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Abstract: As with antibiotics, we can differentiate various acquired mechanisms of bacteria-mediated
inhibition of the action of bacterial viruses (phages or bacteriophages) into ones of tolerance vs. resis-
tance. These also, respectively, may be distinguished as physiological insensitivities (or protections)
vs. resistance mutations, phenotypic resistance vs. genotypic resistance, temporary vs. more per-
manent mechanisms, and ecologically vs. also near-term evolutionarily motivated functions. These
phenomena can result from multiple distinct molecular mechanisms, many of which for bacterial
tolerance of phages are associated with bacterial biofilms (as is also the case for the bacterial tolerance
of antibiotics). The resulting inhibitions are relevant from an applied perspective because of their
potential to thwart phage-based treatments of bacterial infections, i.e., phage therapies, as well as
their potential to interfere more generally with approaches to the phage-based biological control of
bacterial biofilms. In other words, given the generally low toxicity of properly chosen therapeutic
phages, it is a combination of phage tolerance and phage resistance, as displayed by targeted bacteria,
that seems to represent the greatest impediments to phage therapy’s success. Here I explore general
concepts of bacterial tolerance of vs. bacterial resistance to phages, particularly as they may be
considered in association with bacterial biofilms.

Keywords: bacterial self-sacrifice; bacteriophage therapy; biocontrol; biofilm matrix; phage avoidance;
phage delay; phage negation

1. Introduction

In 1941, as possible prelude to issues considered in this review, Krueger and Scrib-
ner [1] stated that “ ... there is no reason to assume extraordinary penetration of phage
into the deeper tissues and it becomes unlikely that bacterial lysis is more than a remote
possibility in anything except the very superficial areas” (p. 2163). Associated with phage-
treatable infections of such body tissues can be biofilms. Biofilms are three-dimensional
multi-celled structures that consist of one or more microbial species and associated extra-
cellular polymers. The latter collectively are described as the biofilm matrix. Prominent
among biofilms are those produced by bacteria, with some of these bacterial biofilms
sufficiently problematic that substantial efforts are employed to prevent or remove them.
Among problematic biofilms are those associated with industrial, medical, and marine
biofouling [2,3], along with those contributing to persistent or chronic bacterial infections
of body tissues [4,5]. These biofilms, compared to equivalent planktonic bacteria, can
be somewhat impervious to small chemical-based antimicrobials. This includes being
protected from eradication by the actions of both disinfectants [6,7] and antibiotics [8,9].
The result is that bacterial biofilms can cause substantial morbidity, mortality, and economic
losses, but we are inadequately equipped to get rid of them. Identification of more effective
alternatives to standard antimicrobial approaches to combat biofilms—including those
associated with clinical bacterial infections, as is the emphasis here—therefore is desirable.

One alternative approach, which may be particularly effective against biofilms in
which a single identifiable bacterial species is prominent is the use of bacterial viruses, and
there is a long history of their use to treat “long-standing, chronic, or persistent bacterial
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infections” [10]. These viruses, commonly described as bacteriophages or phages, can
naturally possess as many as four anti-biofilm properties. They are able to (1) kill bacteria;
(2) lyse bacteria, including those found in biofilms [11]; (3) amplify their local activity, also
in association with biofilms [12]; and, at least for some phages, (4) enzymatically degrade
biofilm matrix material [13,14]. Thus, there is a potential utility of phage therapies [15-17]
in the treatment of biofilm-associated bacterial infections [18,19].

Biofilm bacteria nonetheless can oppose phage actions. This is accomplished either
just phenotypically relative to planktonic bacteria, that is, without bacteria changing their
genetic makeup, or instead as a consequence of genotypic changes in targeted bacterial
populations, i.e., as associated with bacterial evolution (Figure 1). In the antibiotics litera-
ture, equivalent bacterial strategies are commonly dubbed as “tolerance” vs. “resistance”,
respectively [4,8,20-22]. Tolerance of antibiotics by bacteria, in particular, represents a
temporary reduction in susceptibility, one that is not observed under all circumstances and
particularly not observed as measured under standard conditions in vitro. Resistance, in
contrast, involves a reduced susceptibility that is observed during in vitro testing, i.e., in
the course of minimum inhibitor concentration (MIC) determinations.

Ecological Evolutionary
____________ (physiologicalor ~ (verticalor
morphological) horizontal)

Change Change

L v Genotype
/ Phenotype

v Phenotype

Tolerance Resistance

Figure 1. Ecological vs. evolutionary change in bacterial susceptibility to phages or antibiotics.
Ecological processes involve interactions between organism phenotypes and their environments,
whereas evolutionary processes involve changes in allele frequencies (organism genotypes) over
time. Vertical evolutionary changes (parent to offspring) involve mutations, whereas horizontal
evolutionary change (horizontal or lateral gene transfer) involves what is known as genetic migration.
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The latter, though not emphasized here, involves the acquisition especially of evolved genetic material
from other populations, e.g., such as in the course of acquisition of plasmids by bacteria. Tolerance-
type phenotypes that result from near-term evolutionary changes are also not emphasized here.

“Tolerance” in the antibiotics literature also can be used to describe newly arising
bacterial mutants that display reduced susceptibilities, except during MIC determinations.
Such newly arising “tolerance”, however, is not what is being considered here; this in
part is because emphasis is on non-evolutionary mechanisms of phage tolerance, and it is
also because phage MICs themselves are not easily defined [23]. In any case, for reasons
presumably analogous to antibiotic failures in the treatment of long-standing bacterial
infections—with such infections being a typical focus of phage treatments [10,16]—phage
therapies, too, are not always highly successful [24]. This suggests an importance of
overcoming bacterial mechanisms of inhibition not just of antibiotic therapies but of phage
therapies as well, whether that inhibition is due to a phenotypic tolerance of or instead is a
consequence of an evolutionary resistance to these treatments.

