Bacteriophages of E. faecium and E. faecalis

Bacteriophages, or phages, have emerged in recent years as a potential bioweapon to
combat MDR bacteria [79,80]. Phages are viruses that infect and kill bacteria. They are the
most abundant entities on Earth and the most genetically diverse biological entities due to
their mosaic genome structure and ability to mutate and recombinate [81,82]. In addition,
they are ubiquitous in all types of environments, from the sea to the human gut [83]. As
they are natural predators of bacteria, they have been suggested to be one of the most
promising alternative therapeutic agents against MDR bacterial infections [79]. The use
of phages as therapeutic agents (phage therapy) was suggested immediately after their
discovery in the early XX century by Frederick Twort and Félix d’Herelle. However, the
discovery of antibiotics, with a broader spectrum of action, meant that their use declined
rapidly [79], except for in some countries in Eastern Europe and in the former Soviet Union
where phage therapy was active, as in the Eliava Institute in Georgia [84], a reference center
for phage therapy worldwide. The global problem of MDR bacteria and their consequences
in terms of lives and health system costs [2] have led to a renewed interest in the study of
phages and their application in phage therapy. Moreover, under the umbrella of phage
therapy, the use of phages has been proposed in other fields, including food safety [85–87].

In this context, in recent years several enterococcal-infecting phages have been isolated
and characterized—genetically and functionally (Table S1). It is remarkable that the number
of E. faecalis-infecting phages that have been characterized is higher than that of E. faecium-
infecting phages [88], as, in the last year, the number of E. faecium phages has increased. In
Table S1, we can see that 101 genomes of E. faecalis-infecting phages are available, whereas
only 16 of E. faecium can be found. Whether or not this bias is related to abundance, the
ease of isolation under laboratory conditions or different searching pressures is unclear. It
is astonishing that although there is a large number of molecular techniques available for
the precise identification of bacterial species, there is still a large number of phage genomes
(24) identified as infecting Enterococcus spp. (Table S1). However, it is remarkable that some
phages are able to infect strains of both species, that is, E. faecalis and E. faecium [89–91]. This
could be considered an advantage if a general phage cocktail designed to treat enterococcal
infections is intended.

The Enterococcus-infecting phages that have been isolated to date are taxonomically
widely diverse, as there are phages belonging to eleven different genera from four families
(Figure 1; Table S1). Regarding the genus, the most abundant genera, accounting for almost
half of the phages, are Efquatrovirus (represented by 39 phages) and Saphexavirus (repre-
sented by 25 phages), both belonging to the Siphoviridae family. Siphoviridae is the most
abundant morphology, with three times more isolates than the Myoviridae and Podoviridae
morphologies. The genome size distribution has a wide range, from approximately 18 kbp
to 150 Kbp, but this heterogeneity is mostly related to taxonomic differences rather than
genome diversity. Small genomes are typical of the Rountreeviridae family (previously
known as Podoviridae), whereas large genomes are characteristic of the Herelleviridae family
(previously known as Myoviridae) [92,93]. Nevertheless, within the same genera, hetero-
geneity in the genome size is observed, thus indicating differences among their members
(Table S1).
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Figure 1. Phylogenetic tree of Enterococcus-infecting bacteriophages based on the major capsid
proTable S1. The tree was generated by using the unweighted pair group method with arithmetic
means (UPGMA) and by employing MAFFT v.7 software (https://mafft.cbrc.jp/alignment/server/
(accessed on 12 January 2023)). The generated phylogenetic tree was visualized using the iTOL web
server (https://itol.embl.de/ (accessed on 7 March 2023)).

Most of the reported enterococcal-infecting phages are virulent, at least those included
in databases as single entries. In general, temperate phages are described as prophages that
are identified and characterized as part of an analysis of one strain or isolate genome [94].
This is linked to the fact that temperate phages are not a good option for phage therapy
due to their known involvement in the phenomenon of horizontal gene transfer, one of the
main mechanisms involved in the spread of virulence and AMR genes [95]. In addition,
after entering a new infecting cell, if a temperate phage undergoes the lysogenic cycle, the
infected bacteria do not die; they can continue to spread and become resistant to infection by
that same phage. Nevertheless, in some cases, if no alternative exists, temperate phages can
be converted into virulent ones by selecting or constructing mutant phage variants [96,97],
as has been achieved in the case of the E. faecalis ΦEf11 prophage, resulting in an additional
increase in host range and progeny [98]. As previously mentioned, the lifestyle (virulent
or temperate) of the described phages could be biased by the fact that this is an exclusion
criterion for phage therapy due to their putative role in the transference of antimicrobial
resistance genes [95]. In this sense, the absence of these genes is also a requirement. Most
probably, this is related to the lack of such genes in the genomes of the described phages.

Although enterococci have been documented in many different ecosystems, most of
the reported isolation sources are sewage and wastewater (Table S1). This could be related
to the role of Enterococcus as an indicator of fecal contamination in water [12]. Nevertheless,
other sources, in the search for increased phage diversity or specific target applications,
have been assayed, such as human stools [89] and cheese [87,88] (Table S1).
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4. Food Applications of Enterococcal Bacteriophages

As mentioned in a previous section, Enterococcus plays a yin–yang role in foods, where
it can be considered a beneficial player responsible for the accumulation of toxic compounds
or reservoirs of AMR genes.

E. faecalis has been identified as the main cause of the accumulation of tyramine [23,99]
and putrescine [24]—together with Lactococcus lactis [100]—in dairy products, one of the
food matrixes in which BAs can reach the highest concentration [27,101]. Strategies for the
reduction of BAs in food have been proposed, for example, eliminating BAs after they have
formed and accumulated via the addition of BA-degrading microorganisms [102–104] or
reducing the number of BA-producing microorganisms via different treatments, such as
the use of pasteurization or high-pressure technologies [105,106], with the latter being the
technical process most employed during food production. However, these methods work
by generally reducing the microorganisms present in the food matrix, thus affecting other
bacteria that participate in the fermentation process. As enterococci belong to the LAB
group, the methodologies applied to reduce their presence also act on other LAB, affecting
the development of the organoleptic characteristic of the final product. Thus, tailored
measures targeting only the Enterococcus population are needed. In this sense, phages
infecting E. faecalis have been proposed as highly specific tools to reduce the content of BAs
in dairy products [88]. The E. faecalis Q69 phage has been applied to reduce the presence of
tyramine, one of the most toxic BAs found in cheese [107,108], in an experimental cheese
model [87]. The phage was added directly to milk [multiplicity of infection (MOI 0.1)] used
for cheese making, and after 60 days of ripening, reductions in tyramine concentrations of
about 85% were achieved [87], and most importantly, the concentration of tyramine was
reduced below the safety threshold level proposed [109]. In another assay, the E. faecalis-
infecting phage 156 was applied (MOI 0.1) to reduce tyramine and putrescine, another
toxic BA frequently found in cheese [21,26,110], taking advantage of the fact that E. faecalis
is responsible for the accumulation of elevated concentrations of both BAs. In this case,
significative reductions in tyramine and putrescine of 95% and 77%, respectively, were
achieved [111] after 60 days of ripening. Interestingly, both phages showed the ability
to control the population of E. faecalis from the early stages of cheese making, and both
were partially resistant to the pasteurization process, allowing for both technologies to be
applied if desired. The fact that some of the phages proposed as a tool to reduce the content
of BAs in dairy products can infect MDR enterococci, including VRE [88,111], suggests
that bacteriophages could also be applied to reduce the presence of MDR enterococci in
food [112], thus contributing to the One Health strategy’s aim of reducing the amount of
MDR bacteria in the environment.

Biofilms in the food industry also present a food safety threat, as they can act as
reservoirs of foodborne spoilage or pathogenic bacteria [113,114], including BA-producing
ones [115]. Different phages have been described as potential tools to eliminate biofilms
formed by E. faecalis or E. faecium [91,116–118]. Although the great potential of enterococcal
phages as biofilm elimination agents in food facilities surfaces, to the best of our knowledge,
there are no reports regarding this interesting application, thus opening the opportunity
for further research.

5. Human Health Applications of Enterococcal Bacteriophages

The continued increase in AMR among enterococci and their abilities to form biofilms
and survive in harsh environments have been related to poor clinical outcomes in some
cases [119]. Different studies have reported the use of enterococcal phages in the treatment
of Enterococcus infections through in vitro and in vivo studies, including the use of biofilm,
root canal and animal models. However, the use of phage therapy in human patients is
limited to some case reports, and, at present, no clinical trials are being carried out.
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5.1. In Vitro Models
5.1.1. Biofilm Models

The use of a single phage, a phage cocktail or their combination with antimicro-
bials in the treatment of bacterial biofilms has been explored in several studies [120,121].
Biofilm-associated infections are related to poor microbiological and clinical outcomes
when antimicrobials are used. Phage therapy, in some cases, has been proven to be more
effective against MDR biofilm infections than antimicrobials [91]. Several studies have
reported the ability of different phages to infect and disrupt biofilms [120,121]. Anti-biofilm
activity is mainly tested using microtiter plates with the crystal violet method and confocal
laser scanning microscopy [121]. Using these methodologies, the anti-biofilm activity of
several phages belonging to different families (Herelleviridae: vB_EfaH_EF1TV; Siphoviridae:
Efa02, EfaS-SRH2, SHEF2 and vB_EfsS_V583; and Podoviridae: vB_ZEFP) has been demon-
strated against E. faecalis [119,122–125]. Moreover, phage therapy has been shown to be a
potential weapon against the biofilms formed by MDR Enterococcus. In a previous study, it
was found that the EFDG1 phage was able to infect vancomycin-resistant E. faecium and
E. faecalis strains. Moreover, EFDG1 significantly reduced a 2-week-old biofilm formed by
a vancomycin-resistant E. faecalis strain V583 [91]. Furthermore, the vB_EfsS_V583 phage
inhibited the biofilm formation by a vancomycin-resistant E. faecalis strain for 7 days. How-
ever, a poor ability to eradicate mature biofilms was revealed, with significant disruption
only being observed in 1- to 2-day-old biofilms [124].

Some authors have developed models closely resembling biofilm formation during
in vivo infections to avoid the possible limitations of microtiter plate studies. Thus, El-
Atrees et al. studied the effects of the EPA, EPC and EPE phages on E. faecalis (EF104,
EF134 and EF151) adherence to urinary catheter surfaces [126]. Their findings proved
the ability to prevent biofilm formation by reducing the number of cells adhering to the
catheter surface to a range of 30.8–43.8%. Moreover, they were also able to eradicate the
number of cells pre-adhering to the catheter surface to a range of 48.2–71.1%. Nevertheless,
when the anti-biofilm activities of the same phages were evaluated on microtiter plates,
they showed more efficacy in both the prevention of biofilm formation and the eradication
of the preformed biofilm, achieving ranges of 38–39.9% and 71–78.4%, respectively [126].
In a similar study, silicone Foley catheters were covered with an E. faecalis biofilm, and
then they were exposed to the vB_EfaS-271 phage for 3, 6 or 24 h. A significant decrease
in the number of viable E. faecalis cells was observed after three hours when a higher
MOI was used. However, lower MOI ratios needed a longer time (6 h) for considerable
effects to be observed. Unexpected results were observed at 24 h, with a large number
of E. faecalis cells surviving in samples treated with 10 MOI compared to those treated
with 0.0001 or 0.01 MOI. The authors speculated that a greater selection of phage-resistant
mutants could occur under high-MOI conditions. However, such mutants seemed to be
less competitive than wild-type cells [127]. In another approximation of biofilm formation
during in vivo infections, Melo et al. developed an in vitro collagen wound model (CWM)
of biofilm formation with two phages: vB_EfaS-Zip (Rountreeviridae) and vB_EfaP-Max
(Siphoviridae). Both phages showed lytic activity against E. faecium and E. faecalis. In the
CWM, vB_EfaP-Max and vB_EfaS-Zip were able to reduce the number of viable cells of E.
faecalis and E. faecium, respectively, during the first eight hours. However, in both cases, the
number of cells in the control and phage-treated biofilms in the CWM was similar at 24 h.
In a new CWM, a cocktail comprising the two phages was used to infect a dual-species (E.
faecium and E. faecalis) biofilm. In this last assay, a statistically significant reduction in the
concentrations of the cells in the treated biofilms was observed at 3, 6 and 8 h compared to
those in the control, and a residual reduction was also detected at 24 h. The emergence of
phage resistance might be related to the loss of or a reduction in anti-biofilm activity when
a phage alone or a cocktail phage is applied, respectively [90]. Although the selection of
phage-resistant mutants is an issue in phage therapy, in some cases, this selection may be
an opportunity. Liu et al. described the strong lytic activity of the EFap02 phage against
the E. faecalis strain Efa02 and identified the glycosyltransferase gene Group 2 (gtr2) as its
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receptor. Unfortunately, the rapid emergence of phage-resistant mutants was observed
by the authors. The phage-resistant strain EFa02R had loss-of-function mutations in the
gtr2 gene, responsible for the biosynthesis of capsular polysaccharides. Not only does
the loss of receptors in EFa02R prevent phage adsorption, but it also impairs the biofilm
formation ability of these mutants. Therefore, capsular polysaccharide loss could revert the
inactivation of some antimicrobials caused by the biofilm [125].

A phage alone or a phage cocktail combined with antimicrobials could prevent
the emergence of phage resistance and enhance their activities separately [128]. Phage–
antimicrobial synergy has been reported, even against bacteria resistant to the antimicrobial
used in the combination [129]. Similar to this, daptomycin plus a phage cocktail (113
and 9184) showed synergic bactericidal activity against daptomycin-nonsusceptible E. fae-
cium [130]. Likewise, phage–antimicrobial synergy against vancomycin-resistant E. faecalis
V583 was also observed when a combined treatment of vancomycin and the EFLK1 phage
was applied. This combination was able to reduce viable bacterial counts by nearly 8 logs
in a well-established biofilm, whereas treatment with the phage alone only achieved a
reduction of 4 logs, and vancomycin alone failed entirely [131].

5.1.2. Human Root Canal Model (Ex Vivo)

E. faecalis is frequently detected in asymptomatic and persistent endodontic infections,
with prevalence ranging from 24 to 77% [132]. Its ability to invade the dentinal tubes of
the root canal walls of human teeth, their aforementioned ability to form biofilms and
their ability to survive in harsh environments allow this microorganism to cause persistent
infections, and it is difficult to treat them [121,132,133]. The treatment of these infections
includes mechanical debridement and chemical agents, such as chlorhexidine and sodium
hypochlorite (NaOCl), which are generally effective [132,133]. However, several treatment
failures have been reported, and therefore, the development of new therapeutic alternatives
is necessary [132]. In this context, enterococcal phage therapy has been studied in ex vivo
models of root canal infection. In a previous study, it was found that the EFDG1 phage
was able to prevent E. faecalis root canal infection in an ex vivo model performed with
human-extracted teeth [91]. Likewise, the vB_ZEFP phage showed a greater ability to
reduce bacterial leakage from the root apex than other treatments (NaOCl and NaOCl plus
EDTA) [123]. Similar studies have demonstrated the efficacy of different phages to destroy
E. faecalis biofilms in root canal systems: vB_Efa29212_2e (Siphoviridae), vB_Efa29212_3e
(Herelleviriae) and vB_EfaS_HEf13 (Siphoviridae) [134–137]. With regard to MDR Enterococcus,
Tinoco et al. evaluated the activity of ΦEf11/ΦFL1C(∆36)PnisA, an engineered phage,
against vancomycin-resistant E. faecalis V583 in an ex vivo model of root canal [138]. The
treatment with the phage generated a reduction of 99% for the V583-infected models. In
contrast, a scarce reduction of 18% was observed in biofilms formed by the E. faecalis JH2-2
strain (a fusidic acid- and rifampicin-resistant, vancomycin-susceptible strain) [138].

5.2. In Vivo Models

In vivo studies using animal models are essential to evaluate the safety and efficiency
of new therapies, including phage therapy. Among them, the most frequently used include
models performed in Galleria mellonella, zebrafish embryos and mice [139]. The G. mellonella
animal model has previously been used to assess the virulence of VRE [89]. Although
this model is cost-effective in the evaluation of the potential of phage therapy, to date,
only two studies have assessed the efficacy of phage therapy against larvae infected by
Enterococcus [89,140]. In the first study, the administration of a phage cocktail compris-
ing the MDA1 (Rountreeviridae) and MDA2 (Herelleviridae) phages was effective against
larvae infected with a vancomycin-resistant E. faecium strain (VRE004). The larvae were
injected with 107 colony-forming units (CFU)/10 µL of the VRE004 strain, and two groups
were employed. These groups were injected with the phage cocktail at a concentration
of 2 × 106 plaque-forming units (PFU)/106 µL, one of them 1 h prior to (the prophylac-
tic group) and the other 1 h after (the treatment group) the VRE injection. After 48 h
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of follow-up, both groups demonstrated efficacy, being 3.7 (the treatment group) and
6.5 (the prophylactic group) times more likely to survive than the larvae injected with
VRE only [140]. In the second study, the activity of the phage vB_EfaH_163 (Herelleviridae)
against larvae infected with a vancomycin-resistant E. faecium (VRE-13) strain was studied.
The larvae were injected with the VRE-13 strain at a concentration of 105 CFU/larva. After
1 h, the larvae were injected with PBS (the control group) or a phage suspension at an
MOI of 0.1, and the number of deaths was monitored for five days. Treatment with the
vB_EfaH_163 phage increased larval survival by 20% compared with the control group,
although no statistically significant differences were observed [89]. In another assay, the
therapeutic potential of phage SHEF2 (Siphoviridae) in treating systemic E. faecalis infections
in an in vivo zebrafish embryo infection model was studied. In this model, the zebrafish
embryos were infected with E. faecalis (OS16 strain), and two hours later, they were injected
with SHEF2 or a heat-killed sample of SHEF2 at an MOI of 20 (with respect to the E. faecalis
inoculum). The zebrafish infected with OS16 alone or with heat-killed SHEF2 showed
a mortality rate of 73%, whereas those injected with SHEF2 showed a mortality rate of
16% (p < 0.0001) [119]. Nowadays, a number of studies are evaluating enterococcal phage
therapy against different kinds of E. faecalis infection using mice models. Enterococcal
phage therapy has been shown to be a promising candidate for the treatment of E. faecalis
endophthalmitis (a rare cause of postoperative infection) in mice models. Thus, Kishimoto
et al. demonstrated a decrease in the number of viable bacteria and the infiltration of neu-
trophils in mice eyes infected with vancomycin-susceptible and -resistant E. faecalis when
they were treated with phages [ΦEF24C-P2, ΦEF7H, ΦEF14H1 and ΦEF19G (Herelleviri-
dae)] [141,142]. Several studies have evaluated the efficacy of phage therapy in an E. faecalis
sepsis mice model using intraperitoneal injections. The intraperitoneal administration of
phage IME-EF1 or its endolysin, at a 10 MOI, 30 min after E. faecalis 002 inoculation resulted
in survival rates of 60% and 80%, respectively [143]. A single injection of 3 × 108 PFU of
the phage ENB6, administered 45 min after a vancomycin-resistant E. faecium (CRMEN 44)
challenge, was able to rescue 100% of the mice [144]. A single intraperitoneal administration
of other phages (at different doses and times following bacterium inoculation) was also
enough to protect all the mice infected with enterococcus (including VRE): ΦEF24C (MOI
0.01/20 min), EF-P29 (4 × 105 PFU/1 h), SSsP-1 and GVEsP-1 (3 × 109 phage stock/3 h)
and a phage cocktail (comprising the phages EFDG1 and EFLK1) (2 × 108 PFU/0 h and
1 h) [145–148].