An older synonym for bacterial tolerance of phages comes from Lenski [25], who
postulated that “some genetically sensitive cells are physiologically insensitive” (p. 25) and
which he also described as “Physiological protection”. He then went on to consider the
following (p. 26; references his): “Physiological refuges may also arise as the consequence
of starvation of bacteria [26], depletion of a factor in the medium required for phage
adsorption [actually, there, required for DNA penetration] [27], or bacterial clumping [28]".
More recently in the phage literature, phage tolerance by bacteria has been described as a
“Phenotypic resistance” [29], there emphasizing transient mechanisms of reduced bacterial
adsorbability by phages such as due to reduced displays by bacteria of phage-adsorption
receptors [30]. This is in contrast to simple “resistance”, though the latter could equivalently
be dubbed instead as “Genetic resistance” [29,30] or a “genotypic resistance”. The latter
phrasings, however, appear also to be used to describe especially antibiotic-resistance
attributes that have been identified by direct analysis of DNA rather than as a synonym
for simply a genetically based “resistance”. “Phenotypic resistance” alternatively can be
used to describe genetically based resistance to antibiotics that is identified by phenotype
rather than by sequence-based means [31-33]. Nevertheless, the phrase “phenotypic
resistance” has been used in the phage literature at least since the early 1960s to describe
various phenomena [34], including temporary (not evolutionary) mechanisms of bacterial
inhibition of phage action [35]. More recently, “Phenotypic flux” also has been used to
describe non-genetic physiological bases of transiently reduced bacterial sensitivities to
phages [36].

Notwithstanding such precedence, here I use the term employed in the antibiotic
literature of “tolerance” [37] to describe temporary mechanisms of bacterial inhibition of
phages. These mechanisms as considered here are, in particular, not an immediate conse-
quence of evolutionary change, thereby contrasting tolerance of phages also with newly
acquired “resistance” to phages. The term, “tolerance”, in addition, may predate even that
of “phenotypic resistance” to describe phenomena which only transiently interfere with
phage antibacterial actions (Box 1). Considered in this review especially are general princi-
ples of phage tolerance and phage resistance, as these may be observed within a bacterial
biofilm context. Conceptually, the phenomena described may be viewed predominantly
as impacting phage display of virion production, e.g., lytic cycles, rather than affecting
lysogenic cycles; however, in principle the latter can be impacted by mechanisms of phage
tolerance or resistance as well.
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Box 1. Justification of use of “Phage tolerance” despite historical ambiguity in its meaning.

Different meanings of “Phage tolerance” have been introduced over the years (Figure 2, below).
Ciofu et al. [38], in 2022, for example, used “Tolerance” to describe temporary inhibition by bacteria of
phage antibacterial actions (emphases are mine here, as well as in subsequent quotations): “The reduced
growth rates in the deeper biofilm layers also causes tolerance to lytic phages”. Henriksen et al. [39], as
cited for that passage, similarly stated in 2019 (p. 9) that “ ... genetic mutations are important for the
protection against the phage attack in our in vitro model, besides the phage tolerance due to microcolony
formation”. Tzipilevich et al. [40], also in 2022, employed “Phage tolerance” to describe an induced
mechanism of inhibition of phage action that they first observed during bacterial lawn growth, with
bacterial lawn development also associated with bacterial microcolony formation [41-43]. See too
Darch et al. [44], from 2017, who describe “increased tolerance to phage killing” (p. 3).

Application of the term “Tolerance” to describe inhibition of phages nevertheless is not necessarily
new. Though different phrasing is possible, there are ~150 Google Scholar hits on the search, “Phage
tolerance” OR “Bacteriophage tolerance”, excluding patents and citations, including 23 in 2022 (though
more than one of those ~150 Google Scholar hits appears to have relatively little to do with bacterio-
phages). Of these, only one uses both phrases and 27 use “Bacteriophage tolerance” but not “Phage
tolerance”. The earliest of these hits is that of Meanwell and Thompson [45], published in 1956. They
noted (p. 292) that “ ... cultures with phages of slow multiplication rate should be selected as cheese
starter cultures, we have found that such cultures show the highest level of phage tolerance before
the protective action of rennet is lost”. Rennet catalyzes the coagulation or clotting of milk, thereby
generating a spatially structured, semi-solid environment in which bacterial formation of biofilm-like
states would presumably be encouraged. Thus, Meanwell and Thompson described a temporary
inhibition of phage antibacterial activity that at least arguably is biofilm associated, though alternatively
which could be a property simply of change in the physical structure of the milk rather than being due
to a change in bacterial properties.

This usage by Meanwell and Thompson is followed temporally by a number of publications which
do not appear to equate “Phage tolerance” with only temporary resistance by bacteria to phages. The
next oldest using this phrasing, for example, is that of Erskine [46] from 1969, which refers to phage
tolerance as a phage rather than bacterial property. Equivalently, in 2022 Marquioni et al. [47] describe a
“phage tolerance to NaCl” and “UV light” (p. 5), and Shahin et al. [48] who a “bacteriophage tolerance
to different temperatures” (p. 2), etc. See too, for example, [49,50], also from 2022. This meaning is
indicated at the bottom in Figure 2.

Mathews [51] in 1970, by contrast, used “Phage tolerance” synonymously with phage genetic resistance
but as a means of describing bacterial mutants that are still adsorbed by phages but which nonetheless
block phage replication following that adsorption (the upper-right meaning in Figure 2), and indeed
these bacteria survive the phage infection (thereby representing a form of “phage negation”, as
considered in Section 2.2). Radke and Siegel [52], in their 1971 publication, similarly seem to distinguish
between mutational resistance that blocks phage adsorption from a phage tolerance which involves
mutational changes to bacterial functions that act after phage adsorption (p. 434): “All five [phage-
resistant bacterial mutants] did not adsorb the phage, indicating that a change in the phage receptor
rather than phage tolerance had occurred”. The latter appears to be consistent with the usage by Ito [53],
in 1973, p. 7: “These mutants are able to adsorb phages but are not killed by them”. Of the four
publications which Ito cites as observing bacterial mutants with similar properties, however, only that
of Mathews [51] also refers to this as being an example of phage tolerance or otherwise contains the
terms “tolerance” or “tolerant”. Ironically, given the usage of Mathews [51], the phage tolerance system
described by Tzipilevich et al. [40], as noted above, is characterized by a lack of phage adsorption
rather than a post-adsorption inhibition of phages.

From this admittedly less than comprehensive search of the literature, I conclude that a current meaning
of “Phage tolerance” is to describe mechanisms of inhibition of phage action that are only temporary
in their display (upper-left, Figure 2). Furthermore, many such mechanisms appear to be associated
with the bacterial formation of biofilms or equivalent structures, i.e., “phage tolerance” as the term is
being used here. Alternatively, the term has been used to describe bacterial mutations that result in a
genetic resistance to phages that interferes explicitly with phage functioning after the virion-adsorption
step, as well as being used simply to describe properties of phages. Though potentially ambiguous
with its at least three general meanings, plus its occasional use as synonymous to genetic resistance,
whether full or “Partial” (for example, see [54,55]), it nonetheless appears to be justifiable to employ
“Phage tolerance” to describe a variety of only temporary bacterial properties that can allow them to
better endure exposure either to phages, i.e., as equivalent to use of the term “tolerance”, to describe
temporary mechanisms that allow bacteria to endure exposure to antibiotic (main text). Indeed,
Koonjan et al. [56] explicitly make the same conceptual argument that “Perhaps the same tolerance
phenomenon is exhibited by bacteria exposed to phages ... ” (p. 11), as so too do Ciofu et al. [31].
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Figure 2. Multiple historical meanings of phage tolerance. The focus of this review is on the upper-left
meaning, emphasized in bold, though with the additional meanings discussed in Box 1.

2. Phage Tolerance of Bacterial Biofilms

Bacterial tolerance of antibiotics is both typically and traditionally linked to bacteria
existence within biofilms [4,8,38,57]. This tolerance can be due to poor penetration of
antibiotics into biofilms as well as due to poor bacterial susceptibility to antibiotics even
given sufficient antibiotic biofilm penetration. The latter phenotypic changes are associated
particularly with what are known as persister variants [4,58,59], i.e., individual, otherwise
antibiotic-sensitive bacteria that remain viable despite their exposure to what would be
inhibiting antibiotic concentrations during MIC determinations. Here I consider instead
how bacterial tolerance of phages can be manifest, particularly in association with bacterial
biofilms (Figure 3).

2.1. Multiple Perspectives on Phage Tolerance

With phages and biofilms, we can consider similar phenomena to those limitations on
antibiotic action against biofilms, as have been summarized and listed by Bull et al. [60],
i.e., phage-tolerance sensu upper-left, Figure 2. These include a poor potential for phages to
penetrate deeply into otherwise intact biofilms. Such a reduced virion-penetration ability
may occur due to a combination of (i) potentially poor phage virion diffusion into and
through biofilm matrix (though which may not be absolutely blocked even by intact matrix)
and (ii) virion adsorption to bacteria found perhaps especially on the surfaces of biofilms
rather than those phages first adsorbing bacteria found beneath those surfaces [39,44,61-68].
By biofilm “surface”, I mean in contact with non-biofilm fluids rather than necessarily
observable visually only on the outside of biofilms, e.g., so as to include as well the linings
of biofilm-associated channels [69] (Figure 3).
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Even if adsorption is not occurring to a bacterium [70,71], simply that bacterium’s bulk
(or associated biofilm matrix [72,73]) may still interfere with the velocity of virion move-
ment [74], such as the speed of a virion’s movement into the interior of a biofilm, or indeed
virion access to that interior at all [72,73]. In addition, (iii) is a reduced phage infection
potential of especially biofilm-buried (not-surface) bacteria once those bacteria have been
reached, or perhaps more generally a lack of phage preference for more mature aspects of
biofilm targets [63,75]. See equivalently, for the latter, the concept of self-organized bacterial
refuges from more efficient phage predation [76]; p. 12830 of that publication states, “What
is required for long-lived coexistence on the edge of bacterial refuges is merely that the
bacteria in the center of the colony are so resilient that phage cannot sustain themselves
in there, whereas recently divided bacteria on the edge of the colonies are (possibly very)
susceptible to phage infection”.