5.3. Phage Therapy in Humans

To date, only a few case reports have described the use of phage therapy against ente-
rococcus infections in humans (Table 1) [149–153]. Three patients suffering from chronic
bacterial prostatitis caused by E. faecalis, previously unsuccessfully treated with long-term
targeted antimicrobials, autovaccines and laser bio-stimulation, were selected for phage
therapy. Phage treatment was rectally applied, twice daily, with 10 mL of bacterial phage
lysate (with a phage titter between 107 and 109 PFU/mL) for 30 days. Encouraging results
were obtained in the three patients regarding bacterial eradication, the abatement of clinical
symptoms and the lack of early disease recurrence [152]. In another case of chronic bac-
terial prostatitis, this time polymicrobial (with different staphylococcal species, E. faecalis
and Streptococcus mitis), three phage preparations from Eliava Institute (Pyo, Intesti and
Staphylococcal Bacteriophage preparations), with an approximate phage titter between
105 and 107 PFU/mL, were used. These preparations were applied via three routes: the
oral route (20 mL of Pyo and Intesti Bacteriophage per day for 14 days), the rectal route
(Staphylococcal Bacteriophage suppositories twice a day for 10 days) and the urethral route
(Intesti Bacteriophage instillations once a day for 10 days). A significant improvement
in symptoms was observed after phage therapy, and the patient was considered in full
remission [149]. A commercial preparation of Pyo Bacteriophage (with an unknown phage
titter) (Eliava Institute, Tbilisi, Georgia) was also applied in a case of a recurrent femur
osteomyelitis infection after multiple failed medical and surgical therapy regimens. The
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infected bone was rinsed with 40 mL of the phage solution after the debridement surgery
(intraoperative), followed three times per day with 10–20 mL for seven days using a drain-
ing system (the draining system was closed to allow a contact time of 10 min). The patient
was concomitantly treated with amoxicillin for three months. A follow-up of the patient
after eight months showed no signs of clinical or radiological recurrence, and the patient
was considered infection-free [151]. Pyo and Intesti Bacteriophages (with an unknown
phage titter) were also used in a case of an E. faecalis hip prosthetic joint infection. In this
case, the phages were administered orally (10 mL), with the first one administered in the
morning and the second one administered in the evening, for two periods of 19 days with
a pause of 2 weeks between both periods. The patient was treated concomitantly with
amoxicillin in the first phage treatment period and doxycycline in the second one. Antimi-
crobial therapy was suspended after a final course of doxycycline for four months. Over
the next two years, the patient recovered and had no hip complaints [153]. Lastly, Paul et al.
reported the first case of a vancomycin-resistant E. faecium abdominal infection treated with
intravenous injections of cocktail phages (comprising the EFgrKN and EFgrNG phages,
with a joint titter between 107 and 108 PFU/mL). Phage therapy was intravenously admin-
istered (2 mL/Kg/12 h over 2 h) for 20 days in a one-year-old girl, critically ill, needing
three successive liver transplants with a persistent vancomycin-resistant E. faecium infection.
Although the disease course was complex, the authors linked the clinical improvement to
the phage application [150].

Table 1. Characteristics of available studies of phage therapy against Enterococcus in humans.

Type of Infection
and No of

Subjects (n)
Target Strain Phage Application

Route

Concomitant
Antimicrobial

Use
Outcomes Reference

Chronic bacterial
prostatitis (n = 3) E. faecalis No data Rectal No

Bacterial eradication
Abatement of

symptoms
Lack of early disease

recurrence

[146]

Chronic bacterial
prostatitis (n = 1) E. faecalis a

Pyo b, Intesti b

and
Staphylococcal
bacteriophage b

Oral, rectal and
urethral No

Bacterial eradication
Significant

improvement in
symptoms

[147]

Femur
osteomyelitis (n = 1) E. faecalis

Pyo
bacteriophage b

Direct rise of the
infection site Yes (amoxicillin)

No signs of clinical or
radiological
recurrence

[148]

Hip prosthetic joint
infection (n = 1) E. faecalis Pyo b and Intesti

bacteriophage b Oral Yes (amoxicillin
and doxycycline) Not hip complaints [149]

Intrabdominal
infection (n=1) VR E. faecium EFgrKN and

EFgrNG Intravenous Yes (linezolid) Clinical improvement [150]

VR: vancomycin-resistant. a. Polymicrobial infection which include members of the Staphylococcal species
(including S. aureus), Streptococcus mitis and E. faecalis. b. Standard phage preparations made by Eliava Institute
(Tbilisi, Georgia).

As can be seen in these cases, the use of phage therapy carried out on a compassionate-
use basis has provided encouraging results in the healing of patients who suffered from
difficult-to-treat infections and did not have other alternative treatment options. To date,
clinical trials have assessed the effect of phage therapy on a few pathogens or different
types of infections (e.g., urinary tract infections) with discordant results, but no clinical
trials focusing on Enterococcus have been performed [120,154]. The safety and feasibility of
phage therapy, including when it is administrated intravenously, have been demonstrated
in several reports [155,156]. Therefore, the development of double-blind randomized
clinical trials is necessary to assess the true efficacy of phage therapy in human health.
Moreover, these studies must answer some questions and assess the contribution of various
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factors to the outcome of phage therapy, such as the quality of phage preparation; their
titter, dosage and route of administration; and the concomitant use of antimicrobials.

6. Conclusions

AMR in pathogenic microorganisms is a major global threat and a leading and in-
creasing cause of mortality worldwide. The interest in the possibilities of phage therapy
as a new weapon to fight AMR microorganisms has boosted research on bacteriophages,
particularly that on Enterococcus-infecting phages. As shown in this review, there are a
large number of characterized phages that fulfill the requirements for application in phage
therapy and feed. However, the lack of legislation regulating their use in food limits their
possible application in most countries. Similarly, the lack of procedures, as well as the lack
of a definition of good production practices for phage suspensions, limits their application
to compassionate use in patients for whom there is no other treatment alternative. Thus, a
step forward is still needed to standardize procedures that allow for their systematic use in
practical clinical applications beyond compassionate use.
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Węgrzyn, G.; Węgrzyn, A. Characterization of the Bacteriophage vB_EfaS-271 Infecting Enterococcus faecalis. Int. J. Mol. Sci. 2020,
21, 6345. [CrossRef]

118. Yang, D.; Chen, Y.; Sun, E.; Hua, L.; Peng, Z.; Wu, B. Characterization of a Lytic Bacteriophage vB_EfaS_PHB08 Harboring
Endolysin Lys08 Against Enterococcus faecalis Biofilms. Microorganisms 2020, 8, 1332. [CrossRef]

119. Coyne, A.J.K.; Stamper, K.; Kebriaei, R.; Holger, D.J.; El Ghali, A.; Morrisette, T.; Biswas, B.; Wilson, M.; Deschenes, M.V.; Canfield,
G.S.; et al. Phage Cocktails with Daptomycin and Ampicillin Eradicates Biofilm-Embedded Multidrug-Resistant Enterococcus
faecium with Preserved Phage Susceptibility. Antibiotics 2022, 11, 1175. [CrossRef]

120. Al-Zubidi, M.; Widziolek, M.; Court, E.K.; Gains, A.F.; Smith, R.E.; Ansbro, K.; Alrafaie, A.; Evans, C.; Murdoch, C.; Mesnage, S.;
et al. Identification of Novel Bacteriophages with Therapeutic Potential That Target Enterococcus faecalis. Infect. Immun. 2019, 87,
e00512-19. [CrossRef]

121. Canfield, G.S.; Duerkop, B.A. Molecular mechanisms of enterococcal-bacteriophage interactions and implications for human
health. Curr. Opin. Microbiol. 2020, 56, 38–44. [CrossRef]

122. Bolocan, A.S.; Upadrasta, A.; Bettio, P.H.A.; Clooney, A.G.; Draper, L.A.; Ross, R.P.; Hill, C. Evaluation of Phage Therapy in the
Context of Enterococcus faecalis and Its Associated Diseases. Viruses 2019, 11, 366. [CrossRef]

123. D’andrea, M.M.; Frezza, D.; Romano, E.; Marmo, P.; De Angelis, L.H.; Perini, N.; Thaller, M.C.; Di Lallo, G. The lytic bacteriophage
vB_EfaH_EF1TV, a new member of the Herelleviridae family, disrupts biofilm produced by Enterococcus faecalis clinical strains.
J. Glob. Antimicrob. Resist. 2020, 21, 68–75. [CrossRef]

124. El-Telbany, M.; El-Didamony, G.; Askora, A.; Ariny, E.; Abdallah, D.; Connerton, I.F.; El-Shibiny, A. Bacteriophages to Control
Multi-Drug Resistant Enterococcus faecalis Infection of Dental Root Canals. Microorganisms 2021, 9, 517. [CrossRef]

125. Goodarzi, F.; Hallajzadeh, M.; Sholeh, M.; Talebi, M.; Mahabadi, V.P.; Amirmozafari, N. Anti-biofilm Activity of a Lytic Phage
Against Vancomycin-Resistant Enterococcus faecalis. Iran. J. Pathol. 2022, 17, 285–293. [CrossRef]

126. Liu, J.; Zhu, Y.; Li, Y.; Lu, Y.; Xiong, K.; Zhong, Q.; Wang, J. Bacteriophage-Resistant Mutant of Enterococcus faecalis Is Impaired
in Biofilm Formation. Front. Microbiol. 2022, 13, 913023. [CrossRef]

127. El-Atrees, D.M.; El-Kased, R.F.; Abbas, A.M.; Yassien, M.A. Characterization and anti-biofilm activity of bacteriophages against
urinary tract Enterococcus faecalis isolates. Sci. Rep. 2022, 12, 13048. [CrossRef]
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Skaradzińska, A. Recent Advances in

the Application of Bacteriophages

against Common Foodborne

Pathogens. Antibiotics 2022, 11, 1536.

https://doi.org/10.3390/

antibiotics11111536

Academic Editor: Grzegorz
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Abstract: Bacteriophage potential in combating bacterial pathogens has been recognized nearly since
the moment of discovery of these viruses at the beginning of the 20th century. Interest in phage
application, which initially focused on medical treatments, rapidly spread throughout different
biotechnological and industrial fields. This includes the food safety sector in which the presence of
pathogens poses an explicit threat to consumers. This is also the field in which commercialization of
phage-based products shows the greatest progress. Application of bacteriophages has gained special
attention particularly in recent years, presumably due to the potential of conventional antibacterial
strategies being exhausted. In this review, we present recent findings regarding phage application
in fighting major foodborne pathogens, including Salmonella spp., Escherichia coli, Yersinia spp.,
Campylobacter jejuni and Listeria monocytogenes. We also discuss advantages of bacteriophage use and
challenges facing phage-based antibacterial strategies, particularly in the context of their widespread
application in food safety.

Keywords: bacteriophages; food safety; phage biocontrol; foodborne pathogens; bacteriophage
application; phage commercial products; foodborne illness

1. Introduction

Foodborne illness has been affecting people’s lives unceasingly, impacting human
welfare and contributing to significant economic losses in many countries and populations.

Food products may become contaminated at different stages along the food chain
including slaughtering, milking, fermentation, processing, storage, packaging or finally con-
sumption of the product [1]. The most popular strategies for elimination of the pathogens
are implementation of high standard hygiene procedures, rational running of the process
line, and use of biocides and disinfectants [2]. However, currently applied methods for
elimination of foodborne pathogens are unreliable. For instance, use of steam, dry heat
or UV light leads to changes in organoleptic properties of the product. Moreover, there
are some limitations in the use of certain antimicrobial approaches, in particular products
such as fresh fruits, vegetables and ready-to-eat (RTE) products. A major problem is that
extensive use of sanitizers leads to the development of microbial resistance [1].

Bacteriophages, or phages for short, are viruses that selectively infect and replicate in
bacterial cells. Due to their unique properties, phages have been perceived as promising
tools in combating bacterial pathogens not only in human treatments (phage therapy) but
also in various industrial fields. This includes the food production sector in which, for the
sake of the consumer’s safety, all implemented antimicrobial procedures must be selected
with special care. In contrast to routinely used antibacterial approaches, phage application
does not change the properties of the product, viruses may be applied on a variety of
matrices and the problem of resistance may be overcome much more easily compared to
chemical antibacterials [3–5]. Phages are isolated from a variety of foods, which indicates
their natural contact with humans with this route [6]. Furthermore, phage-based strategies
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are cost-effective and consumer-friendly, making them an important alternative to standard
antibacterial procedures.

The ability of bacteriophages to effectively eliminate foodborne pathogens has been
reported in numerous scientific articles [7–10]. Since the latest years have brought a
significant increase in bacteriophage studies, in this review, we summarize the recent
findings regarding efficiency of phages against the main food-related pathogens and
potential application of these viruses in approaches of microbiological control in food
production. We believe that ensuring safety of food products is a key global concern,
and searching for novel solutions that will allow high standards of food production to be
maintained is urgently needed. In this aspect, the use of phages as tools providing safety
for consumers should be seen as an important alternative to currently applied methods.

1.1. Bacteriophages

Bacteriophages are the most ubiquitous biological entities on Earth, with an estimated
total global population of 1031 particles [11]. They are also known as phages, from the Greek
phagein meaning “to eat” [12]. They can be found in a variety of ecosystems, including
extreme environments, such as the Sahara desert, hot springs and cold polar waters [13].
They are characterized by a great diversity in structure, size and organization of the
genome [14].

Bacteriophages were first mentioned in 1896, when the British bacteriologist Ernest
Hankin reported unusual antibacterial activity in the waters of the Yamuna and Ganga
rivers. Furthermore, he suggested that this unknown factor inhibited the development
of the epidemic of cholera caused by Vibrio cholerae. Notably, his hypothesis has never
been confirmed by the scientific community [15]. The researcher who first observed
translucencies on a bacterial lawn caused by bacteriophages was Frederick Twort. However,
at that time he considered it to be the action of a “transmissible vitreous transformation”,
the amount of which increased after the death of the cell. In 1917, the French-Canadian
microbiologist Félix d’Herelle published results of his research, describing the phenomenon
of bright “zonas”, which he eventually called plaques. He was also the first to propose the
hypothesis that the translucencies could be caused by a virus that parasitizes bacteria. He
called it a “bacteriophage” [13].

One of the most characteristic features of bacteriophages is their high specificity,
regarding one species, or a specific strain of bacteria they infect [14]. This high specificity
is based on selective binding of the virus receptor with the ligand at the bacterial surface.
Proteins, polysaccharides, lipopolysaccharides (LPS) and carbohydrate moieties as well as
outer membrane proteins, pili and flagella may be used by phages as keys to the entrance
to bacterial cells [16]. Bacteriophages multiply with two basic replication cycles. In the lytic
cycle, once the genetic material of the phage is inside the relevant host, it is replicated with
the molecular apparatus of the bacterium. In a relatively short time after phage penetration,
new virions are assembled and released to the environment. This sequence of molecular
events naturally leads to lysis of the bacterial cell [17]. Bacteriophages amplifying with
the lytic cycle are called lytic or virulent phages [18]. In the lysogenic cycle, performed
by temperate phages, nucleic acid of the virus integrates with the bacterial genome and
multiplies with the host as a prophage. However, as a result of unfavorable changes in
environmental conditions, the phage can revert to the lytic cycle [13]. Clearly, due to the
lack of lytic activity, temperate phages are not relevant candidates for practical use.

Bacteriophage efficacy in disrupting bacterial cells is an excellent feature for their use as
microbiological tools in antibacterial strategies. However, within years of phage application,
other characteristics of bacterial viruses have been perceived as beneficial, particularly
compared to standard chemical antibacterial agents. Bacteriophages recognize and infect
only a particular bacterial host and therefore they do not affect the natural microflora of the
organism. As a result, they are better tolerated by the human body than antibiotics and
thus are considered a safer treatment option [19,20]. Moreover, frequently, a single dose of
bacteriophage preparation is sufficient to achieve the therapeutic effect [21,22]. This results
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from the unique phage ability of “auto-dosing”, which means that phages are capable of
increasing in number specifically where their hosts are located [23]. Bacteriophages are
inhabitants of humans as they are found in the respiratory or digestive tract. It is thought
that the first viruses enter the intestines within 4 days of birth [20]. This natural contact
with phages also indirectly supports the safety of the intended phage application. It is not
without significance that, compared to antibiotics, phage acquisition is easier, faster and
cheaper [24]. For applications in food safety of particular importance is that phages do not
impact organoleptic, rheological and nutritional properties of the product [25].

There are surely also limitations of phage use, such as the narrow spectrum of activity,
which may be a serious obstacle in production of universal preparations intended for use
on a large scale, or development of phage-resistant strains. However, both limitations
may be overcome by the use of phage cocktails, which may be composed of phages with
different specificity, broadening the lytic spectrum of the preparation, or with phages with
similar activity so that when bacteria acquire resistance to one phage from the preparation
they likely remain susceptible to another [24,26]. It is noteworthy that the effectivity of
phage cocktails is multifaceted and other factors, including the mobilization of virulence or
antibiotic resistance genes or phage coinfections have to be considered [27]. Limitations of
phage application are discussed more specifically later in this review.