Non-Biofilm
Fluids

«
Biofilm (or Microcolony) ‘Surfaces’
are shown in Blue (solid lines)
%
Non-Biofilm
Fluids
%
Biofilm (or Microcolony) ‘Surfaces’ %
are shown in Blue (solid lines) Non-Biofilm
Fluids

Figure 3. An idealized biofilm or biofilm microcolony. The “surfaces” of biofilms or microcolonies
are sufficiently in contact with non-biofilm fluids that phage encounter may occur without virions
penetrating much beyond a single “surface” layer of bacteria. These surfaces can include the walls
of any channels that may be found within the biofilm, which would be relevant here particularly
if those channels are wide enough to allow relatively easy virion passage. By analogy are various
epithelial surfaces that are in contact with materials that are not body tissues, e.g., air or the contents
of the gastrointestinal tract. Moreover, by analogy, such body surfaces are the primary locations of
first encounter with potential pathogens, even though additional surfaces for such encounter can be
created, as well, due to wounding. Actual channels—whether through biofilms, microcolonies, or
bodies—would, of course, have three dimensions rather than the two dimensions depicted in the
figure. Note also that biofilms can consist of individual or instead multiple microorganism species
and that details of biofilm structure, such as of individual bacteria, as well as biofilm matrix filling
the voids found between the blue lines, are not provided in the figure.
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These various mechanisms alternatively can be described ((i) and (ii)) as forms of
“hiding”, “shading”, or “masking” of inner (not-surface) bacteria, i.e., as mediated by
biofilm matrix or instead by outer layers of biofilm bacteria [25,63,77]. Shading mediated
by biofilm bacteria (ii) also may be described as sorptive scavenging, including (1) to
already lytically phage-infected bacteria [63,78]; (2) to dead but still fully intact bacteria [79]
(which classically are what have been used for in vitro phage adsorption assays [26]);
(3) to adsorbable but otherwise phage-resistant bacteria [72] (resulting depending on the
system considered in either phage negation or bacterial self-sacrifice, both as considered
in Section 2.2, though in [72] neither are presented as mechanisms of phage tolerance);
(4) to metabolically quiescent bacteria [72] (more on these immediately below, as well as
in Section 2.2); and (5) perhaps also phage adsorption of already-lysed bacteria [60,80].
The latter idea is a variation on the assertions of Rabinovitch et al. [81]: “Bacterial debris—
an ecological mechanism for coexistence of bacteria and their viruses”, and see also [82].
Bacterial outer membrane vesicles (6) are also known to be able to adsorb phages [83-85]
and thereby could be involved in sorptive scavenging of phage virions, as well. Given the
localized higher concentration and somewhat spatially fixed nature of bacteria associated
with biofilms, these outer membrane vesicles [86,87], as well as already phage-infected
bacteria, dead or metabolically quiescent bacterial cells, and bacterial lytic debris, all might
readily serve as anti-virion sorptive scavengers especially within biofilms.

In addition, (iii) is the noted physiological protection [25], including as potentially due
to bacterial entrance into decreased growth rate, starvation, or stationary phase-like states,
which seem to be able to reduce the speed of phage adsorptions, diminish phage infection
activities, and/or delay phage-induced bacterial lysis [41,63,68,74,88—-111]. The impact
instead of reduced oxygen levels for phages infecting facultatively anaerobic bacteria,
where reduced oxygen densities are often seen in the interior of biofilms [112], appears to
be dependent on the phage-host system investigated, with only some displaying reduced
burst sizes and one an extended latent period along with reduced adsorption rate [113].
Various mechanism that can provide protection from phages also can be displayed by
bacteria in response to extracellular signaling [40,71,114-117] (see also [118], but then
see [119,120], too). Different categories by which bacteria can interfere especially with
phage lytic cycles are discussed in Section 2.2.

Toward antibiotics, all three mechanisms—the equivalents of shading, sorptive scav-
enging, and phenotypic resistance—can contribute to bacterial tolerance. This also can
stem from biofilm bacteria entrance into stationary-phase-like states [57], as well as in
association with quorum sensing [121]. Phage adsorption to surface bacteria, however,
might be analogously replaced for certain antibiotics by antibiotic binding to the biofilm
matrix. In addition, though not necessarily solely biofilm related, bacteria under osmopro-
tective conditions can achieve a tolerance both to certain antibiotics and to phages through
a reversible loss of their cell walls [122,123].

Bacterial tolerance to phages may also be differentiated into non-mutational mech-
anisms that interfere with phage adsorption vs. non-mutational mechanisms that allow
phage adsorption but interfere with the phage killing of bacteria. This distinction could be
relevant during phage therapies, as well as ecologically, since phage virions are affected
substantially differently by these different forms of tolerance. That is, poor virion diffusion
into the biofilm matrix (as a form of shading), as well as poor phage adsorption to what
otherwise would be phage-susceptible bacteria—both aspects of what I dub as phage
avoidance in Section 2.2—can reduce the potential for virions to be inactivated relative
to post-virion-adsorption blocks on the success of phage infections. See Box 2 for yet
additional perspectives on biofilm tolerance of phages that would be due to shading.
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Box 2. Bacteria and obligately lytic phages replicating “happily” together?

Fisher et al. [58] employ the term “phenotypic resistance” to describe a subset of antibiotic-tolerant
bacteria that, in contrast to persister cells, are able to grow in the presence of a given antibiotic,
despite those bacteria otherwise being genotypically antibiotic susceptible. This perspective is
slightly reminiscent of the suggestion by Eriksen et al. [80] that (p. 337) “Continued growth from
the inside of a sufficiently large colony could overwhelm [phage-mediated] killing on the colony
surface”. The Eriksen et al. scenario would imply a form of shading of underlying nutrient-supplied
bacteria from phages (“inside of a sufficiently large colony”) by overlying (“colony surface”) bacteria.
The circumstances required for this scenario to hold may be unlikely, however, unless nutrients
available to those “inside” cells (Figure 4, below, left and right examples) are supplied from a spatial
direction that is different from the direction of attack by phages, as I elaborate upon in this box.
Eriksen et al.’s type of shading may be approximated if colonies, growing at or near an agar
surface, were exposed to phages that were applied from above, which basically is a description
of the Eriksen et al. experimental model (Figure 4, left). Alternatively, a key assumption of the
Eriksen et al.’s mathematical simulation is one of a “constant nutrient level across the microcolony”
(p- 338), with phages applied only to the microcolony surface (Figure 4, right). Both perspectives
basically would turn a microcolony’s or biofilm’s susceptibility to phages into surface-to-volume
ratio problems, with the smaller ratios of larger microcolonies favoring a failure of phages to reach
all still-replicating interior bacteria, while the larger ratios of smaller microcolonies would favor that
phage penetration to those still-replicating not-surface bacteria (keeping in mind that this model
could be geometrically complicated by the existence of interior channels within biofilms as depicted
in Figure 3).

Alternatively, to the extent that both phages and nutrients are sourced from the same spatial
direction (Figure 4, middle) [44], it seems unlikely that the net growth of otherwise phenotypically
phage-sensitive bacteria would be able to continue other than temporarily, i.e., since the same
nutrient-replete bacteria should also be readily reached by phage virions that are diffusing along
roughly the same route as nutrients. There could also be survival only of non-growing, particularly
not-surface, bacteria, despite the presence of nearby phage infections (not explicitly shown in
Figure 4, though discussed in its legend). The latter tolerance mechanism might provide only
relatively brief protection, however, as would particularly be the case to the extent that the phage-
mediated removal of overlying bacteria results in greater access by once-buried bacteria to the
nutrients found in non-biofilm fluids (thereby reversing any stationary phase-like physiologies)
and phages otherwise are able persist at relatively high: titers in the vicinity of these now-exposed
bacteria (thereby allowing phage infection of these no longer stationary phase bacteria) [42,64].
The loss of the overlying biofilm matrix also could be important toward reducing phage tolerance
displayed by previously not-surface bacteria.

Note that bacterial biofilms replicating upon living or decaying tissues could very well be deriving
their nutrients from “below” (left, Figure 4). In this case, especially topical phage therapies could be
blunted in their impact, at least temporarily, due to a continuation of replication of phage-shaded
but still nutrient well-exposed bacteria that are found adjacent to such nutrient replete substrata.
This slowing of the phage impact could be even more pronounced to the extent that more mature
aspects of biofilms—as potentially less easily exploited by phages [63,75]—are those both furthest
from this substratum and furthest from associated nutrients, i.e., with those more mature aspects
representing the biofilm surfaces that phages can most readily encounter. An example might be
topical phage treatment of wound-infecting biofilms [124-127], with the phage-exposed surfaces of
these biofilms in contact with air prior to phage application.

2.2. Summary of Bacterial Strategies of Phage Inhibition

Overall, the bacteria-mediated inhibition of phage actions, whether associated with
phage tolerance or instead with new resistance mutations, can include a failure of phages
to simply reach bacteria ((i) from the previous section, and see Figure 5) or instead a
failure of phages to reach more-buried (not-surface) bacteria. The latter can be a result
of adsorbing either overlying bacteria (living, already phage infected, starved, or dead)
or instead adsorbing bacterial lytic products ((ii) from the previous section, and again
see Figure 5). Another explanation is the failure of phages to adsorb bacteria despite
successfully reaching or nearly reaching those bacteria; this could be a consequence of
physiological changes in bacterial phenotypes as would be included under (iii), could be
due to thick capsules surrounding those bacteria [128], or could be because of bacterial
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production of outer membrane vesicles that can serve as adsorption decoys, i.e., as resulting
in sorptive scavenging.

Phage-Biofilm Coexistence Phage-Biofilm Coexistence Phage-Biofilm Coexistence
With Net Bacterial Growth? Without Net Bacterial Growth? With Net Bacterial Growth?

*R- Overlying KR Everywhere
A A

Fluid Providing Providing
Nutrients Nutrients

/ - 4/ -
Mdﬁ\ 2™ ar. L Bkl
s e ol . qu.lu r o og ¢

Substratum Substratum
Providing Nutrients Providing Nutrients

Figure 4. Different scenarios for biofilms limiting (left and right) or not limiting (middle) net phage
exploitation despite substantial ongoing bacterial replication. Those bacteria that are more metaboli-
cally active are shown as green (bottom layer on the left, top layer in the middle, and all layers on the
right), while less metabolically active bacteria are illustrated as a dark gray. If nutrients and phages
come from different spatial directions (left; the Eriksen et al. [80] experimental model), then ongoing
bacterial growth may be possible despite biofilm exposure to phages. If phages and nutrients come
from the same direction (middle; inert substratum model), then ongoing bacterial growth may be
more difficult to sustain given this phage exposure. This middle example, however, is not from
Eriksen et al. [80] but instead shares similarities with the experimental model of Darch et al. [44]. We
can speculate that any survival of genetically phage-sensitive bacteria in this middle example might
be associated with less metabolically active stationary-phase-like bacterial physiologies (Section 2.2),
thereby resulting in a lack of net bacterial growth especially as phages eliminate surface bacteria
that had possessed greater access to nutrients (as considered in Box 2). If nutrients are available
everywhere, all of the time (right; the Eriksen et al. [80] theoretical model), then for a microcolony
to survive, it must be large enough that bacteria can replicate exponentially faster than phages can
reach and infect them. Assumed in all cases is that the biofilms in question do not possess additional
mechanisms of inhibition of phages that would allow net bacterial replication despite phages and
nutrients reaching those bacteria from the same direction.