1.2. Foodborne Pathogens

The first food infections were reported in the 5th century BC, when it was observed
that illnesses occurring at that time may be related to the consumed food [28]. Since
then, scientists have shown that pathogens that contribute to food contamination include
viruses, parasites and bacteria of which the latter are considered the most common cause of
foodborne infections [29]. Among the bacterial species of utmost importance are frequently
listed Salmonella spp., Listeria monocytogenes, Escherichia coli and Campylobacter jejuni [30,31].

Bacterial food-related pathogens are mainly mesophilic micro-organisms tolerating
temperatures in the range of 20–45 ◦C, so they can easily survive in the human body. Of
note, some pathogens, e.g., Y. enterocolitica, persist at temperatures lower than 10 ◦C, which
entails the need to adjust preventive methods to remove potentially occurring bacterial
cells. Production of spores by many bacterial species also hinders decontamination.

However, one of the most significant challenges is the ability of pathogens to form
a biofilm structure [28]. In a biofilm, cells are embedded in the extracellular polymeric
substance (EPS), also known as the extracellular matrix, providing micro-organisms re-
sistance to environmental factors [32]. Food is a particularly favorable matrix for biofilm
development. In the food production sector, biofilm structures may form directly on food
products as well as on equipment that may come into contact with food [33]. Foodborne
pathogens able to form biofilms are of particular concern for food producers as the use of
disinfectants and other antimicrobial agents is inefficient due to the limited penetration of
the product within the structure [34]. Even if the biofilm is cleared once, the contamination
likely returns [33]. Many foodborne pathogens, e.g., L. monocytogenes, S. enterica, C. jejuni
and E. coli, are able to form biofilms, so implementing antimicrobial strategies developed
to efficiently remove these highly resistant structures is urgently needed.

There are two routes for the development of a foodborne infection. The first route,
which is referred to as intoxication, is that a pathogen on the food surface or inside the food
product produces a toxin, which then enters the organism with the meal and affects its
metabolism. In the second case, a pathogen that has directly entered the digestive system
with food is able to adapt and multiply within cells [28].

The most comprehensive data related to food infections date back to 2016 when
the EFSA (European Food Safety Authority) published a summary report on trends and
sources of zoonoses, zoonotic agents and food-borne outbreaks in the preceding year [35].
According to presented data, in 2015, there were 45,874 cases of food-related illness within
the countries of the European Union. The number of outbreaks in which two or more
people were infected after consuming the same food was 4362 of which 33.7% were caused
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by bacteria, mainly Campylobacter spp. and Salmonella spp. Reported foodborne infections
were mainly related to contamination of products of animal origin, such as pork and eggs,
but also other products as shellfish, milk, and fish [28]. In the same year, the World Health
Organization (WHO) estimated the number of foodborne outbreaks across the globe. A
total of 31 infectious agents were identified to contribute to the illnesses of 600 million
people and the deaths of 420,000 people worldwide. Both reports conclude that special
attention should be paid to food safety at every stage of production in the so-called “farm
to fork” approach [36].

The possibility of food contamination depends on numerous factors, such as the type
of the product and the method of its production, the water content in food, or the amount
of accessible oxygen during the process which inhibits development of anaerobic bacteria
but at the same time creates conditions for development of aerobic strains. There are
various methods which are used as a standard to eliminate undesirable bacteria. These
include thermal treatment at low (chilling, freezing) and high temperatures (pasteurization,
sterilization), drying, reduction of water activity, fermentation, use of microbial growth
inhibitors or ozonation. However, use of the available sanitization methods frequently
influences sensory and organoleptic characteristics of the product (Figure 1) [37].
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It is worth emphasizing that a number of system procedures have been developed
and implemented to maintain standards of safety within food processing. These include
good manufacturing practices (GMP), sanitation standard operating procedures (SSOP)
and hazard analysis and critical control points (HACCP). The latter is the most widely
used strategy in maintaining production safety [38]. Nevertheless, despite implementing
different safety protocols, the final products must still be tested for microbial contamination
to ensure consumer safety and reduce the risk of disease [39].

Especially noteworthy is the problem of the industrial breeding of livestock, partic-
ularly on large farms in which there is an increased risk of microbial contamination and
eventually a disease outbreak due to hindered waste management control. It is commonly
known that abuse of antibiotics in husbandry has become a relevant global problem. The

137



Antibiotics 2022, 11, 1536

amount of these drugs applied in farming exceeds 50 million kilograms each year world-
wide [40]. Replacement of antibiotics is a critical challenge as abundant and virtually
uncontrolled release of these medicaments into the environment contributes to the rapid
development of resistant bacterial strains. Considering the demanding environment of
livestock farms and the specificity of animal breeding, development of new preventive
methods against microbial contaminations is critically needed.

1.3. Salmonella

Salmonella is a rod-shaped, Gram-negative bacterium belonging to the Enterobacteri-
aceae family. It is the cause of one of the most common foodborne diseases—salmonellosis.
The illness usually manifests with abdominal pain, vomiting, diarrhea, fever and headache.
Based on the EFSA report from 2020, the pathogen is transmitted through the soil, water,
feed, and feces, among others. Bacteria are typically found in meat and animal products,
which become the source of infection for humans. Chickens are the most frequently infected
animals, followed by cattle, turkeys, pigs, ducks, and geese. The most common cause of
infection are the two serotypes Salmonella Enteritidis and Salmonella Typhimurium [41].

The potential of bacteriophages in combating Salmonella infections has been confirmed
in numerous studies [25,42–44]. A recent example is the research of Yan et al. (2020), who
investigated the efficacy of the LYPSET phage in elimination of S. enterica in food products.
The experiments were carried out using milk and lettuce stored at two temperatures, 4 ◦C
and 25 ◦C. Samples contaminated with the pathogen were treated with phage lysate and the
number of bacteria was determined. In the case of milk samples, application of the phage
preparation allowed the number of bacteria to be reduced by 2.07 log CFU/mL at 4 ◦C and
by 3.67 log CFU/mL at 25 ◦C with an MOI = 1000. When the MOI was 10,000, the activity of
phages was slightly higher as the number of bacteria decreased by 2.19 log CFU/mL at 4 ◦C
and 4.33 log CFU/mL at a temperature of 25 ◦C. For lettuce samples only MOI = 10,000
was tested. The number of Salmonella cells decreased by 2.2 log CFU/mL at 4 ◦C and by
2.34 log CFU/mL at 25 ◦C. The results confirmed that application of phages may be a
promising approach in combating Salmonella contamination in food [45].

In similar studies of Islam et al. (2019) the effect of the phage cocktail composed
of three phages, LPSTLL, LPST94 and LPST153, on S. Typhimurium and S. Enteritidis
and their mixture in milk and in chicken meat was investigated. As in former studies,
the experiments were performed at temperatures of 4 ◦C and 25 ◦C. The results showed
that the number of S. Typhimurium cells in milk was reduced below the detectable limit
(<1 CFU/100 µL) after 3 h and 6 h at 4 ◦C with MOI of 10,000 and 1000, respectively. For the
mixture of Salmonella almost complete elimination of bacterial cells in milk was observed
after 6 h and 12 h at 4 ◦C with MOI of 10,000 and 1000, respectively. Of note, for a single
Salmonella strain or a mixture of Salmonella strains, the viable counts declined completely
after 6 h (MOI = 10,000) and 24 h (MOI = 1000) at 25 ◦C. Similarly, for the chicken meat,
there was complete elimination of bacteria after 3 h at 4 ◦C and 3 h and 6 h at 25 ◦C for MOI
of 10,000 and 1000. Furthermore, the authors tested the effect of bacteriophage cocktail on
biofilm structures formed by S. Typhimurium and the mixed culture of S. Typhimurium and
S. Enteritidis. The experiments were performed using a 96-well plate and a stainless steel
surface. Biofilm structures were formed and then treated with preparations with phage
titer of 7 log PFU/mL and 8 log PFU/mL. After 24 h, biofilm reduction was determined
for both matrices. In the case of the 96-well plate, reduction of S. Typhimurium biofilm
structure was 48.3% and 63.25% for both tested phage titers. In analogical experiments
with mixed biofilm the decrease was 44.28% and 63.25%. When using the steel surface and
a single S. Typhimurium strain, the biofilm decreased by 5.5 log and 6.42 log for respective
titers 7 log PFU/mL and 8 log PFU/mL. For a mixed biofilm, reduction of 44.28% and
51.17% compared to the control with no phage was achieved [46]. The results indicated
that phage cocktails may be potentially used as biological control agents against Salmonella,
including the removal of Salmonella biofilm structures from food-related equipment.
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In another study, the potential of the SE07 phage specific to S. enterica isolated from
chicken and beef meat intended for sale was tested. The effects of the phage in reducing
Salmonella contamination was evaluated for a variety of foods, including fresh eggs, beef,
poultry meat and fresh fruit juice. A significant reduction in the number of pathogens was
noted after 12 h of the experiment; however, after the following hours the further decline of
the bacterial count was negligible. In the example of beef, the number of bacteria decreased
from the initial concentration of 4.23 log CFU/mL to 2.32 log CFU/mL after 12 h following
phage application. Similarly, in the case of the chicken sample, the bacteria count dropped
from 4.16 log CFU/mL to 2.34 log CFU/mL in the 12th hour of the experiment [47].

SalmoFresh™ (Intralytix, Columbia, SC, USA) is a bacteriophage preparation against
Salmonella spp. which has been granted GRAS (Generally Recognize As Safe) status by the
US Food and Drug Administration (FDA, 2013; Intralytix, 2015). According to information
provided by the producer the product is specifically designed for treating foods that are at
high risk for Salmonella contamination. Red meat and poultry in particular can be treated
prior to grinding for significant reductions in pathogen count [48]. The preparation is
composed of six phages targeting different serotypes of Salmonella spp. In the studies of
Zhang et al. (2019), the surfaces of lettuce, mung bean sprouts and its seeds were covered
with SalmoFresh, whereas the control group was washed with chlorinated water. In an
additional experimental group, the food products were treated with a mixture of both
chlorinated water and the phage preparation. The findings demonstrated the effectiveness
of the cocktail in reducing Salmonella contamination on lettuce and sprouts as bacterial
counts decreased during storage of the products by 0.76 log CFU/g and 0.83 log CFU/g,
respectively. The results were inconclusive in the case of seeds as there was exponential
growth of bacteria observed after their germination. Surprisingly, the most effective method
turned out to be combined use of chlorinated water and a bacteriophage cocktail, which
gave satisfactory results in all trials [49].

A relatively novel application of bacterial viruses is their use as components of detec-
tion systems for different bacteria. Minh et al. (2020) developed a method for the rapid
detection of Salmonella using NanoLuc reporter phages. The gene of luciferase was intro-
duced with homologous recombination downstream of the main capsid protein sequence.
Bacteria were incubated with modified phages SEA1.NL and TSP1.NL for two hours and
their presence was evaluated based on the luminescence production. A combination of
the two phages provided the best results since the TSP1.NL phage gave high intensity of
luminescence, while SEA1.NL showed high specificity. This method has been referred to as
PhageDx for Salmonella. PhageDx has been proved to work flawlessly for pure cultures, and
the question arose whether it could be effective for food matrices. Therefore, in subsequent
studies, possible application of the method in detection of Salmonella contamination on
ground turkey meat and a powder infant formula has been evaluated. PhageDx proved to
be effective for both matrices since no false positive results were noted [50]. This suggests
that application of bacteriophages in food safety may go beyond direct elimination of
bacteria and phages can be potentially important tools in preventive strategies including
microbiological detection systems.

1.4. Escherichia coli

Although E. coli is a natural inhabitant of the intestinal microflora of all mammals,
at the same time it is the cause of many serious intestinal and extraintestinal diseases,
including infant meningitis or sepsis [51]. There are two main groups of pathogenic strains
of E. coli. The first is diarrheal E. coli, also known as enteric pathogenic E. coli (IPEC),
which causes diarrhea or intestinal flu. This group includes well-known pathogens such
as enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC), enteropathogenic E. coli
(EPEC) and shigatoxigenic or Shiga toxin-producing E. coli (STEC) with the subgroup of
enterohemorrhagic E. coli (EHEC). The second group is extraintestinal pathogenic E. coli
(ExPEC), which contributes to infections outside the intestines [52]. The bacterium is highly
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contagious as even a small number of bacterial cells may cause a disease. It is transmitted
mainly by food and contaminated water [28].

In a recent study, Vengarai Jagannathan et al. (2021) investigated potential application
of a bacteriophage cocktail in reducing the growth of pathogenic E. coli O157:H7 on food
products. Fresh spinach leaves were rinsed for 10 min with sterile drinking water loaded
with a mixture of E. coli and bacteriophages (MOI 2:3). Compared to the control group in
which vegetables were dunk-washed with a water suspension of bacteria, a reduction in
pathogen count of 99% was achieved [53].

Mangieri et al. (2020) used bacteriophages specific to STEC to reduce bacterial con-
tamination of fresh cucumbers. A phage cocktail composed of three bacteriophages was
tested on vegetables at two temperatures of 25 ◦C and 4 ◦C for 24 h. The number of
pathogenic bacteria was reduced by 1.16 log CFU/g after 6 h and 2.01 log CFU/g after 24 h
at a temperature of 4 ◦C and 1.97 CFU/g after 6 h and 2.01 log CFU/g after 24 h at 25 ◦C.
The authors stated that phage cocktails may be potentially used in controlling bacterial
contamination in fresh vegetables [54].

These observations were confirmed in another study by Dewanggana et al. (2022),
who investigated the potential use of bacterial viruses to eliminate ETEC from different
food products (chicken meat, fish meat, cucumber, tomato, lettuce). Food samples were
rinsed with E. coli and then the phage lysate was used to remove the contamination. The
samples were incubated at 4 ◦C and the number of bacteria was determined after 24 h
and 6 days. For all food products a more significant effect was observed after 6 days of
incubation. The highest efficiency in reducing E. coli was observed for the chicken meat as
the number of bacteria decreased by 80.93% and 87.29% at days 1 and 6, respectively. The
effect was found to be the weakest for lettuce as bacterial contamination was reduced by
46.88% and 43.38% for both tested temperatures [55].

Importantly, phages are also effective in removing the biofilm structure formed by
E. coli on food. The influence of AZO145A bacteriophage on E. coli biofilms on beef was
investigated by Wang et al. (2020). Meat treated with ε-polylysine was used as a control.
The use of both phage and ε-polylysine showed beneficial effects in reducing biofilm trans-
mission between pieces of meat. The elimination of biofilm structure was comparable
for both disinfectants as phages reduced the bacterial count by 3.1 log CFU/coupon and
ε-polylysine 2.9 log CFU/coupon. However, it was found that without increasing the doses
of both preparations, biofilm reappeared in the trials. Such observations notwithstand-
ing, AZO145A phage may be considered a promising agent in combating E. coli in meat
products [56].

Choi et al. (2021) used a novel approach in reducing E. coli on raw beef meat. The
authors immobilized bacteriophages on the surface of the polymer film used as a standard
for food packaging. The objective of the study was to develop a material which would be
safe for use and at the same time would provide antibacterial safety. The bacteriophage T4,
which is probably the best known representative of phages specific to E. coli, was covalently
attached to a polycaprolactone (PCL) film. Then, portions of raw beef contaminated with
E. coli were packed in the packages with the phage. The bacterial growth was measured
after 30 min and compared with the standard packages with no phage. The reduction
of bacterial population was 2.44 log compared to the control group, demonstrating the
possibility of using phages in systems of food packaging [57].

1.5. Listeria

Listeria monocytogenes is a Gram-positive, anaerobic, rod-shaped bacterium [58]. It
is a foodborne zoonotic pathogen, which means that it is naturally transmissible from
vertebrate animals to humans. In humans it causes listeriosis, the symptoms of which
include encephalitis, meningitis, sepsis and gastrointestinal disorders. It is particularly
dangerous for pregnant women since it may lead to miscarriages [59].

The recent findings confirm that bacteriophages may show high activity against
L. monocytogenes strains found in meat and meat-derived products. Importantly, it has
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been observed that they do not have a detrimental effect on the natural microflora of
the consumers. Moreover, phages have also been proven to be stable under refrigerated
storage [60]. Undoubtedly, the aforementioned features are among those that have led to
the extensive development of Listeria targeting commercial bacteriophage products.

Currently available phage preparations against Listeria include Phage LM-103a, Phage
LMP-102a, Phage Ply511, ListShield (all of them Intralytix, USA), and Listex P-100 (Micreos
Food Safety B.V.; The Netherlands) [61,62]. The effectiveness of these preparations in control-
ling Listeria contamination in different food products has been confirmed in several studies.

ListShield (formally known as LMP-102) was the first phage-based preparation to
receive FDA approval, in 2006, for direct application on meat and poultry products that
meet the ready-to-eat definition [63]. ListShield is a cocktail composed of six bacteriophages
with high lytic activity against Listeria strains. It was shown that it significantly reduces the
presence of pathogens in various types of RTE foods, with the efficiency of 82–99% [64].
Ishaq et al. (2022) reported that in the case of smoked salmon, the use of ListShield
completely inhibited the growth of L. monocytogenes on naturally contaminated samples
as well as those infected in an in vitro experimental model. Importantly, there were no
organoleptic changes in the tasted samples, which is important from the perspective of
the consumers. Moreover, ListShield has also been found to have bactericidal properties
on surfaces, which may be of great importance in the context of protecting, for example,
processing plants in the food industry against Listeria contamination [3].

Shortly after the ListShield approval, another Listeria-targeting preparation, Listex
P100, was given GRAS status by the FDA and a positive opinion by the EFSA, which
stated that the product is not only safe but also effective [65]. Listex P100, is composed of
six L. monocytogenes specific phages and it is recommended for the reduction of bacterial
contamination on RTE products of animal origin [66]. The product showed high speci-
ficity in trials performed at different temperatures. The largest decrease in bacterial count
achieved was 4.44 log CFU/mL when the inoculum count was 3 log CFU/g [64]. Impor-
tantly, Listex P100 has also been proved to be effective in reducing the biofilm structure
formed by L. monocytogenes on stainless steel with a reduction of 3.5–5.4 log CFU/cm2

compared to a control group in which no antibacterial agent was applied [67]. Compared
to standard antibacterials, such as nisin and sodium lactate, Listex P100 has been proved to
be more effective in eliminating L. monocytogenes on ready-to-eat, sliced ham [68]. Notably,
former observations were confirmed that application of the preparation does not affect the
organoleptic properties of the product [66].

Going beyond products of animal origin, potential application of phages in combating
Listeria contamination on fruits has also been investigated. Phages were administered by
injection into the pulp of contaminated melons and apples or evenly spread on the surface
of the fruits. Bacterial contamination in melons decreased by 4 log units compared to the
control group in which fruits were treated with nisin. Notably, in the case of apples, the
amount of bacteria declined by only 0.4 log units compared to bacteriocin treated products.
Furthermore, the effectiveness of nisin should be noted, as on fruits protected with this
preparation the number of Listeria declined by 6 log units in the case of melon and by 2 log
units in the samples with apples compared to the control group in which no disinfectant
was applied [69].

1.6. Campylobacter

Campylobacter jejuni, one of the best known representatives of the Campylobacteraceae
family, is one of the most important foodborne pathogens. It naturally inhabits the intestines
of birds and mammals. However, in particular conditions, it may cause gastroenteric
infections called campylobacteriosis, and hence C. jejuni is among the most common
causes of zoonotic illnesses worldwide [28]. Infections are frequently caused by drinking
contaminated water or raw milk and eating contaminated meat, especially chicken or beef,
and other animal-derived products. The most common symptom of infection is diarrhea,
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but infected people may sporadically develop secondary diseases, such as Guillain–Barré
or Miller–Fisher syndrome [70].

Thung et al. (2020) explored the potential use of bacteriophages as microbiological
tools to control C. jejuni contamination in chicken meat and mutton. The meat was sliced
and infected with bacteria, then incubated and sprayed with the phage preparation. The
samples were stored at 4 ◦C for 2 days and the amount of C. jejuni was determined. The
authors observed a decrease of bacterial number by 1.68 CFU/g and 1.70 CFU/g for chicken
meat and mutton, respectively. These findings suggest the possibility for use of bacterial
viruses in strategies against C. jejuni in meat products [71].

This hypothesis was supported by the results of another study in which two phages,
Φ7-izsam and Φ16-izsam, were used to counteract the development of antimicrobial-
resistant C. jejuni in poultry. First, animals were tested in terms of natural infections
with the bacterium. Then, uninfected birds were orally given a C. jejuni suspension.
Bacteriophages were provided to the animals prior to slaughter. Compared to the control
group, bacterial counts in cecal content of animals treated with phage preparations were
significantly reduced. The number of C. jejuni decreased by 1 log CFU/g and 2 log CFU/g
for two groups of animals in which the phage preparation was given at different time
points [72].

In a similar study of Richard et al. (2019), bacterial viruses were used to control C.
jejuni in broiler chickens. Four days after the birds were infected, bacteriophages CP20
and CP30A were orally administered to the animals. The chickens were sacrificed every
24 h and Campylobacter counts in the intestinal lumen were determined. As a result,
a remarkable reduction in a bacterial number in phage-treated groups was observed.
The most significant effect was noted 2 days after the bacteriophage application, as the
bacterial number decreased by 2.4 log CFU/g compared to the control group of infected,
untreated animals. An important objective of the study was to investigate the influence
of the phage treatment on the gut microflora of the animals. The results indicated that
bacteriophages did not affect birds’ microbiota, which supports previous observations
regarding the safety of phage treatment [73]. Of note, recent studies on bacteriophages of
different specificity showed that phage application influences the microbiological balance
in birds’ intestines [74–77]; however, reliably answering whether this influence is harmful
or harmless for the animals requires further, comprehensive research.

The efficacy of bacteriophages in eliminating C. jejuni in chicken meat was also con-
firmed in the studies of Zampara et al. (2017). The authors isolated phages capable of
reducing C. jejuni at a chilled temperature and then created a phage cocktail composed of
two phages with the highest lytic spectrum. The cocktail reduced the number of bacteria by
0.73 log units compared to the control group. Remarkably, the results confirmed that phages
may be used in protecting the chicken meat against C. jejuni also at lower temperatures [78].

It is noteworthy that campylophages, compared to other bacterial viruses, have some
features which make their application difficult. Żbikowska et al. (2020), in a recent review
on potential use of phages in the poultry industry, listed in this regard: (i) the problems
associated with the optimization methods for phage isolation, propagation and purification;
(ii) difficulties with appropriate selection of phage candidates for application due to the
significant differences between Campylobacter phages within groups, even they are geneti-
cally very similar; (iii) evidenced phage resistance of Campylobacter after phage treatment;
and (iv) the cost of production [79]. Notwithstanding these limitations, phage treatment of
Campylobacter infections remains an appealing option.

1.7. Yersinia

Yersinia enterocolitica is a Gram-negative bacillus-shaped bacterium, which belongs
to the Enterobacteriaceae family [80]. To date, 28 species have been identified, 3 of which
are pathogenic to humans [81]. Yersinia spp. are heterogeneous species represented by
six biotypes (1A, 1B, 2, 3, 4, 5) and different serogroups showing specific virulence factors
correlated with the geographic region in which the bacteria occur [80]. This pathogen is
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mainly transmitted through raw food or water sources, causing gastrointestinal disease
also known as yersinosis in humans. It is the fourth most frequently reported foodborne
bacterial disease and a huge threat to human life [82]. The main symptoms of yersiniosis
are fever, often hemorrhagic diarrhea, lymphadenitis, abdominal pain, and nausea [83].
Combating yersinosis is a great challenge since numerous representatives of this species
have developed resistance to many frontline antibiotics such as penicillin, ampicillin,
cephalosporine and macrolides [84]. Clearance of Yersinia contamination in food and food
processing equipment is also difficult due to the ability of this pathogen to form biofilm
structures [85].

Compared to phages specific to other foodborne pathogens, the knowledge regarding
Yersinia phages is rather scarce. Jun et al. (2018) isolated and characterized four virulent
bacteriophages specific to Yersinia enterocolitica. Bacteriophage fHe-Yen3-01 was assigned to
the family Podoviridae, while three other phages (fHe-Yen9-01, fHe-Yen9-02 and fHe-Yen9-
03) were assigned to the Myoviridae family. In subsequent tests, isolated viruses were used
to reduce contamination in selected food products. Raw pork and milk were contaminated
with the Y. enterocolitica O:9 Ruokola/71 strain, a genetically modified strain of Yersinia for
use in in vitro tests. The bacterial count during the experiment decreased in raw pork from
2.3 × 103 CFU/g to 2.12 × 102 CFU/g and in milk from 4.15 × 103 CFU/mL below the
detection limit (<10 CFU/ml). In the case of RTE pork, the reduction of bacterial count was
from 2.1 × 103 CFU/g to 3.8 × 10 CFU/g. Furthermore, potential application of phages
against Yersinia contamination on kitchen utensils, such as cutting boards, wooden spoons
and kitchen knives, has been evaluated. Tools were immersed in a bacterial inoculum
with the concentration of 104 CFU/mL, then they were exposed to phages directed against
Y. enterocolitica. The highest efficiency was demonstrated for the fHe-Yen9-01 phage, which
reduced the number of bacteria by 1/3 compared to the initial bacterial count. These
findings suggest potential use of phages to control the growth of Y. enterocolitica in food
and everyday kitchen items [86].

Yersinia bacteriophages have also been used for the development of a selective tool
for identification of this bacteria. Immune separation (IMS) was considered a promising
approach in identifying Yersinia spp.; however, due to the existence of numerous serotypes
of the pathogen, the method did not eventually find practical application. Therefore, many
attempts have been made to modify this technique. One of them is based on use of magnetic
microparticles together with RNA binding proteins (RBPs) Gp17, Gp47 and Gp37 of phages
to selectively “capture” the epidemiological serotypes of Y. enterolytica. In the case of
microparticles coated with RBP Gp17, it was possible to detect the O:3 type, which is the
most virulent serotype causing yersiniosis. Moreover, use of Gp47 and Gp37 allowed for the
identification of serotypes O:3, O:5, 27, O:8 and O:9. Notably, compared to the method based
on antibodies, the modified IMS technique is stable to physical–chemical interactions [83].
The results confirm the potential of phages in the development of identification systems for
different bacterial species, including food-related pathogens.

2. Perspectives

Microbial safety is one of the priority issues in the food industry as it directly affects
consumers’ health. Currently applied antibacterial strategies have their limitations and
thus solutions that are easy to implement, do not influence product quality, and are safe
and cheap are eagerly anticipated.

Bacteriophage effectivity against foodborne pathogens has been confirmed in numer-
ous studies, and the potential of bacterial viruses in strategies against this group of bacteria
has been noted by many scientists (Table 1) [42,60,87]. It is worth emphasizing that this
review presents recent studies on the effectiveness of bacterial viruses in combating only
selected food-related bacteria, and research studies in this field are much more advanced.
They also include such other important foodborne pathogens as e.g., Shigella sp. [49,88],
Staphylococcus aureus [89,90], Pseudomonas [91,92] and Vibrio [87].
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Despite the fact that food safety is the industrial area in which commercialization
of bacteriophage-based products shows the fastest progress, popularization of phage
application is still in its infancy (Table 2). Over the last 12 years, the number of accept-
able bacteriophage preparations approved for use in the food industry has increased. In
2006, the FDA issued the first approval for a bacteriophage cocktail against L. monocy-
togenes on RTA meat and poultry products, which was the aforementioned ListShield
(LMP-102) (Intralytix, Columbia, USA). Later, approvals by the FDA were issued for other
preparations such as PhageGuard and Listex (Micreos Food Safety B.V., Wageningen, The
Netherlands), EcoShield (Intralytix, Columbia, USA), ShigaShield (Intralytix, Columbia,
USA) and SalmoFresh (Intralytix, Columbia, USA). GRAS status was given to SalmoFresh
(Intralytix, Columbia, USA) and PhageGuard (Micreos Food Safety B.V., Wageningen,
The Netherlands) [93]. Currently 13 phage preparations for food safety applications have
been approved by different North American or European institutions, most of them dedi-
cated to fighting E. coli (6) and Salmonella spp. (4). Other preparations are active against
L. monocytogenes (2) and Shigella spp. (1) [25]. It is worth noting a phage-based prepara-
tion dedicated for applications in agriculture, AgriPhage, offered by Omnilytix (USA), is
active against Xanthomonas campestris pv. vesicatoria and Pseudomonas syringae pv. tomato
and is available for sale [94]. Importantly, there are also preparations which have not
yet received acceptance by western institutions but have been commercialized on the
Asian market. As an example, BAFASAL (Proteon, Łódź, Poland), available as a feed
additive and targeting S. Typhimurium and S. Enteritidis, still awaits commercialization
on the European market [95].

Despite the many advantages of bacteriophage-based antibacterial strategies, there
are also some drawbacks, which have to be considered particularly in the context of
widespread phage application. One of the best known is the phage ability to randomly
transfer fragments of the bacterial genetic material in the process called transduction [96].
Obviously transduction may include potentially harmful genes of virulence or antibiotic
resistance contributing to the environmental spread of the strains of increased risk for
public health. Clearly, this potential threat has to be considered with respect to intended
application of bacterial viruses.

Furthermore, the direct influence of phages on the human organism has not been com-
prehensively investigated. Notably, the assumption regarding safety of the use of phages
results primarily from many years of clinical experience rather than scientific knowledge.
Numerous research studies suggest the ability of bacterial viruses to interact with mammalian
cells [97–99]; consequently, such mutual interactions should be thoroughly investigated.

As mentioned above, phage specificity is also a substantial limitation in widespread
application of bacteriophages, particularly when food products are contaminated with
different foodborne pathogens. However, this may be easily overcome by using a phage
cocktail with a broad lytic spectrum and targeting different bacteria. Phage resistance
may influence activity of a phage preparation, but including several phages with similar
specificity into one cocktail should ensure activity of the product. From a purely practical
point of view, isolation, propagation and application of phages for food safety are rather
easy. Nevertheless, for development on a conventional product all the procedures have
to be well established, standardized and repeatable. This, together with the extremely
rigorous requirements concerning newly registered products, makes the pace of approval
of commercial phage preparations still insufficient.
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The question of whether commercialization of phage application in food safety can
be expedited remains open. On one hand, there is an emerging global problem of drug
resistance of many bacterial strains which demands new solutions for fighting microbial
contamination. This issue also naturally concerns the food industry. On the other hand, we
are at a point in history when mankind is about to face a major food crisis. Improving the
safety of food and thus safeguarding it from wastage seems to be a critical challenge. Un-
doubtedly, multifaceted application of bacteriophages in combating foodborne pathogens
is an important option.

Table 1. Exemplary studies on bacteriophage use against selected foodborne pathogens.

Bacteria Symptoms Transmission Phages Results References

Campylobacter
jejuni

Fever, muscle
aches, headaches,

arthralgia,
abdominal pain

and cramps,
weakness, bloody
diarrhea, gastric or

intestinal pain,
occurrence of
Guillain-Barré

syndrome

Poultry meat, milk,
contaminated

water, swimming
in contaminated

water bodies,
contact with

animal.

CJ01

Mutton and chicken meat were
stored at 4 ◦C and injected with

5 mL of C. jejuni with a
concentration of 104 CFU/mL.
The samples prepared in this
way were incubated for 4 h.

Then, they were sprayed with 5
mL of bacteriophage with

PFU/mL, and the samples were
again incubated for 48 h. The
final result was 102 CFU/g.

[4]

Φ7-izsam
Φ16-izsam

The influence of bacteriophages
on naturally or artificially
contaminated poultry was

investigated. Bacteriophages
were given to the animals

before slaughter and resulted in
a reduction of 1 log10 CFU/g

and 2 log10 CFU/g for both test
groups.

[72]

CP20 and
CP30A

Poultry were infected and
bacteriophages were

administered 4 days later.
Chickens were sacrificed every
24 h and the intestinal pathogen

concentration was examined.
The most prominent result was
obtained on the second day of

incubation and caused a
decrease of bacteria by 2.4 log

CFU/g in relation to the control.

[73]

12673, P22,
29C;

The contaminated skin of
chickens was examined. The

level of the pathogen decreased
by 2 log units when using the

MOI of the phage 100:1 or
1000:1.

[100]
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Table 1. Cont.

Bacteria Symptoms Transmission Phages Results References

Escherichia coli

Vomiting,
headaches,

stomach pain,
low-grade fever or

fever, diarrhea,
weakness, bloody
stools, hemolytic
uremic syndrome,

neonatal
meningitis,

pneumonia, sepsis

Pork, poultry,
contaminated

ruminants such as
goats, deer, sheep,

elk, water, milk
and dairy

products, direct
contact with

animals

FM10, DP16
and DP19

The phage cocktail was tested
on fresh intubated cucumber at
two temperatures of 4 ◦C and
25 ◦C for 24 h. The number of

bacteria was reduced by
1.97–2.01 log CFU/g and

1.16–2.01 log CFU/g at 25 ◦C
and 4 ◦C.

[54]

DW-EC

It was tested on many matrices,
such as chicken meat, lettuce
meat, fish meat, and tomato.

The samples were contaminated
with bacteria, then they were
subjected to the phage section.

A significant result was
obtained at 6 days of incubation.
The best effect was seen in the

chicken feed samples where the
pathogen value decreased by
80.93% after the first day and
87.29% after the 6th day. The

weakest effect was observed on
lettuce leaves.

[55]

AZO145A

The effect of phage on the
biofilm was investigated.

Exposure to bacteriophage at a
concentration of 1010 PFU/cm2

for 2 h resulted in a
4.0 log 10 PFU/mL reduction in

biofilm on stainless steel.
However, on the surface of beef,
at 48 h incubation, the pathogen
decreased by 3.1 log10 CFU/g.

[56]

T4

The aim of the study was to
design an antimicrobial package
by using the immobilization of
T4 phage (105 CFU/mL) on the

surface of the PCL foil.
Contaminated beef was placed
in this package. The bacterial
concentration applied to the

meat was 107 CFU/mL. After
48 h of incubation, the

concentration of bacteria was
reduced by 3 log CFU/mL.

[84]

FAHEc1

Contaminated raw beef as a test
matrix; after using phage, the

concentration of bacteria
decreased by 2 or 4 log units at

the appropriate storage
temperatures, 24 ◦C and 37 ◦C.

[101]
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Table 1. Cont.

Bacteria Symptoms Transmission Phages Results References

Listeria
monocytogenes

Fever, chills,
muscle aches,

headaches, nausea
and vomiting,

confusion, local
infections,

inflammation of
the lymph nodes,
inflammation of
the lungs, joints,

bone marrow,
pericarditis and

myocarditis,
inflammation of

the eyeball,
gastrointestinal

infections.

Raw vegetables
and fruit,

unpasteurized
dairy products

(milk, cheese, ices
cream), raw,

cooked and frozen
poultry meat, raw
and smoked fish,

delicatessen
products,

semi-finished
products, fast-food

products, soil,
sewage, water,
rotting plants,

silage, wild and
farm animals.

FWLLm1

Bacterial levels dropped by
2 log units on the surface of the

chicken that had become
contaminated with Listeria. The

samples were stored in a
vacuum package at 4 ◦C and
30 ◦C. A positive result was

observed only for the sample
kept at 30 ◦C.

[7]

A511

Bacterial levels were tested in
milk chocolate, mozzarella and

brie cheese. The phage were
given and incubated at 6 ◦C.

Bacteria concentration dropped
by 5 log units.

[102]

Pseudomonas spp.

Pneumonia, fever,
chills, severe

shortness of breath,
cough, confusion,

chronic lower
respiratory tract
infection, Roth’s

spots, i.e.,
petechiae on the

retina, small
painless

erythematous
changes on the

hands and
feet—Janeway

symptom, painful
reddish lumps

on the
fingers—Osler’s

nodules,
subungual
petechiae

Water, soil, human
and animal

digestive tract.

UFJF_PfDIW6,
UFJF_PfSW6

The lyophilized phage cocktail
was incubated with raw milk at

4 ◦C for 7 days. After the
incubation period, the
Pseudomonas bacterial

population decreased by
3.2 log CFU/mL.

[103]

V523, V524,
JG003

Three bacteriophages used
separately and together as a

cocktail were used to biocontrol
bacteria in the water. The effect
of the phages was tested against

two bacteriophage strains:
PAO1 and the environmental

strain 17V1507. Of all the
bacteriophages, V523 was most
effective in reducing the PAO1
strain (>2.4 log10). The other
strain was sensitive only to

JG003, resulting in its reduction
by 1.2 log10. The phage cocktail
resulted in higher reductions in
PAO1 (>3.4 log10) compared to
using them alone. In contrast,

the same reduction was
observed in 17V1507 as with

JG003 alone.

[104]
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Table 1. Cont.