Bacteria under certain circumstances or at certain times also might avoid being killed,
such as by otherwise obligately lytic phages, despite being both genetically sensitive to
and adsorbed by those phages. This I call “negation” (Box 3), which also may be included
under (iii) from the previous section (see also Figure 5) and which we can speculate may
be associated in terms of phage tolerance with bacterial starvation, stationary-phase-like
bacterial physiological states, or bacterial extracellular signaling. In Box 3, also discussed
are what I describe as “bacterial self-sacrifice” and “phage delay” (see Figure 5 as well),
both of which similarly may be manifestations of the above item (iii) to the extent that
they too are associated with a tolerance of phages resulting from physiological changes
to bacteria.
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Figure 5. Various potential mechanisms within bacterial biofilms of tolerance of phages. Biofilm
matrix is represented as a gray blob encompassing a majority of the figure, while bacteria, not
drawn to scale, are represented by shaded bacilli shapes. Note that not all tolerance mechanisms
necessarily involve changes in bacterial phenotypes or are associated solely with biofilm existence.
For instance, sorptive scavenging, as a tolerance mechanism, is a function at least in part of bacterial
spatial arrangements within biofilms rather than strictly new bacterial phenotypes, while stationary-
phase-like physiologies, representing changes in bacterial phenotype, are potentially seen with
planktonic bacteria, as well as by not-surface bacteria found within bacterial biofilms. Reduced
receptor availability for virion adsorption similarly need not be solely associated with bacterial
biofilm lifestyles. Phage avoidance, negation, phage delay, and bacterial self-sacrifice are discussed
more fully in Box 3, with phage avoidance associated in the figure with either poor virion diffusion
or reduced adsorption-receptor availability upon bacteria.

Box 3. Phage avoidance, phage negation, bacterial self-sacrifice, and phage delay.

Mechanisms by which bacteria can interfere with phage action we can differentiate in various
ways. In this box, I distinguish among them in terms of a combination of their impact on the
phage-encountered bacterium and on subsequent phage-infection productivity. The lowest bacterial
impact I have termed “phage avoidance”. A greater but still not very detrimental impact on bacteria
I describe as “phage negation”. A substantial detrimental impact on phage-infected bacteria I
describe as “bacterial self-sacrifice”. Also involving substantial detrimental impacts on individual
phage-infected bacteria, particularly given lytic phage infections, but with a less than absolute
impact on phage productivity is “phage delay”. I elaborate on these concepts as follow; see Figure 6
(below) for summary as well as definitions. It is important further to recognize that all four
phenomena could be going on within a single phage or bacterial population given phenotypic
and/or genotypic heterogeneity, e.g., with some phages failing to adsorb upon bacterial encounter
(phage avoidance), others failing to kill the bacteria they are infecting (phage negation), still others
killing the adsorbed bacterium but not producing phage progeny (bacterial self-sacrifice), and yet
others killing the adsorbed bacterium while producing new virions, albeit potentially producing
those virions at a reduced rate relative to as observed under optimal conditions (phage delay).
Though these various mechanisms can be associated with bacterial resistance to phages, in this box
I especially emphasize the extent to which they may be associated instead with phage tolerance. For
further discussion, particularly in terms of how these various mechanisms, especially as bacterial
resistance to phages, can drive bacterial evolution, see the eBook Chapters 18 [129], 19 [130], and
20 [131] of [132].
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Phage avoidance refers to mechanisms that interfere with phage genome entrance into bacterial
cytoplasms. In terms of resistance, this would be alterations of bacterial surface molecules or instead
bacteria display of superinfection exclusion, with the latter being a blocking of phage genome uptake
following irreversible virion attachment to a bacterial cell. In terms of tolerance, non-superinfection
exclusion-type avoidance (phage avoidance without phage adsorption; upper-left of the
2 x 2 matrix, Figure 6) may be due to temporary reductions in display by bacteria of phage
receptor molecules (see, for example, [133]). Alternatively, this may be due to shading of underlying
bacteria by the biofilm matrix or, instead, interference with phage diffusion by bacterial glycocalyx
more generally. At least a partial avoidance in terms of slower rates of phage adsorption may be
seen with stationary phase bacteria or simply bacteria that are more slowly replicating, which at
least in part is likely due to these bacteria being smaller in size than bacteria that are exponentially
replicating [89,102,107,134].

Phage negation refers to mechanisms of phage inactivation that act after phage genome entrance into
bacterial cytoplasms and which are associated with the survival of the phage-infected bacterium
but not of the infecting phage. In terms of resistance, this traditionally has included the actions
of restriction-modification systems but also can be due to superinfection immunity (see also the
upper-right concept of “Phage tolerance” in Figure 2). Phage negation as phage tolerance (sensu
upper-left, Figure 2) potentially might be observed given phage adsorption of bacteria possessing
stationary-phase-like physiologies. At least for phage T4 of Escherichia coli, however, the results
of Bryan et al. [111] suggest that relatively little phage negation is physiologically acquired by
stationary-phase cells, though perhaps not no phage negation at all. That conclusion comes with
a caveat, though, and that is that it is difficult to assess the post-adsorption genetic survival of
phage-infected bacteria, as due to phage tolerance, in terms of colony-forming units without first
adding nutrients to cultures, which in turn can result in a re-activation of phage infections and thus
the potential loss of phage negation (i.e., resulting instead in phage-induced bacteria killing and
potentially also virion production). Other studies, by contrast, have tended to look at losses of phage
viability rather than declines in bacteria killing given phage adsorption of starved or stationary
phase bacteria. Therefore, the extent to which bacterial starvation or entry into the stationary phase
can result in significant declines in bacteria killing, given that phage adsorption still occurs, remains
in my opinion underexplored.