Bacteria Symptoms Transmission Phages Results References

Salmonella spp.

Abdominal pain,
vomiting, diarrhea,

fever, headache,
chills, reduced

urine output, dry
mucous

membranes,
excessive

sleepiness, apathy.

Chicken, turkey,
pig, duck, goose
meat, eggs, soil,

water, cheese, milk,
fruit, vegetables,

contact with
contaminated

animals

LPSTLL,
LPST94,
LPST153

The use of the bacteriophage
cocktail decreased the

concentration of bacteria by
3 log units. Chicken breasts
were inoculated using an

inoculum. The influence on the
biofilm created by Salmonella

was also examined, the
administered cocktail effectively
inhibited the growth after 72 h,
the microplates decreased by

5.23 log units.

[46]

LYPSET

The biocontrol was tested in
milk and on lettuce leaves. In

milk samples there was a
decrease of bacteria by

2.19 log CFU/mL at 4 ◦C and
4.3 log CFU/mL at 25 ◦C.
However, in the samples

containing lettuce, there was a
decrease of 2.2 log CFU/mL at
4 ◦C and 2.34 log CFU/mL at

25 ◦C at MOI = 10,000.

[45]

SE07

The effects of phage on eggs,
beef and poultry meat were

tested. The best effect for beef
was obtained after 48 h of

incubation; the bacterial value
dropped from 4.23 log CFU/mL
to 2.11 log CFU/mL, while for

chicken the effect was even
better as there was a decrease

from 4.16 log CFU/mL to
2.14 log CFU/mL also at 48 h.

[47]

SJ2

The use of phage resulted in a
significant reduction of bacteria in
the soft pork and eggs. Incubation

was carried out at 4 ◦C.

[105]

BSPM4,
BSP101,
BSP22A

The phages were presented as a
cocktail. The reduction of

bacterial colonies was tested on
lettuce leaves and fresh
cucumber. There was a

reduction of 4.7 log for lettuce
and 5.8 log for cucumber.

[106]
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Table 1. Cont.

Bacteria Symptoms Transmission Phages Results References

Shigella sp.

Vomiting, anorexia,
abdominal cramps,

bowel urgency,
severe watery
diarrhea, fever,

diarrhea with an
admixture of

mucus and blood,
rapid breathing,
heart rate, low
blood pressure,
dry mouth and

skin (dehydration),
pain on palpation
of the abdomen

Touching skin of
contaminated

person, oral cavity
(fecal–oral route),

contaminated
water and food,
sexual contact,
swimming in
contaminated

water, by insects,
such as housefly.

SSE1, SGF3,
SGF2,

The influence of the SFE3 phage
and its combination as a

cocktail with other phages on
the reduction of biofilm on
polystyrene surfaces was

investigated. It was found that
the single SGF2 phage (isolated

from wastewater) had the
greatest impact on the

development of biofilm; it
caused growth inhibition by

26.6%. The lowest results were
obtained for SGF3, while

adding it to a phage cocktail
increased its effectiveness by

25%. The phage is active against
strains such as S. dysenteriae,
S. baumannii, and S. flexneri.

[107]

SD-11, SF-A2,
SS-92

The number of pathogens was
decreased by 4 log in chicken

meat, when they applied phage
cocktail. It was stored at 4 ◦C.

[108]

Staphylococcus sp.

Infections of the
skin and

subcutaneous
tissue, which are
characterized by
the presence of

purulent discharge,
impetigo,

folliculitis, boils,
furunculosis

(multiple boils),
abscesses,

inflammation of
the sweat glands

and inflammation
of the mammary
gland, high fever,

drop in blood
pressure, organ

dysfunction

Transmission
mainly by direct
contact. Patients
after surgery are

most at risk

MDR, ME18,
ME126

Reducing biofilm in UHT milk
at 25 ◦C using ME18 (MOI = 10)
and MDR. They reduce biofilm

in milk. However ME126
(MOI = 10) at 37 ◦C reduces

CFU/mL by 87.2% compared to
control sample.

[109]

Vibrio
parahaemolyticus

Watery diarrhea,
abdominal cramps,
nausea, vomiting,

fever or chills,
abscess formation,
otitis media, otitis

media and
conjunctivitis

Contact with
contaminated

water, fruit,
seafood

PVP1 and
PVP2

They treated sea cucumber
contaminated with pathogen.
MOI = 10 or MOI = 100. Test

were performed at in 20 ◦C and
it increased survival of sea

cucumber to 80% compared
with control sample without

phage cocktail treatment, which
was only 30%.

[110]
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Table 1. Cont.

Bacteria Symptoms Transmission Phages Results References

Yersinia

Mild or high fever,
cramping

abdominal pain,
loose stools often

with mucus or
blood, vomiting,

right-hand
stomach pain,

tenderness when
examining the

abdominal cavity,
fast heartbeat, joint

pains, mainly in
the knee, ankle
and wrist, rapid

breathing

Pork and pork
offal, milk, water,

raw vegetables and
fruits.

fHe-Yen3-01
fHe-Yen9-01,
fHe-Yen9-02

and
fHe-Yen9-03

Infected raw pork and cooking
tools with the Rukola/71 strain.

The kitchen tools were
immersed in an inoculum at a
concentration of 104 CFU/mL.

The best effect was obtained for
the phage fHe-Yen9-01, which

reduced the number of bacteria
by 1/3.

[86]

PY100

The given phage reduced the
amount of bacteria in the meat

MOI = 102 by 3 log10 units after
24 h incubation and at a

MOI = 104 by 5 log10 units after
1.5 h incubation at 37 ◦C.

However, when incubated at
4 ◦C, the bacteria count

decreased by 2 log
units after 24 h.

[111]

Table 2. Selected commercial bacteriophage preparations.

Company Product Target Reference Regulatory & Certifications

Micreos Food Safety
(The Netherlands)

PhageGuard Listex Listeria sp. [65,112,113]

Halal, OMRI, Kosher, Skal, FSSC
2200;

FDA, GRN 198/21, EFSA; Swiss
BAG; Israel Ministry of Health;

Health Canada

PhageGuard S Salmonella enterica [114]
Halal, FSSC 22000;

FDA, GRN 468; USDA, FSIS
Directive 7120.1, Swiss BAG

PhageGuard E Escherichia coli O157:H7 - FSSC 22000

Intralytix (USA)

ListShield Listeria monocytogenes [3,66,115–117] Kosher; Halal; OMRI; FDA, 21
CFR 172.785; FDA, GRN 528;

SalmoFresh Salmonella enterica [5,49,118–120]
Kosher; Halal; OMRI

FDA, GRN 435; USDA, FSIS
Directive 7120.1

ShigaShield Shigella sp. [88,121,122] FDA, GRN 672

EcoShield PX Escherichia coli [9,123–125] FDA, GRN 834; USDA, FSIS
Directive 7120.1

CampyloShield Campylobacter spp. [126] GRAS

Proteon Pharmaceuticals
SA (Poland)

Bafasal Salmonella enterica [96,127] -

Bafador Pseudomonas sp.,
Aeromonas sp. - -

Passport Food Safety
Solutions Finalyse E. coli O157:H7 - USDA, FSIS Directive 7120.1

Phagelux SalmoPro Salmonella spp. - FDA, GRN 603; USDA

FINK TEC GmbH
(Hamm, Germany) Secure Shield E1 E. coli [93] FDA,GRN 724

Arm and Hammer Animal
& Food Production (USA) Finalyse SAL Salmonella [128] -
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3. Conclusions

Food products are one of the main routes of transmission of infectious diseases
throughout the human population. Therefore, effective, safe and easily implemented
methods ensuring protection of consumers are highly desired.

Bacteriophages have properties that make them excellent candidates in antibacterial
approaches, especially in the food safety sector. Numerous studies confirm the high
efficiency of phages in eliminating various foodborne pathogens. This includes drug-
resistant bacteria and highly stable biofilm structures, both representing a particular concern
for food producers. At the same time, application of phages does not influence the quality of
food products and is easy and safe. Although commercialization of phage-based products in
food safety has been steadily progressing, much still needs to be done to achieve widespread
use of phage preparations. Nevertheless, considering the limitations and nearly exhausted
potential of currently applied antibacterial methods, new strategies are highly desirable.
Undoubtedly, application of phage products may be considered an attractive choice.
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Abstract: Potato soft rot and wilt are economically problematic diseases due to the lack of effective
bactericides. Bacteriophages have been studied as a novel and environment-friendly alternative to
control plant diseases. However, few experiments have been conducted to study the changes in
plants and soil microbiomes after bacteriophage therapy. In this study, rhizosphere microbiomes
were examined after potatoes were separately infected with three bacteria (Ralstonia solanacearum,
Pectobacterium carotovorum, Pectobacterium atrosepticum) and subsequently treated with a single phage
or a phage cocktail consisting of three phages each. Results showed that using the phage cocktails
had better efficacy in reducing the disease incidence and disease symptoms’ levels when compared
to the application of a single phage under greenhouse conditions. At the same time, the rhizosphere
microbiota in the soil was affected by the changes in micro-organisms’ richness and counts. In
conclusion, the explicit phage mixers have the potential to control plant pathogenic bacteria and
cause changes in the rhizosphere bacteria, but not affect the beneficial rhizosphere microbes.

Keywords: bacteriophage treatments; rhizosphere microbiota; Solanum tuberosum; single phage therapy;
phage cocktail therapy

1. Introduction

Potatoes (Solanum tuberosum L.) are considered to be the third most consumed crop
globally and the main food for more than one billion people in the world [1–3]. This means
that potatoes contribute significantly to the global food security and economy when used
as cash crops [4]. Among these threats, potato infection by bacterial diseases is serious
as it may lead to a tremendous crop loss of up to 80% [5,6]. Two major forms of potato
bacterial disease exist including potato soft rot and wilt [7]. The potato soft rot is caused by
a range of bacteria, including Pectobacterium carotovorum, Pectobacterium atrosepticum, and
Dickeya spp., while potato wilt is caused by Ralstonia solanacearum [8–10]. These bacterial
pathogens are soilborne and can infect plants during growth, causing severe damage [11].
Therefore, effective and environmentally friendly control agents can be used to combat
these diseases and their associated bacterial pathogens [12–14].

Several strategies, including the use of bactericides [15–18], antimicrobials [16,19], and
bacterial inoculants, have been adopted to control potato soft rot and wilt [17,18]. Despite
their efficacy, each of these methods has its own demerits [19]. For example, bactericides
such as copper compounds, 5-nitro-8-hydroxyquinoline, chlorine dioxide, and mercuric
chloride can cause environmental pollution, increase resistant bacterial strains and heighten
the price of agricultural production [5,17,19]. Additionally, the use of antimicrobials such as
oxolinic acid, streptomycin, and validamycin A for controlling bacteria that can cause soft
rot and wilt can lead to resistant strains that ultimately contribute to the already alarming
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list of antimicrobial-resistant strains [6,20]. Biocontrol using bacterial inoculants to modify
the composition of plant rhizosphere microbiota has been proposed as an alternative
to pesticides for pathogen elimination [21–23]. However, bacterial inoculants are often
ineffective owing to their poor establishment in the rhizosphere, competition with native
microbiota for resources, and interference with native microbiota [20,24]. As a result,
new approaches, including the use of bacteriophages as potential biocontrol agents, are
being explored [25].

Bacteriophages (phages) are viruses that infect and propagate within bacterial cells [13,26].
The growing interest in applying phages in the biocontrol of plant pathogens stems from
their advantages, including host specificity, environmental friendliness, self-replication,
non-toxicity, ability to overcome antimicrobial resistance, cost-effectiveness, ease of pro-
duction, and the ability to be used as cocktails to improve their efficacy [12,14,25]. Owing
to these advantages and more, studies have shown that phages can be used to control
soft-rot Enterobacteriaceae (SRE) and potato wilt with satisfactory accomplishment in field
trials [10,11,20]. Despite this, experimental evidence on the effects of phages on the native
rhizosphere, as well as on the properties of the soil such as pH and organic contents, is still
scarce. Additionally, phages can be used as single variants or as cocktails to improve their
efficacy. The use of cocktails may further have an additional effect on soil properties and
native rhizosphere microbiota [27–29].

Recent advancements in molecular diagnostic tools such as sequencing, metagenomics,
and bioinformatics can be used to answer these questions [30–32]. Using these tools, studies
can be conducted to determine how evolutionary trade-offs or phage-mediated pathogen
density reduction may affect the composition and functions of the native rhizosphere micro-
biome [27,29]. For example, a decrease in pathogen density of one bacterium mediated by
phages may result in an increased competition of niche space and nutrient uptake by other
native bacteria, consequently leading to changes in native rhizosphere and microorganism
diversity [29,30]. These changes may have beneficial secondary effects on the plant owing
to a reduction in bacterial loads associated with plant diseases [27].

Therefore, in this study, we determined the effects of phage therapy on potato bacterial
diseases using three pathogenic bacteria, R. solanacearum, P. carotovorum, and P. atrosepticum.
Using greenhouse experiments and metagenomic analysis, we assessed the effects of single
and cocktail phages against potato bacterial soft rot and wilt in complex microbial commu-
nities and tested whether these effects extend to other microbes within the rhizosphere area.

2. Results
2.1. Efficacy of Bacteriophage Therapy on Potato Bacterial Diseases In Vivo

The phages used in this study were previously isolated and used to assess their bio-
control efficacy on potato infecting phytobacteria in vitro [1,5]. In this study, we designed
a greenhouse experiment using the same phages as single and cocktails (Supplementary
Figure S1) to determine if the phages can also control potato bacterial disease in vivo
(Supplementary Figure S2).

Three bacteria, R. solanacearum (Rs), P. carotovorum (Pc), and P. atrosepticum (Pa), were
inoculated to cause potato wilt and soft rot diseases, respectively. As shown in Figure 1,
all of the five plants in the positive control group (inoculated with bacteria Rs, Pc, or Pa,
without phage treatment) showed signs of bacterial infection (the ratios were 0:5 in terms
of healthy to infected plants for Rs, Pc, and Pa). The single phage treatments showed
differences in disease incidence, with ratios of 4:1, 5:0, and 3:2 in terms of healthy to
infected plants for SRs, SPc, and SPa, respectively. On the other hand, the phage cocktail
treatments were more effective for the reduction of the diseases’ incidence, with ratios
of 5:0, 5:0, and 4:1 in terms of healthy to infected plants for RsPck, PcPck, and PaPck,
respectively (Figure 1A).
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Figure 1. Effects of phage therapy on the incidence of potato bacterial disease in terms of healthy:
infected plants for all treatments (A) and Percentage of disease symptoms after different treatments
(B). Positive control or pathogen groups: inoculated with R. solanacearum (Rs), P. carotovorum (Pc),
or P. atrosepticum (Pa), respectively; Single phage groups (SRs, SPc, and SPa): inoculated with
R. solanacearum (Rs), P. carotovorum (Pc) or P. atrosepticum (Pa) and then treated with a single phage,
respectively; Phage cocktail groups (RsPck, PcPck, and PaPck): inoculated with R. solanacearum (Rs),
P. carotovorum (Pc) or P. atrosepticum (Pa) and then treated with phage cocktails, respectively. “n” is
representing the number of healthy: infected plants and “%” is indicating the percentage of the
disease symptoms revealed on the infected plants.

Notably, the phage cocktails treatments showed a remarkable plant growth than all
groups indicating that it may have killed the three bacteria causing potato wilt and soft
rot diseases. In detail, the percentage of disease symptoms revealed in Rs-treated plants
was 80%, the percentage ranged between 10–20% when the single-phage (SRs) was applied,
and decreased down to 0–5% when the phage cocktail (RsPck) was used. For the Pc-
treated plants, the percentage of disease symptoms was 70% and the percentage of disease
symptoms revealed after inoculation with SPc ranged between 10–25% and decreased down
to 0–7% when the PcPck treatment was applied. The percentages of disease symptoms
caused by Pa was about 70%, decreased down to 25% with the application of SPa and
reduced down to 8% when the PaPck treatment was applied. The negative control remained
asymptomatic during the experiment period. Reductions were significant (p-value < 0.001)
in all the applied phage treatments. Data indicated that phage cocktails were more effective
than single phage treatments (Figure 1B).

2.2. Microbial Communities: Pathogens and Phage Therapy
2.2.1. Rhizosphere Microbiome Profiling

The microbial profiling of the soils yielded average total OTU (Operational Taxonomic
Unit) counts of 1294, 1272, and 1280 for the Rs, Pc, and Pa groups, respectively. After phage
treatments, the total OTUSs were 1286, 1272, and 1280 for SRs, SPc, and SPa, respectively,
and 1285, 1207, and 1291 for RsPck, PcPck, and PaPck, respectively, versus the average total
OTU of the native soils which was 794. Among all samples, the common OTU count was
1075, separated into 695 OTUs shared with the native soil sample and 380 OTUs exclusively
shared among the treated samples (Figure 2).

The average Shannon index (i.e., an index to measure the diversity of species in a
community) for replicates per treatment was applied to estimate the detected diversity
within each sample (i.e., alpha diversity). Among all phage therapy treatments, the phage
cocktail (PaPck) and the single phage (SPa) had the highest diversity, followed by the single
phage (SRs) and phage cocktail (RsPck). The difference was significant with p < 0.01.
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Figure 2. The OTU diversity of three phage therapy groups, positive control, or pathogens group
(R. solanacearum (Rs), P. carotovorum (Pc), and P. atrosepticum (Pa)), single phage group (SRs, SPc, and
SPa) and phage cocktail groups (RsPck, PcPck, and PaPck) compared to the negative control (no
treatments added) and native soil samples, represented by different colors.

The single phage (SPc) and phage cocktail (PcPck) had the lowest diversity compared
to native soil sample. The Shannon index ranged from 4.06 to 5.21. In detail, the Shannon
diversity index values of Rs, SRs, and RsPck were 5.21, 5.04, and 4.86, respectively, and
4.99, 4.68, and 4.32 for Pc, SPc, and PcPck, respectively, while the values for Pa, Spa, and
PaPck were 4.51, 4.25, and 4.28, respectively, when compared to the native soil (4.06).