Bacterial self-sacrifice refers to mechanisms that result in the killing of both the infecting phage
and the infected bacterium. This likely is useful not for the individual infected bacteria that are
killed but instead for the rest of clonal populations of bacteria, such as making up single-species
bacterial microcolonies or biofilms, i.e., as due to phage propagation being quelled [135]. Typically
these mechanisms from a resistance perspective would be viewed as consequences of the action of
abortive infection systems, which as defined in a strict sense implies that a bacterium’s anti-phage
activity is suicidal to the expressing cell [135]. Such suicidal behavior as tolerance might be seen
given phage adsorption of bacteria displaying starvation or stationary-phase-like physiologies, i.e.,
should that adsorption lead to both bacterial and phage death (the latter seen as a lack of production
or release of new virions).

We can at least speculate that many of the studies showing phage inactivation upon adsorption
to starved or stationary-phase bacteria [91,93,94,100,101,103,111,136] are associated also with a
lack of bacterial survival. Failures of phage infections of such bacteria to produce virions should
be observed particularly in the absence of addition of nutrients [103], however, given the noted
potential for nutrient addition to reactivate stalled phage infections [111]. Note also that the duration
of infected-cell incubation prior to nutrient addition may be relevant toward distinguishing bacterial
self-sacrifice (no phages produced, e.g., over shorter duration incubations during which phage
infections may only partially progress toward progeny production) from phage delay (instead some
phages produced perhaps over longer duration incubations). It alternatively is conceivable that an
absence of added nutrients over relatively long periods might result in a transition, by at least some
bacteria, from what might have been perceived as displays of self-sacrifice especially upon plating
(no phages produced, and an infected bacterium does not survive) to instead phage negation (no
phages produced, but an infected bacterium does survive).

Phage delay refers to mechanisms that slow but do not completely block phage population growth.
For example, this can be associated with reductions in phage burst sizes or extensions of phage
latent periods (the latter especially without corresponding increases in phage burst sizes), but also
due to reduced but not eliminated rates of phage adsorption to individual bacteria [63]. This also
could be dubbed as (p. 1) “Less efficient phage amplification” [30], a “Scavenger response” [111], or
“Reduced infection vigor” [137] and should generally be easier to detect to the extent thatnew
free virions are generated, e.g., during single-step growth experiments [138,139]. This comes with
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a caveat, however, that only a fraction of phage-infected bacteria may succeed in producing new
virions during such experiments, thereby giving an impression, if not necessarily the actuality, of
overall smaller burst sizes: that is, should for example most or all phage-infected bacteria produce
virions upon plating (with its associated nutrient addition) but only some producing virions under
the actual experimental conditions.

Phage delay in various guises seems to have been observed by multiple researchers in terms of
tolerance associated with bacterial starvation, bacteria entrance into stationary-phase-like states, or
as associated simply slower bacterial growth [41,88,90,95-100,102,103,105,107,108,111]. In addition,
however, are declines in phage-effective burst sizes due to sorptive scavenging by already phage-
infected bacteria. Such adsorption often is referred to as superinfection in the phage literature and
may be more likely within the close confines of bacterial biofilms given a physical surrounding of
phage-infected bacteria by other phage-infected bacteria, e.g., as Yin and McCaskill [74] allude to
as possibly occurring during phage plaque growth vs. during phage exploitation of planktonic
bacterial cultures. These various mechanisms of phage delay, I argue [63], could be useful to
bacterial microcolonies and biofilms to the extent that bacterial dissemination from these structures
might thereby be allowed to occur prior to substantial local phage propagation, i.e., as due to delays
in that phage propagation.

There is also a concept described as pseudolysogeny [109,110,140,141], which explicitly is a delay in
the development of phage infections of starved bacteria but as resulting, potentially, in new-phage
production once nutrients are supplied. Bryan et al. [111] describe an equivalent phenomenon
associated with phage infection of stationary phase bacteria as hibernation. Either differs from
phage delay to the extent that phage infections are stalled, that is, not producing phage progeny
until the surrounding environment has been modified, i.e., as modified especially upon supply
of additional nutrients to bacteria. These phenomena also differ from phage negation in that the
infecting phage continues to survive; they also differ from bacterial self-sacrifice in that so too does
the infected bacterium continue to survive, in both cases as observed prior to the supplying of
additional nutrients to cultures. Phage negation, bacterial self-sacrifice, and phage delay thus all
should be viewed as results of phage infections that occur over the course of more or less constant
physiological conditions, whereas with improvement of these conditions then pseudolysogenic or
hibernating phage infections may be reactivated to produce phage progeny. The resulting phage
amplification, however, will not necessarily occur with the same vigor as may be observed given
phage infection of exponentially replicating bacteria.

Whether due to tolerance or resistance, phage ecological productivity is eliminated, by definition,
by both phage negation and bacterial self-sacrifice (bottom row of the 2 x 2 matrix, Figure 6), but
only incompletely by phage delay and potentially not reduced given a display of phage avoidance
by bacteria (top-row of the 2 x 2 matrix, Figure 6). The latter would be the case if phage virion
adsorption does not immediately occur but could still occur to a somewhat phage-susceptible
bacterium sometime in the future, thereby resulting also in a phage delay—in that case, though, a
delay in terms of rates of phages finding bacteria to infect rather than in terms of reduced infection
productivity following phage adsorption. Bacterial ecological productivity, on the other hand,
would be retained, again by definition, given either phage avoidance or phage negation (left column
of the 2 x 2 matrix, Figure 6). The viability of individual phage-infected bacteria, however, would
be lost given either bacterial self-sacrifice or phage delay (right-column, 2 x 2 matrix, Figure 6).