2.2.2. Rhizosphere Microbial Communities

Proteobacteria were highly abundant among all phage treatments (percentages of
61, 59, 57, 55%, for SRs, RsPck, PcPck, and SPc, respectively) when compared to the neg-
ative control (57%). Firmicutes was highly abundant in the phage therapy treatments
(31, 25%), for Spa and PaPck, respectively, compared to the negative control (2%). Addition-
ally, Bacteriodota was highly abundant in the phage therapy treatments (19, 17, 10%), for
PcPck, SPc and RsPck, respectively, compared to the negative control (7%). In contrast, Acti-
nobacteriota had relatively low abundance in the phage therapy treatments (10, 8, 7%) for
RsPck, PcPck, and PaPck, respectively, compared to the negative control (13%; Figure 3A).
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The commonly shared OTUs among the phage therapy treatments revealed significant
differences in six microbial phyla which included Proteobacteria, Firmicutes, Acidobacte-
riota, Actinobacteriota, Bacteriodota, and Gemmatimonadota. Among all samples of the
three phage therapy groups, the phage therapy group of R. solanacearum (Rs) revealed the
abundance of highly bacterial phyla, generally being Proteobacteria, followed by Actinobac-
teriota, Bacteriodota, Gemmatimonadota, Acidobacteriota, Firmicutes, Acidobacteriota,
Myxococcota, and Chloroflexi, while the most identified bacterial phyla of the phage ther-
apy group of P. carotovorum (Pc) generally was Proteobacteria, followed by Bacteriodota,
Actinobacteriota, Firmicutes, Acidobacteriota and Gemmatimonadota. In contrast with
the phage therapy group of P. atrosepticum (Pa), the most identified bacterial phylum was
Proteobacteria, followed by Firmicutes, Actinobacteriota, Bacteriodota, Gemmatimonadota
and Acidobacteriota.

Regardless of the phage therapy type, the abundance of Firmicutes was significant
in the phage therapy treatments compared to the negative control among all groups. The
Actinobacteriota, Bacteriodota and Firmicutes phyla were the most presented among all
with almost an equal distribution among different treatments (Figure 3B).

2.2.3. Phage Therapy-Related Microbial Communities

After initial screening, all detected genera (nodes) were retained in two clusters and
compared to uncultivated soil. On average, phage cocktail (RsPck, PcPck, and PaPck)
networks were more connected and had shorter path lengths. Instead, most of the taxa
associations were completely different between the phage cocktail and the three pathogen
(Rs, Pc and Pa) communities, and the number of significant associations increased with the
number of phages when compared to uncultivated soil (potato) (Figure 4A).
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Figure 4. (A) Bacterial co-occurrence networks between single, phage cocktail and pathogens for
the three phage therapy experiment (a: cluster of the negative, and pathogen treated samples, and
b: cluster of phage treated samples) compared to an uncultivated soil sample (native). (B) Three
triangular comparisons at the family level among the different pathogens (Rs, Pc and Pa), phage
cocktails (RsPck, PcPck and PaPck), and single phages (SRs, SPc and SPa) are shown.

The microbiome composition and diversity at the family level was investigated among
the three phage-therapy treatments at the pathogen, single-phage, and phage cocktail
treatments, independently (Figure 4B). The bacterial species belonging to Bacillaceae family
were common among Pa groups. In comparison, Pseudomonadaceae and Flavobacteriaceae
were common among PcPck. In contrast, Sphingomonadaceae, Xanthomonadaceae and
Moraxellaceae were shared between all three groups.

2.2.4. Phenotypic Prediction of Phage Treated Groups

Based on the recorded metadata for microbial species in databases, phenotypic cate-
gories were defined. The phenotypic profiles of the rhizosphere of phage therapy treatments
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and negative control were compared and controlled by the phage therapy groups. The
rhizosphere microbial community showed a significant difference among the phage treat-
ments. For the first group of the experiment (Rs), the phage cocktail (RsPck) presented a
significant difference to the negative control, being highly effective with the pathogen (Rs)
among facultatively anaerobic microbes. Moreover, significant differences between RsPck
and the negative control with potentially pathogenic microbes (Figure 5A) were found.
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Figure 5. Boxplot diversity explained by phenotypic prediction among the phage therapy treatments.
(A) Proportions of the potentially pathogenic and facultatively anaerobic phenotype of R. solanacearum
phage therapy (Rs) treatments. (B) Proportions of anaerobic and facultatively anaerobic phenotypes
of P. carotovorum phage therapy. (C) Proportions of the potentially pathogenic and facultatively
anaerobic phenotype of P. atrosepticum phage therapy (* p-value < 0.05, ** p-value < 0.001).

The second group (Pc) showed that both single phage (SPc) and phage cocktail (PcPck)
had significant difference with the negative control samples among the anaerobic group of
bacteria. Furthermore, significant differences between single phages (SPc) and pathogens
(Pc) among facultatively anaerobic microbes were found (Figure 5B).

In contrast, the third group (Pa) showed significant differences among the single
phage (SPa) treatment and the pathogen (Pa) with the negative control samples at mobile
elements, and significant difference between single phage (SPa) and the negative control,
being potentially pathogenic (Figure 5C).

2.2.5. Functional Prediction of Phage Treated Groups

The functional properties of the detected bacterial taxa were investigated in relation to
the different phage therapy treatments based on KEGG pathways. Based on the enriched
pathways values of the negative samples (x-axis) in contrast to all the other samples (y-axis)
the most represented functional pathways were detected (Figure 6). The most represented
pathways were related to the organism’s metabolism for all samples, followed by the biosyn-
thesis of secondary metabolites, microbial metabolism in diverse environment, biosynthesis
of amino acids and carbon metabolism. In the case of the environmental information
processes group, the two-component system and ABC transporters were distinguished,
while ribosomes’ formation was highly presented as the genetic information processes
group. It was observed that the PaPck was highly represented when compared to the other
treatments (Figure 6A). Additionally, the purine metabolism, oxidative phosphorylation,
pyruvate metabolism and glyoxylate dicarboxylate metabolism of the metabolism group
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were presented at lower levels, as well as the quorum sensing of the cellular processes
group. Equally, the PaPck was more highly represented than the other treatments, fol-
lowed by SPa and Pa. The RsPck and PaPck were the only treatments that showed higher
enrichment levels of the previous groups when compared to their pathogen, or single
phage-treated samples, in contrast to the PcPck, which showed the lowest enrichment
pathways among all (Figure 6B).
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Figure 6. The functional prediction KEGG pathways for all samples at three levels, (A) top pathway
above 10 million enriched genes, (B) between 5500K to 8000K enriched genes and (C) the gene
enrichment plot of the phage therapy treatments versus the untreated soil.

3. Discussion

The impact of microbe–microbe interactions on the host–microbial pathogen inter-
action outcomes is a relevant subject in microbiology and plant pathology. Studies have
shown that the microbiome structure, assemblage, and compositions are directly influ-
enced by soil biotic and abiotic factors [31]. Phage therapy is a common practice that has
been previously reported in agriculture and plant protection fields [12–14]. However, the
commercial use of phages in agriculture is still limited [12–14]. This study has shown that
phages can be used effectively as biocontrol agents while improving overall plant health.
This effectiveness was observed after an in vivo evaluation of different phage treatments
following a specific sampling design. It was apparent that all the tested phages were
able to control potato wilt bacteria R. solanacearum and the soft rot bacteria P. carotovorum
and P. atrosepticum as previously reported [1,5]. Although a single phage decreased the
occurrence of bacterial wilt and soft rot diseases in contrast to the control, the occurrence
of diseases was reduced more by the phage cocktail that contained three different phages
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under greenhouse conditions. The decline in occurrence of infections could be clarified
by a decline in pathogens densities and this impact became stronger with the use of
phage cocktails.

Bacteriophages are known for their specificity to bacteria, thus, the phage therapy
should affect its specific host (i.e., pathogen) and show an insignificant effect on the natural
rhizosphere microbiota [26]. The clear divergence in both species’ richness and counts
in the pathogen-treated samples confirm the association of the pathogen with different
microbial groups. Thus, the reduction or elimination of this pathogen by phages would
eventually cause differences in the existing rhizosphere microbial community represented
in the anaerobic microbes that will contribute to facilitate phosphate solubilization and
promote the precipitation of soluble Cd in the soil, as well as the facultative anaerobes
capable of reducing Fe (III). Effectively, in the current study, the observed changes in the
rhizosphere microbiota confirmed the vital role of phages in shaping the potato-related
rhizosphere microbiome. The enhancement of plant health after the application of different
types of phages may not be only limited to the elimination of the pathogen but also due to
the new shifts in the microbial composition.

For example, the NGS metabarcoding-based microbiome profiling revealed the pre-
dominance of the species belonging to the phylum Proteobacteria regardless of the treat-
ment group. The Proteobacteria were previously found to be associated with bioremedi-
ation of environmental contaminants and the production of highly beneficial phytohor-
mones such as the indole-3-pyruvate pathway for synthesis of the auxinic phytohormone
indole acetic acid (IAA) in Azospirillum and Enterobacter genera which belong to the
phylum Proteobacteria [32–35]. Moreover, Azospirillum, Burkholderia, and other gen-
era have the ability for nitrogen fixation by nitrogenase-encoding genes nifHDK [32,36].
However, Pseudomonas belonging to Proteobacteria can synthesize the pyrroloquinoline
quinone-encoding genes pqqBCDEFG that can contribute to mineral phosphate solubiliza-
tion [37], production of the 1-aminocyclopropane-1-carboxylate (ACC) deaminase gene
acdS that enables the degradation of the plant’s ethylene precursor [38,39], and synthesis
of antimicrobial compounds by the genes hcnABC (hydrogen cyanide) and phlACBD
(2,4-diacetylphloroglucinol) [40].

However, Firmicutes are capable of producing ACC deaminase and suppress pathogens
which leads to enhanced plant growth and pathogen suppression [41]. Members of the
genus Bacillus, which belongs to the phylum Firmicutes, secrete exopolysaccharides and
siderophores that inhibit or stop the movement of toxic ions and help maintain an ionic
balance [42]. As well as this, they are the direct synthesis of antimicrobial compounds,
phytohormones, and siderophores that inhibit or stop the movement of toxic ions and help
maintain an ionic balance [43]. An additional feature of the Bacillus genus is its ability to
form biofilms, as the biofilm provides a matrix on which the community can develop [42].
This bacterial genus belongs to the phylum Actinobacteriota which contributes to the
rotation of soil components into organic components through the decomposition of a
complex combination of organic matter in lifeless plants, and animals, in addition to fungal
material [44]. The most abundant genus belonging to Actinobacteriota are Streptomyces,
which are a prolific source of antimicrobial, and extracellular enzymes. They have the
ability to produce secondary metabolites of biotechnological and clinical importance that
can play a major role in nutrient cycling. The Streptomyces importance is revealed as
biocontrol agents, plant growth-promoting bacteria, and efficient biofertilizers [45].

Therefore, the phylum Bacteriodota contributes to mineral phosphate solubilization
as well as the family Cyclobacteriaceae [46]. The bacterial species of the phylum Aci-
dobacteriota have genes that probably help in survival and competitive colonization of the
rhizosphere, leading to the establishment of beneficial relationships with plants, regulation
of biogeochemical cycles, decomposition of biopolymers, exopolysaccharide secretion, and
plant growth promotion [47]. The species belonging to the phylum Chloroflexi are known
as anaerobic microbes that can co-exist with methane-metabolizing microbes and are crucial
organic matter degraders under anoxic conditions [48]. Methane metabolism is used for
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the bioremediation of Cd contamination and promotes the precipitation of soluble Cd in
soil [48]. Gemmatimonadota is known as the eighth-most abundant bacterial phylum in
soils, representing about 1–2% of the soil bacteria worldwide. They are capable of anoxy-
genic photosynthesis and are associated with the plants and the rhizosphere, treatment
plants, and biofilms [49]. The phylum Myxococcota, is broadly distributed in soil with the
ability to produce diverse secondary metabolites acting as antimicrobials, antiparasitic,
antivirals, cytotoxins, and anti-blood coagulants [50].

Notably, we found that most of the phyla which are presented correlated positively
with the functional prediction. The Proteobacteria and Firmicutes both have the ability
to produce ACC deaminase, antimicrobial compounds, and phytohormones, while the
phylum Bacteriodota facilitates phosphate solubilization in the soil, as well as the phy-
lum Proteobacteria. Therefore, Actinobacteriota and Myxococcota can produce secondary
metabolites of biotechnological and antimicrobials. As well as this, Gemmatimonadota, Fir-
micutes and Acidobacteriota phyla are known microbes for association with the plants and
the rhizosphere, treatment plants and plant growth promotion. These function predictions
of the detected bacterial taxa support the hypothesis that phage mixers have the potential
to control plant pathogenic bacteria and cause changes in the rhizosphere bacteria but not
affect the beneficial rhizosphere microbes.

The limitations of these types of treatments are the application of the phage therapy
to the field without studying its effect over many plant generations, which will require
more time and effort and to be tested over different climatic conditions and soil types.
Our continuous plan to overcome this limitation includes: testing it in the field over
different seasons from different cultivation spots; observing the phage biocontrol effect
on R. solanacearum, P. carotovorum, and P. atrosepticum for longer time periods, such as
1 or 2 years; studying the histopathology of plants at the cellular level. Additionally, we
are planning to apply a whole genome metagenomic analysis to study the bacteriophage
therapy effect on the wider microbiome community, including protists and fungi.

4. Materials and Methods
4.1. Bacterial Isolates and Culture Conditions

The bacterial phytopathogens used in this study included Ralstonia solanacearum
GIM1.74 (Rs), Pectobacterium carotovorum subsp carotovorum KPM17 (Pc), and Pectobacterium
atrosepticum WHG10001 (Pa). The R. solanacerum GIM1.74 (Rs) strain was cultured on
CTG agar plates and in broth (1% Casamino acid hydroxylate, 1% tryptone and 1.5% w/v,
agar) at 28 ◦C with shaking (170 r.p.m.). The bacterial species of the genus Pectobac-
terium were cultured on Luria Bertani (LB) agar plates (1.5% w/v, agar) and in broth at
28 ◦C [51]. After the incubation, the bacterial culture count in the suspensions ranged
between 107 to 108 CFU/mL.

4.2. Phage Isolates, Amplification, and Tittering Conditions

Three phages, PSG11, WC4, and CX5, that were previously reported as specific bacte-
riophages for R. solanacearum, P. carotovorum, and P. atrosepticum, respectively, were used as
single phages [1,5]. Three bacteriophage cocktails that each included three different types
of bacteriophages were prepared individually: the PSG2/PSG3/PSG11, WC1/WC2/WC4
and CX2/CX3/CX5 phage cocktails. A list of the used bacteria and phages is provided
in Table 1.

All the used bacteriophages were prepared in Tris-HCl phage buffer at pH 7.5 (50 mM
Tris-base, 150 mM NaCl, 10 mM MgCl2.6H2O and 2 mM CaCl2). Purified phages were
amplified by mixing 500 µL of the host bacteria with 10 µL of their respective phage. The
mixture was vortexed at 160 rpm and incubated at 28 ◦C for 15 min. Thereafter, 4 mL of
soft agar were added to the phage–bacteria mixture, poured on LB and CTG agar plates
and incubated overnight at 28 ◦C. The overlay agar was scrapped off from the double agar
plate into a 15 mL centrifuge tube containing 2 mL phage buffer, followed by vertexing
for 2 min and centrifugation at 5500 rpm for 15 min at 4 ◦C. The phage lysate was then
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filtered through a syringe-driven filter (0.22 µm). The titer of the phages was determined
through 10-fold serial dilutions and placing a spot of 10 µL of the lysate on a double agar
layer containing the host bacteria.

Table 1. Bacterial isolates and sources and well as phages are shown.

Bacteria Phage

Strain Source Single Cocktail

Ralstonia solanacearum
strain GIM1.74 (Rs)

Purchased from Guangdong
Microbiology Culture Center, China

P-PSG-11
(SRs) Rs 2, 3,11 cocktail (RsPck)

Pectobacterium carotovorum subsp
carotovorum strain KPM17 (Pc) Isolated from Molo, Kenya Wc4 (SPc) Wc1, 2, 4 cocktail (PcPck)

Pectobacterium atrosepticum
strain WGH10001 (Pa) Isolated from Mongolia, China CX5 (SPa) CX 2, 3, 5 cocktail (PaPck)

4.3. Greenhouse Experiment Design and Treatments

The efficacy of single and cocktail phages for controlling potato bacterial wilt and soft
rot were tested in pots. All experiments were carried out in the greenhouse of the Wuhan
Institute of Virology (Wuhan, China) in the period between August to October 2019. The
temperature, relative humidity, and light density fluctuated between 28–37 ◦C, 58–85%,
and 15–20 Klux, respectively.

Soil materials that were used in the present study were collected from a field located
in the Wuhan Institute of Virology (Zhendian street, Jianxia district, Wuhan, China) at
0–30 cm depth. Then, the soil was air-dried, grinded and sieved through a 2 mm sieve.
Some properties of the soil including pH, particle size distribution, soluble cations and
anions were determined according to the Olsen method [52] (Table S1). The nonsterile soil
was uniformly packed in plastic pots of 18 cm height and 26.5 cm mean diameter at a rate of
5 kg soil pot−1 (with a 1 cm drainage hole). The soil in each pot was mixed with 50 g cattle
manure (CM) (1% w/w) as an organic fertilizer. Potato seeds were surface sterilized with
3% NaClO for 5 min and followed by 70% ethyl alcohol for 1 min prior to cultivation. The
seeds were then germinated on water–agar plates for two days and further transplanted
to each pot. A suspension of pathogens (107 cells/gram of soil) were inoculated onto the
plants after 4 days from transplanting, while the phage treatments (106 particles/gram of
soil) were inoculated 2 days after the pathogen inoculation. All pots received the same
P fertilization at a rate of 1.0 g superphosphate (15.5% P2O5) per pot, an equivalent to
31.0 kg P2O5 per feed mixed with the soil before cultivation. Thereafter, three potato seeds
were sown in each pot and irrigated to about soil field capacity using tap water. After
two weeks, the seedlings were thinned to 1 plant per pot. Then, ammonium sulphate and
potassium sulphate at rates of 0.60 g N and 0.25 g K2O pot−1 (equivalent to 120 kg N and
50 kg K2O fed−1, respectively) were applied to all pots twice with 20 and 50% of the total
amounts after 25 and 50 days from sowing date, respectively.

The experiment was designed as a randomized complete block where ten treatments
for the three pathogens were categorized as follows: negative control (i.e., potato seeds
cultivated in untreated soil), pathogen-treated samples (i.e., potato seeds cultivated in
soil treated with specific bacterial pathogen), single phage treatment (i.e., potato seeds
cultivated in soil treated with the specific bacterial pathogen and treated with a single
bacteriophage species), and phage-cocktail treatment (i.e., potato seeds cultivated in soil
treated with the specific bacterial pathogen and treated with three mixed bacteriophage
species), compared to native soil. Treatments were replicated five times and rearranged
randomly every four days. Each replicate contained one potato plant per pot. The pathogen
treatments were named by pathogen initials, as Rs, Pc and Pa. The single phage treatments
were prefixed by the letter “S” (i.e., SRs, SPc and SPa), while the phage cocktail treatments
were suffixed by “Pck” (i.e., RsPck, PcPck and PaPck; Figure 7).
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solanacearum (Rs), Pectobacterium carotovorum (Pc) and Pectobacterium atrosepticum (Pa), single phage
group SRs (PSG11), SPc (WC4) and SPa (CX5) and phage cocktail groups RsPck (P-PSG-2, 3, 11),
PcPck (WC1, 2, 4) and PaPck (CX2, 3, 5), compared with negative control (no bacteria or phage added)
in a greenhouse experiment.

4.4. Metabarcoding Analysis

For every pot, soil samples were collected randomly before the beginning of the
experiment and at the end of the greenhouse experiment from the plant–rhizosphere
area and kept in plastic bags for determining the changes in the rhizosphere microbiome
composition. Samples were then sent to the company Sangon Biotech (Shanghai, China) for
DNA extraction and metabarcoding analysis. A total of 50 samples were collected along
with one sample from uncultivated soil (i.e., the source of all the soil used to conduct the
experiment). DNA extraction was performed using the Power Soil MoBio DNA Isolation
Kit (MO BIO Laboratories Inc., Carlsbad, CA, USA) at a final elution volume of 150 mL.

The bacterial communities in the soil were assessed by sequencing amplicons of the
V3–V4 variable region of the 16S rRNA gene, with the primer pair 338F (5′-ACT CCT ACG
GG AGG CAG CAG-3′) and 806R (5′- 489 GGA CTA CHV GGG TWT CTA AT-3′). The
PCR reaction was performed using the TransStart FastPfu DNA Polymerase mixture. The
reaction mixture (20 µL) was composed of 4 µL of 5x FastPfu Buffer, 2 µL of 2.5 mM (each)
dNTPs, 0.8 µL of 5 µM Bar-PCR primer F, 0.8 µL of 5 µM primer R, 0.4 µL of FastPfu
polymerase, 0.2 µL of BSA and 10 ng of template DNA. Amplification conditions for PCR
were as follows: 3 min at 98 ◦C to denature the DNA, followed by 27 cycles of denaturation
at 98 ◦C for 10 s, primer annealing at 60 ◦C for 30 s, and strand extension at 72 ◦C 45 s,
followed by 7 min at 72 ◦C on an ABI Gene Amp 9700 thermocycler (IET, London, UK).
Electrophoresis on 2% agarose gel was used to check the quality of the PCR products
and purified using Agencourt AMPure XP beads (Beckman, Brea, CA, USA). The pooled
DNA product was used to construct an Illumina pair-end library followed by Illumina-
adapter ligation and sequencing by Illumina (MiSeq, PE 2 × 300 bp mode), following the
manufacturer’s instructions.
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Paired-end data were demultiplexed into each sample based on the index sequences
downloaded from the Illumina MiSeq platform. Hence, the paired-end sequences of
each sample were trimmed based on their quality and length using Trimmomatic [53]
and FLASH [54] software. The metabarcoding analysis was performed using the online
Majorbio Cloud Platform (http://en.majorbio.com/ (accessed on 1 June 2022)). Uparse
V7.1 (http://drive5.com/uparse/ (accessed on 1 June 2022)) was used to detect and remove
chimera sequences. Mothur v.1.9.0 software [55] was used to infer richness and to perform
library comparisons. The Operational Taxonomic Unit OTU (is the basic unit in numerical
taxonomy and can be used to classify groups of closely related species, individuals, or
genes) was clustered at a sequence similarity of 0.99, while the taxonomy was identified by
the RDP classifier algorithm (http://rdp.cme.msu.edu/ (accessed on 1 June 2022)) versus
the Silva 16S rRNA database (version 138) at a 70% confidence threshold. The PICRUSt
(http://huttenhower.sph.harvard.edu/galaxy/ (accessed on 1 June 2022)) was employed
to predict the functional characters of the detected microbial communities and functions.
The co-occurrence network was analyzed using Orange V3.24.1 (https://orange.biolab.si/
(accessed on 1 June 2022)). The counts were analyzed and visualized using Venn diagrams
(vegan R-package) and Circos plots (Circos -0.6; http://circos.ca/ (accessed on 1 June 2022)).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11081117/s1, Table S1: Soil properties including pH,
particle size distribution, soluble cations, and anions, Figure S1: Phage plaque assay, Figure S2: Phage
biocontrol experiment.
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Abstract: Nowadays there is a growing interest worldwide in using bacteriophages for therapeutic
purposes to combat antibiotic-resistant bacterial strains, driven by the increasing ineffectiveness of
drugs against bacterial infections. Despite this fact, no novel commercially available therapeutic
phage products have been developed in the last two decades, as it is extremely difficult to register
them under the current legal regulations. This paper presents a description of the interaction between
a bacteriophage manufacturer and a clinical institution, the specificity of which is the selection of
bacteriophages not for an individual patient, but for the entire spectrum of bacteria circulating in the
intensive care unit with continuous clinical and microbiological monitoring of efficacy. The study
presents the description of three clinical cases of patients who received bacteriophage complex via
inhalation for 28 days according to the protocol without antibiotic use throughout the period. No
adverse effects were observed and the elimination of multidrug-resistant microorganisms from the
bronchoalveolar lavage contents was detected in all patients. A decrease in such inflammatory mark-
ers as C-reactive protein (CRP) and procalcitonin was also noted. The obtained results demonstrate
the potential of an adaptive phage therapy protocol in intensive care units for reducing the amount
of antibiotics used and preserving their efficacy.

Keywords: phage therapy; bacteriophages; antimicrobial resistance; regulatory framework; personalized
medicine; clinical case; intensive care

1. Introduction

One of the challenges of the 21st century is the ineffectiveness of drugs against bacterial
infections [1]. Hospital-acquired infections currently cause millions of deaths per year, and
the prognosis for the future is even worse, as evidenced by current research. In 2009, over
20,000 people in the US died due to the lack of effective antibiotics. The same statistics have
been observed in Europe. Worldwide, more than 100,000 people have died from infections
caused by antibiotic-resistant bacteria [2]. In 2019, the annual number of deaths associated
with antibiotic-resistant bacteria surged to 4.95 million [3].

Phage therapy is based on the therapeutic use of bacteriophages to treat bacterial
infections. Since Felix D’Hérelle’s introduction of the term “bacteriophage” in 1917, phages
have been used extensively in combatting bacterial pathogens. However, in Western Eu-
rope and the USA, phage therapy was soon abandoned due to questionable treatment
outcomes, lack of standardization, and the discovery of antibiotics. Bacteriophages contin-
ued to be used for therapy in Eastern European nations like the USSR, supported by the
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establishment of the Bacteriophage Institute in Tbilisi in 1934 by George Eliava together
with Felix D’Hérelle [4]. A reduction in treatment options for patients due to the spread of
antibiotic resistance among bacterial pathogens has led researchers to explore new methods
of managing bacterial populations and restoring the natural balance of the microbiota.
Currently, there is a growing interest worldwide in using bacteriophages for therapeutic
purposes to combat antibiotic-resistant bacterial strains, and they are increasingly being
used by scientists and clinicians [5]. Published clinical cases and individual clinical trials of
phage therapy suggest a high level of safety when using different routes of administration
in humans, although some studies do not prove efficacy [6]. Humans co-exist with phages
throughout their lives, and they are an inherited element of the human microbiome [7], so
the occurrence of unwanted side effects, including toxicity or allergy, is highly unlikely.
Furthermore, phage therapy has proven to have practically no side effects [8].

In spite of their importance, no new commercially available therapeutic phage prod-
ucts have been developed in the last two decades. This is largely due to the regulatory
restrictions that exist for bacteriophages, which make it impossible to register these prod-
ucts under current legal frameworks [9]. In both Europe and the USA, there is no specific
regulation of bacteriophages. Since 2011, phages have been classified as a drug in the USA
or as a medicinal product in the European Union [10]. The qualification of phages as a
medicinal product for human use was approved in 2015 at a workshop of the European
Medicines Agency (EMA), despite warnings from phage researchers about the inadequacy
of such an assessment. Following the event, researchers expressed their disagreement in a
letter highlighting the need for a novel regulatory structure [11].

Clinical trials of phage products have revealed a range of problems associated with
double-blind studies, which are costly and time-consuming for the testing of at least part of
the drug formulation [2]. Additionally, a significant downside of commercializing phage-
based products is the requirement to create phage cocktails that target the largest number
of strains of the given bacterium. Furthermore, these cocktails require regular updates to
ensure they are effective against currently circulating clinical strains. Unfortunately, this
strategy cannot be implemented due to current drug approval regulations [9]. Nonetheless,
studies indicate that authorities responsible for licensing phage therapy treatments in
Europe and the United States are attempting to streamline the licensing process [2].

It is important to be able to use newly discovered phages quickly. One way to do
this would be through the reduction of licensing requirements to the definition of a full
production cycle. There is ongoing discussion regarding possible licensing pathways for
phage products. A licensing pathway model should be created with consideration given to the
fact that bacteriophages are natural, biological agents that can specifically combat pathogenic
bacteria, while self-regulating [2]. Researchers suggest that the licensing process for phage
therapy should be adapted to its unique characteristics, rather than the other way around [12].

Because of the aforementioned difficulties in registering bacteriophage products, they
are often used within the confines of Article 37 of the Declaration of Helsinki [13]. Article
37 of the Declaration of Helsinki states that physicians may use an unproven intervention
for an individual patient only when proven or known methods are ineffective, the physician
has sought expert advice, has obtained informed consent from the patient or the patient’s
legal representative, and believes that the unproven method offers hope of saving the life,
restoring the health, or alleviating the suffering of the patient. According to Pirnay et al. [14],
only 28 patients were treated with personalized phage therapy between 2018 and 2022 (based
on published case reports and case series). These sparse patient numbers suggest that the
personalized approach to phage therapy, although effective in many cases, is difficult to scale
up and does not provide access to phage therapy for a wide range of patients.

The most significant advancement in regulating phage therapy took place in Belgium,
where in 2017, the government, under the guidance of a team of researchers from the Queen
Astrid Military Hospital in Brussels, decided to classify phages not as industrial drugs, but
as active components in magistral preparations. A “magistral preparation” is defined as
“any medicinal product prepared in a pharmacy according to a physician’s prescription

173



Antibiotics 2023, 12, 1734

for an individual patient” [15]. This process enabled a Belgian hospital to produce phages
for the treatment of bacterial infections in humans. However, there are still questions that
need to be clarified, as there is no clear consensus on the requirements and standards for
the production of such preparations.

Scientists and clinicians in the Russian Federation are developing a comparable ap-
proach to legalize the administration of bacteriophages. The difference is that a “cocktail”
of bacteriophages is prepared not for an individual patient but for a specific medical institu-
tion/department based on the results of bacterial composition monitoring, which is called
“adaptive phage therapy” [16]. In order to expand and legitimize the approach, pharma-
ceutical substances must be registered and manufactured into final forms by compounding
pharmacies. The first pharmaceutical substance, “Bacteriophages specific to Klebsiella pneumo-
niae”, was registered in July 2023 by the Research and Production Centre (RPC) “Micromir”.

The present article focuses on the description of the adaptive phage therapy protocol
for patients in intensive care units, the specificity of which is the selection of bacteriophages
not for an individual patient, but for the entire spectrum of bacteria circulating in the
intensive care unit with continuous clinical and microbiological monitoring of efficacy, and
the description of case series of patients who received bacteriophage complex via inhalation
for 28 days according to the protocol without antibiotic use throughout the period.

2. Results
2.1. Adaptive Phage Therapy Protocol

The protocol was created to describe the interaction between the Research and Production
Centre (RPC) “Micromir” acting as a phage center and a production site certified under the
rules of GMP, and the intensive care units (ICU) of the Federal Research and Clinical Center
of Intensive Care Medicine and Rehabilitology (FRCC ICMR). The main goal is to start using
an adapted bacteriophage cocktail in all patients admitted to the ICU to prevent and treat
nosocomial pneumonia. The interaction cycle is continuous with time constraints on the
execution of every stage. A schematic description of the protocol is presented in Figure 1.
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period of up to 21 days. After that the RPC “Micromir” produces an adapted phage cock-
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adapted cocktail to the FRCC ICMR, where it is applied in intensive care units 2–3 times 
a day in a dose of 5 mL with a nebulizer.  

Clinical evaluation of the efficacy of the adapted bacteriophage complex application 
in patients is carried out by FRCC ICMR, which analyses lung CT scans, blood tests, clin-
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Figure 1. A schematic description of the adaptive phage therapy protocol for the ICU patients; step 1:
the medical facility conducts clinical monitoring and collects samples for microbiological monitoring;
step 2: the medical facility isolates pure cultures with a minimum of 50 isolates of each target bacterial
species, and phage production site conducts sensitivity testing and produces an adapted phage
cocktail; step 3: an adapted phage cocktail is transferred to the medical facility for administration to
patients under continuous clinical monitoring. CT—computed tomography.

FRCC ICMR collects clinical material samples from all patients and isolates pure
cultures with a minimum of 50 isolates of each target bacterial species. The period of sample
collection is 30 days. The research and production center (RPC) “Micromir” conducts
sensitivity testing of pure cultures to bacteriophages from its phage bank with an execution
period of up to 21 days. After that the RPC “Micromir” produces an adapted phage cocktail
with an efficacy of at least 70% to each species of target bacteria and transfers the adapted
cocktail to the FRCC ICMR, where it is applied in intensive care units 2–3 times a day in a
dose of 5 mL with a nebulizer.

Clinical evaluation of the efficacy of the adapted bacteriophage complex application
in patients is carried out by FRCC ICMR, which analyses lung CT scans, blood tests,
clinical data, and microbiological and PCR tests of bronchoalveolar fluid and summarizes
the results once a month. To verify the sensitivity of cultures to the adapted complex,
FRCC ICMR weekly transfers up to five samples of pure cultures to the laboratory of RPC
“Micromir” for sensitivity tests of bacterial isolates to the adapted bacteriophage cocktail.
Based on the results of monitoring in one time interval (1 month), if clinical efficacy is absent
in more than 50% of patients and/or less than 60% of each bacterial species isolates are
sensitive to the current adapted phage cocktail, a decision to start a new cycle of adaptation
is made.

2.2. Adapted Phage Cocktail Application

This section presents the first clinical cases of intensive care unit patients who received
adaptive phage therapy without the need for antibiotics.

1. Patient 92/23, 42 years old, was admitted to the intensive care unit of FRCC ICMR
from another medical center. Based on the patient’s history, antimicrobials (AMPs) were
administered to treat hospital-acquired pneumonia, urological infection, and consequent
colitis. According to the data of computed tomography of the chest organs on the day
of admission, the presence of focal masses and infiltrative changes in the lungs were not
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detected. A CT scan shows hypostatic and post-inflammatory changes in the right lung.
These changes are indicative of a previous case of pneumonia. Clinical parameters of the
patient are presented in Table 1.

The results of PCR-diagnostics on the day of admission revealed the presence of
multidrug-resistant A. baumannii (105 CFU/mL) in bronchoalveolar lavage and multidrug-
resistant (except for Trimethoprim and Fosfomycin) K. pneumoniae (105 CFU/mL). No other
pathogenic bacteria were detected in the investigated samples. The results of sensitivity
testing of the isolated bacteria to antibiotics and the detection of resistance markers are
presented in Table S1.

The effectiveness of complex phage therapy is confirmed by the data of microbiological
studies and laboratory-instrumental data. No growth of pathological bacteria was detected
on the 28th day. According to computed tomography data, no evidence of pneumonia
is detected.

During the whole period of treatment and rehabilitation measures in the intensive care
unit, no cases of infectious and septic complications were observed in the patient, which
fully allowed to implement the range of rehabilitation measures and qualitatively improve
the patient’s condition.

Precisely 28 days after admission, the course of therapeutic and rehabilitative measures
in the ICU was completed, and the patient was transferred to the neurorehabilitation
department with improvement for further therapy. No antibiotics were administered to the
patient throughout the stay in the ICU.

2. Patient 62/22, 59 years old, was admitted to the intensive care unit of FRCC ICMR
from another medical center. Based on history, the patient was prescribed antimicrobials
(AMPs) to treat hospital-acquired pneumonia and colitis. Computed tomography of
the chest organs at the time of admission indicates inflammatory-atelectatic changes in
the lower lobe of the right lung and post-inflammatory changes in both lungs. Clinical
parameters of the patient are presented in Table 2.
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Table 1. Clinical parameters of the patient 92/23. “-” means no data is available.

Parameters
Results

Reference
Values 1 Day 7 Days 14 Days 21 Days 28 Days

Bronchoalveolar
lavage, PCR -

1. K. pneumoniae—
105 CFU/mL;

2. A. baumannii—
105 CFU/mL

-

1. K. pneumoniae—
106 CFU/mL;

2. A. baumannii—
106 CFU/mL

- No detection

Body temperature, ◦C 36.6 36.6 36.8 36.7 36.8 36.8

Nature of bronchial
secretion, Clinical

Pulmonary Infection
Score (CPIS)

0—minimal
mucous;

1—moderate
mucopurulent;

2—purulent

1 1 1 1 1

White blood cells,
109/L 4.5–11 9 7.1 7.7 7.3 7.3

Neutrophils, 109/L 1.9–8.5 5.7 - - - 4.4

Platelets, 109/L 152–420 595 - - - 461

Lymphocytes, 109/L 1.3–3.1 1.8 - - - 1.8

Procalcitonin, ng/mL <0.1 0.1 0.1 0.1 <0.05 0.1

C-reactive protein
(CRP), mg/L <5 28.65 7.41 10.5 10.7 25.73

Bilirubin, µmol/L 1.7–20 7.3 6.8 6.8 6.9 5

Ventilation mode - no no no no No

Sequential Organ
Failure Assessment

(SOFA) score
- 2 2 2 2 2

CFU—colony forming units.

Table 2. Clinical parameters of the patient 62/22. “-” means no data is available.

Parameters
Results

Reference
Values 1 Day 7 Days 14 Days 21 Days 28 Days

Bronchoalveolar lavage,
PCR -

1. A. baumannii—
104 CFU/mL;

2. K. pneumoniae—
105 CFU/mL;

3. P. aeruginosa—
105 CFU/mL;
4. S. aureus—
105 CFU/mL

- 1. P. putida—
106 CFU/mL - No detection

Body temperature, ◦C 36.6 36.6 36.5 36.6 36.7 36.4

Nature of bronchial
secretion, Clinical

Pulmonary Infection
Score (CPIS)

0—minimal
mucous;

1—moderate
mucopurulent;
2—purulent)

1 1 1 1 0
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Table 2. Cont.

Parameters
Results

Reference
Values 1 Day 7 Days 14 Days 21 Days 28 Days

White blood cells, 109/L 4.5–11 6.9 6.7 6.9 8.9 8.2

Neutrophils, 109/L 1.9–8.5 2.9 - - - 3.7

Platelets, 109/L 152–420 156 - - - 211

Lymphocytes, 109/L 1.3–3.1 2.7 - - - 2.8

Procalcitonin, ng/mL <0.1 <0.05 <0.05 <0.05 <0.05 <0.05

C-reactive protein
(CRP), mg/L <5 29.25 20.13 23.75 19.87 11.5

Bilirubin, µmol/L 1.7–20 8.8 7.7 6.4 5.7 6.5

Ventilation mode - no no no no no

Sequential Organ
Failure Assessment

(SOFA) score
- 3 5 4 4 1

The results of PCR-diagnostics on the day of admission revealed the presence of
multidrug-resistant A. baumannii (104 CFU/mL), K. pneumoniae (105 CFU/mL), P. aeruginosa
(105 CFU/mL), and S. aureus (105 CFU/mL) in bronchoalveolar lavage. No other pathogenic
bacteria were detected in the investigated samples. The results of sensitivity testing of
the isolated bacteria to antibiotics and the detection of resistance markers are presented in
Tables S2 and S3.

The effectiveness of complex phage therapy is confirmed by the data of microbiological
studies and laboratory-instrumental data. No growth of pathological bacteria was detected
on the 28th day. According to computed tomography data, improvement of bronchial
patency on the right side is noted.

During the whole period of treatment and rehabilitation measures in the intensive care
unit, no cases of infectious and septic complications were observed in the patient, which
fully allowed the implementation of the range of rehabilitation measures to qualitatively
improve the patient’s condition.

Precisely 28 days after admission, the course of therapeutic and rehabilitative measures
in the ICU was completed, and the patient was transferred to the neurorehabilitation
department with improvement for further therapy. No antibiotics were administered to the
patient throughout the stay in the ICU.

3. Patient 847/21, 73 years old, was admitted to the intensive care unit of FRCC ICMR
from another medical center. Based on history, the patient was prescribed antimicrobials
(AMPs) to treat hospital-acquired pneumonia. Computed tomography of the chest organs
at the time of admission indicates bilateral lower lobe pneumonia. Clinical parameters of
the patient are presented in Table 3.

The results of PCR-diagnostics on the day of admission revealed the presence of
multidrug-resistant A. baumannii (105 CFU/mL) and K. pneumoniae (104 CFU/mL) in
bronchoalveolar lavage. No other pathogenic bacteria were detected in the investigated
samples. The results of sensitivity testing of the isolated bacteria to antibiotics and the
detection of resistance markers are presented in Table S4.

The effectiveness of complex phage therapy is confirmed by the data of microbiological
studies and laboratory-instrumental data. No growth of pathological bacteria was detected
on the 28th day. According to computed tomography data, in the posterior sections of
the lower lobes of both lungs, the areas of “ground glass” in combination with reticular
changes are preserved; positive dynamics in the form of reduction in size and severity is
noted. A decrease in the extent and density of “ground glass” type areas and consolidation
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in the upper lobe of the right lung is noted; in the upper lobe of the left lung a single focal
area of ground glass type is preserved, positive dynamics is noted.

Table 3. Clinical parameters of the patient 847/21. “-” means no data is available.

Parameters
Results

Reference
Values 1 Day 7 Days 14 Days 21 Days 28 Days

Bronchoalveolar
lavage, PCR -

1. A. baumannii—
105 CFU/mL;

2. K. pneumoniae—
104 CFU/mL

- - - No detection

Body temperature, ◦C 36.6 37.8 37.3 36.7 36.6 36.8

Nature of bronchial
secretion, Clinical

Pulmonary Infection
Score (CPIS)

0—minimal
mucous;

1—moderate
mucopurulent;
2—purulent)

1 1 1 1 0

White blood cells, 109/L 4.5–11 10.5 9.4 10.7 13.6 10.9

Neutrophils, 109/L 1.9–8.5 8.0 - - - 8.4

Platelets, 109/L 152–420 311 - - - 416

Lymphocytes, 109/L 1.3–3.1 1.5 - - - 1.9

Procalcitonin, ng/mL <0.1 0.5 - - - 0.1

C-reactive protein
(CRP), mg/L <5 150 90.5 77.9 99.6 28.2

Bilirubin, µmol/L 1.7–20 27.4 36.3 29.9 26.4 19

Ventilation mode - BIPAP BIPAP BIPAP CPAP CPAP

Sequential Organ Failure
Assessment (SOFA) score - 4 5 4 4 4

BIPAP—biphasic positive airway pressure; CPAP—continuous positive airway pressure.

Precisely 28 days after admission, the course of therapeutic and rehabilitation mea-
sures in the ICU was completed. For further therapy the patient was transferred with
improvement to the palliative care unit, where no further infectious and septic complica-
tions were observed. No antibiotics were administered to the patient throughout the stay
in the ICU.

3. Discussion

Currently, the use of phages in healthcare facilities is mainly limited to individualized
selection of bacteriophages for each patient suffering from an antibiotic-resistant infec-
tion [2]. This process is very challenging to scale up, leading to a loss of time that can
be life-threatening for some patients. Magistral phage production in Belgium is a more
convenient process as it allows phages to be selected from stock banks of pre-purified
bacteriophage lines, then transferred to suitable GMP manufacturing sites and then to
physicians for use according to prescription in individual patients [15].

The proposed adaptive phage therapy technology implies strict compliance of a set
of bacteriophages to the needs of a particular intensive care unit rather than a particular
patient. This avoids the necessity of individual bacteriophage selection, as the cocktail is
prepared based on sensitivity testing of bacteria obtained from many patients of the same
ICU. This reduces the decision time required for immediate initiation of therapy, which
will help to improve the effectiveness of treatment for critically ill patients. We aim for
this technology to decrease the usage of antibiotics in ICUs and enhance their efficacy
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when required. Studies indicate that phage application can, in certain cases, restore the
susceptibility of bacterial strains to antibiotics, as antibiotic resistance mechanisms can be
lost in the process of bacterial population adaptation to phage infection [17]. Moreover, in
the conducted in vivo study, the combination of phage and antibiotic has demonstrated
a higher bactericidal effect against severe A. baumannii infection, compared to each agent
individually. Phage øFG02 has been shown to consistently stimulate the in vivo evolution of
A. baumannii towards a capsule-deficient, phage-resistant phenotype that became sensitive
to ceftazidime [18]. This mechanism highlights the clinical potential of phage therapy in
combination with antimicrobial therapy for restoring antimicrobial activity and reducing
the amount of antibiotics used.

In the present study, the cocktail of bacteriophages for inhalation including 3–4 virulent
bacteriophages to each bacterial species was administered to patients, as it is recommended
to use multiple phages in therapy to prevent the development of bacterial resistance to
phages as well as to expand the phage-host range and increase the number of target
pathogens [19]. In some clinical cases, researchers have noted that the use of several phages
simultaneously may negatively affect the efficacy of individual phages, but detailed data
on antagonism were not presented, and the primary factor contributing to the negative
clinical outcome was multi-organ failure [20].

All patients included in this study received a cocktail of bacteriophages according
to one regimen: 5.0 mL of the solution per inhalation two times a day for 28 days. It
is noteworthy that patients did not receive any antibiotics during the whole course of
phage cocktail administration. During the therapy, no adverse events and side effects
were reported. Instead, all patients showed improvement on day 28 of the therapy. The
primary outcome was the elimination of multidrug-resistant microorganisms (K. pneumo-
niae, S. aureus, A. baumannii) from the BAL contents in all patients. Following bacterial
elimination, all patients demonstrated positive dynamics according to lung computed
tomography data; 2/3 of patients also showed improvement in nature of bronchial secre-
tion according to Clinical Pulmonary Infection Score (CPIS). Moreover, a decrease in such
inflammatory markers as CRP was observed in all patients. In the case of initially increased
level of procalcitonin, there was also a decrease in this indicator. A retrospective analysis of
bacteriophage administration in 37 patients also showed a significant decrease in mean CRP
values measured between days 9 and 32 [21]. This may be due to a reduction in the intensity
of the inflammatory response due to a decrease in bacterial load. In conducted studies, a
decrease in CRP levels during bacteriophage administration was also noted [16,22].

The major limitation of this study is the small sample size to ascertain the statistical
validity of the obtained results. Case reports are generally not the basis for testing statistical
hypotheses but are used to create hypotheses for future research. The main purpose of this
manuscript is to describe the protocol of adaptive phage therapy and individual clinical
experience. The findings suggest the potency of adaptive phage therapy and the feasibility
of extending the study to larger groups. Despite the demonstrated efficacy of adaptive
phage therapy, we do not exclude cases where in some individuals this approach will result
in a lack of clinical efficacy, as bacteriophages are not selected for the individual patient.
Therefore, this approach involves close cooperation between the clinical institution and
the bacteriophage manufacturer, regular clinical monitoring, sensitivity testing of bacterial
strains to the action of bacteriophages, and adaptation of the phage cocktail. The main
advantage of the adaptive phage therapy approach is the possibility to start phage cocktail
administration from the first days of the patient’s admission to the ICU.

An additional limiting factor was the exclusive use of EUKAST standards in the evalu-
ation of sensitivity to protected β-lactam antibiotics (Amoxicillin/Clavulanate). The use of
CLSI standards will enable the evaluation of different antimicrobial to beta-lactamase inhibitor
ratios in future studies. It has been demonstrated that the CLSI and EUCAST methodologies
showed poor concordance in determining the MIC of amoxicillin/clavulanate [23]. MIC
values obtained using the EUCAST methodology were more predictive of failure than those
obtained using the CLSI methodology. EUCAST-derived MIC values >16/2 mg/L were
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independently associated with therapeutic failure. The described method may be a promising
way to reduce the amount of administered antibiotics and maintain their efficacy. It appears
to be more convenient and faster than classical individual phage therapy. However, scaling
up this approach may cause some difficulties, as it requires the shipment of pure cultures
from the health care facility to the phage center. Regrettably, not all medical facilities have
sufficient medical personnel and equipment to qualitatively isolate and characterize pure
bacterial cultures. Moreover, sending materials over long distances also involves logistical
difficulties and safety risks. The solution may be the establishment of a network of phage
centers and authorized laboratories that will work in cooperation with medical institutions.
For large-scale application of adaptive phage therapy without the need for approval of the
ethical committee of each individual hospital, registration of a sufficient number of phage
pharmaceutical substances is essential.

The conducted study demonstrates the potential of an adaptive phage therapy protocol
in intensive care units. We will continue to investigate this method and its impact on
the quality of patient care, as well as on the amount of antibiotics used in the ICU and
their efficacy.

4. Materials and Methods
4.1. Participants

All patients at the time of inclusion in the study had no clinical, laboratory, or in-
strumental signs of systemic inflammatory complications requiring the prescription of
antimicrobial drugs. Patients did not receive antibiotic therapy during the 28-day stay.
Treatment and rehabilitation measures were performed by specialists who had no informa-
tion about the inclusion of patients in this study. Patients were selected randomly according
to the following criteria.

Inclusion criteria:

1. Patient age >18 years;
2. Chronic critical condition;
3. Absence of acute systemic infection requiring the use of antimicrobial therapy (AMT)

at the time of hospitalization in Federal Research and Clinical Center of Intensive
Care Medicine and Rehabilitology (FRCC ICMR);

4. Antimicrobial therapy at the previous stages of hospitalization;
5. Informed consent from the patient or next of kin for inclusion in the study.

Exclusion criteria:

1. Low chance of survival, Simplified Acute Physiology Score (SAPS) II score of more
than 65;

2. Treatment with immunosuppressants or corticosteroids;
3. Oncological diseases;
4. Evidence of systemic severe infection (Sepsis-3 criteria);
5. Candidemia.

Three patients were included in the present study: Patient 92/23, female, 42 years old;
Patient 62/22, male, 59 years old; Patient 847/21, male, 73 years old. Prior to admission
to FRCC ICMR, Patient 92/23 underwent treatment with the diagnosis: consequences of
subarachnoid haemorrhage from a saccular aneurysm of the supraclinoid aneurysm of the
right internal carotid artery. She underwent surgery: pterional craniotomy on the right side,
clipping of the supraclinoid aneurysm of the right internal carotid artery. Patient 62/22
was treated for intracerebral haemorrhage in the left thalamus region prior to admission to
FRCC ICMR. The course of the disease was complicated by the development of occlusive
deep vein thrombosis on the right side, hospital-acquired lower lobe pneumonia, and multi-
organ failure. A puncture-dilatation tracheostomy was performed. Prior to admission to
FRCC ICMR, patient 847/21 was treated for subcortical haemorrhage in the left cerebral
hemisphere with blood breakthrough into the liquor system. The course of the disease was
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complicated by the development of hospital-acquired lower lobe pneumonia; puncture-
dilatation tracheostomy was performed.

Patients underwent a set of therapeutic and rehabilitation measures: maintenance of
functions of vital organs and systems, pharmacological correction of the level of conscious-
ness, nutritional and metabolic therapy, symptomatic treatment. Acid-base status analyses,
including PaO2 analysis, were taken every 7 days to assess the severity of the patients’
condition. The analyses were performed using a GemPremier 3500 analyzer (Version 7.2.5,
Instrumentation Laboratory, Bedford, MA, USA).

To prevent recurrence of nosocomial pneumonia, patients received an adapted complex
of bacteriophages. Phage therapy was carried out from the first day of the patient’s
admission to the intensive care unit (ICU) of FRCC ICMR by aerosol therapy using a
nebulizer with 5.0 mL of the solution per inhalation 2 times a day.

The cocktail for inhalation included 3–4 virulent phages to each bacterial species active
against clinical strains of Acinetobacter baumannii, Stenotrophomonas maltophilia, K. pneumoniae,
K. pneumoniae subsp. ozanae, Pseudomonas aeruginosa, Staphylococcus aureus, Staphylococcus
epidermidis, Staphylococcus warneri, Staphylococcus haemolyticus, Staphylococcus capitis, Staphy-
lococcus caprae, Staphylococcus succinus, Streptococcus pyogenes, Streptococcus agalactiae. Each
bacteriophage was produced in a separate production and purification series in accordance
with good manufacturing practice (GMP) standards. The preparation consisted of a sterile
suspension of phage particles in a physiological solution. The titer of each bacteriophage
was 105–106 PFU/mL.

4.2. Clinical Monitoring

Patients were under constant clinical and laboratory monitoring with evaluation
of indicators of the cardiovascular system, neurological status, respiratory, liver, kidney
function, and the level of organ dysfunction. The levels of inflammatory biomarkers in
serum (C-reactive protein, procalcitonin) were measured in dynamics. The determination
of transferrin and C-reactive protein (CRP) levels was performed on an automatic bio-
chemical analyzer AU 480 (Beckman Coulter, Brea, CA, USA) using original reagents.
Procalcitonin level was determined on immunological analyzer VIDAS (bioMerieux SA,
Marcy-l’Étoile, Lyon, France). General clinical blood parameters (leukocytes, neutrophils,
platelets, lymphocytes) were determined on an automatic hematological analyzer Sysmex
XN550 (Sysmex, Kobe, Hyogo, Japan).

To analyze the results of computed tomography of the chest organs, the method of
automatic calculation of the volume of the damaged lung tissue according to the ground
glass type using the software “Ground glass” (InfoRad 3.0 DICOM Viewer, Moscow, Rus-
sia) was used. Segmentation of the right and left lungs and trachea with a threshold of
−250 Hounsfield units (HU) was performed. Within the lungs, lesion regions were high-
lighted with densities in a custom range (default −785 HU to 150 HU). Small vessels that
were assumed to be lesions were excluded using a morphological “closure” operation.

For microbiological examination, samples of bronchoalveolar fluid were collected into
sterile tubes following aseptic rules. The morning portion of bronchoalveolar fluid was
examined. Identification of microorganisms and determination of antibiotic sensitivity were
performed on the automated system BD Phoenix-100 (BDBiosciences, San Jose, CA, USA).
To assess the taxonomic composition of BAL, a reagent set for DNA isolation from clinical
material “RIBO-prep” and reagent sets for detection and quantification of DNA of Enter-
obacteriaceae family, Pseudomonas aeruginosa, Staphylococcus spp. and Streptococcus spp. were
used. Qualitative assessment of antibiotic resistance genes was performed using reagent
kits for detection of genes of acquired carbapenemases of KPC and OXA-48-like groups
(types OXA-48 and OXA-162), genes of acquired carbapenemases of MBL class of VIM, IMP,
and NDM groups (Amplisens, Moscow, Russia) by PCR with hybridization-fluorescence de-
tection of amplification products in “real time” mode. The measurements were performed
on a CFX 96 Real-Time PCR Detection System (BioRad, Hercules, CA, USA).
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5. Conclusions

The introduction of adaptive phage therapy in the intensive care units of FRCC ICMR
allowed clinicians to apply phage cocktail from the first day of patient admission to the
ICU without the use of antibiotics. The elimination of multidrug-resistant microorganisms
from the BAL contents and the improvement of lung condition according to CT data,
as well as general condition, was achieved. Moreover, a decrease in such inflammatory
markers as CRP and procalcitonin was noted. The implementation of the described protocol
demonstrates potential as an approach to reduce the number of antibiotics used in intensive
care units and maintain their efficacy. Extensive research and large-scale trials are essential
to confirm the findings. Moreover, to advance adaptive phage therapy and scale up the
approach, registration of a sufficient number of bacteriophage pharmaceutical substances
to a wide range of bacteria is required.

6. Patents

RU 2 794 585 C2.
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bacteriological analyzer (BDBiosciences, USA) and data interpretation was conducted according to the
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