2.3. Phage Tolerance as Ecological Phenomena

All mechanisms of tolerance, whether countering antibiotics or instead counter-
ing phage actions, represent ecological phenomena. That is, they are mechanisms that
(1) represent changes in organism phenotype as a function of environmental conditions,
such as existing within a bacterial biofilm rather than experiencing planktonic growth;
(2) involve an interaction of an organism with its environment (bacteria interacting either
with phages or with antibiotics); and, as considered here, (3) are not dependent in their
acquisition, at least in the near term, on changes to organism (bacterial) genotype.



Antibiotics 2023, 12, 245

13 of 25

Strictly Lytic Phage Survival?

Yes

No

Phage-Targeted Bacterium Survival?

Yes

No

Phage Avoidance
(without phage
adsorption)

3

Phage Delay
(reduced phage
population growth)

Glossary:

Avoidance: Phage genome fails to enter
bacterial cytoplasm (no infection occurs;
phage survives if also no phage adsorption)

Negation: Infecting phage genome fails to
kill infected bacterium and phage otherwise

A A

does not survive (restriction of phage)

+ Self-sacrifice: Both infecting phage genome
and infected bacterium fail to survive

Phage Negation Bacterial Self-Sacrifice (can be described also as abortive infection)
(or phage avoidance with (i.e., abortive phage . .
phage adsorption) infections) ¢ Delay: Phage pdeUCthEIy infects but

resulting phage population growth is
slowed (display of reduced infection vigor)

Figure 6. Distinguishing mechanisms of bacterial inhibition of phage activity in terms of phage vs.
bacterial survival. Illustrations refer to either bacterial survival (purple bacilli as found to the far left),
would-be infecting phage survival (upper-left of the 2 x 2 matrix), or some degree of successful phage
amplification in numbers (upper-right also of the 2 x 2 matrix). Bacterial self-sacrifice, as defined here
(lower-right, 2 x 2 matrix), results in survival of neither an infecting phage nor the phage-infected
bacterium. Not shown is a productive lytic phage infection of a fully phage-susceptible bacterium,
which would result in a combination of greater phage production than that seen with phage delay,
for example (upper-right, 2 x 2 matrix), along with a loss of viability of the phage-infected bacterium.
Categories of bacterial interference with phage infection activities and antibacterial action are defined
to the right. Discussion of these mechanisms of bacterial resistance can be found in Box 3.

The latter point means, in particular, that the tolerance phenotypes under discussion
are not displayed in association, also in the near term, with substantial changes in allele fre-
quencies within displaying bacterial populations, and nor is this tolerance associated with a
genetically distinct subset of a bacterial population that is being exposed to either phages or
antibiotics. Tolerance, from this perspective, means instead that a genetically homogeneous
bacterial population can be both sensitive and not sensitive, or least less sensitive, to a
phage population or to an antibiotic treatment. That sensitivity vs. reduced sensitivity,
however, is observed under what are potentially different ecological circumstances, such as
planktonic vs. biofilm-associated, respectively.

Otherwise, but not addressed here, is the extent to which persister cells displaying
antibiotic tolerance also may tend to be phage tolerant or whether phages can be used to
target true persister cells during biofilm treatments [142-144], i.e., genetically antibiotic-
sensitive bacteria that antibiotics are not able to eliminate but phages might be able to kill.
Rather, the prevailing suggestion is that certain aspects of especially bacterial biofilms can
result in some degree of bacterial tolerance of phage attack and, furthermore, whether to
phages or instead to antibiotics, tolerance is an ecological rather than necessarily also a near-
term evolutionary phenomenon. Contrast instead the acquisition of resistance to phages
by previously genetically phage-sensitive bacteria, which explicitly is an evolutionary
phenomenon [145], as is addressed in the following section especially from a perspective of
phage interactions with bacterial biofilms.
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3. Phage Resistance and Bacterial Biofilms

Evolution can be defined as a change in the frequency of one or more alleles over time
as this occurs within a single organism population. Prominent evolutionary mechanisms—
such as those giving rise to changes in the frequency of alleles that bestow resistance
to phages or antibiotics—are mutation and natural selection. Resistance systems also
may enter bacterial populations from different bacterial populations in the course of ge-
netic migration/horizontal gene transfer, such as via acquisition of mobile genetic ele-
ments [146,147]. The latter, though, are not an emphasis here. Moreover, phage mutation
to overcome bacterial resistance to phages is also not addressed [148-151], i.e., as can
result, in association with bacterial resistance evolution, in what is known as antagonistic
coevolution [132,150]. Phage treatment, in combination with antibiotics, should in many
cases result in reduced resistance evolution relative to either agent acting alone [152-159] at
least absent cross resistance [160-162]; however, that phenomenon, too, is not emphasized
here. Instead, in this section we consider bacterial mutation simply to phage resistance
and especially how the frequency of resulting phage-resistant bacterial mutants can be
impacted by bacterial existence within biofilms, though with Sections 3.1.1 and 3.3 both
addressing more general issues of bacterial mutation to phage resistance. Molecular mech-
anisms of bacterial resistance have been explored and summarized in numerous articles,
e.g., [135,149,163-166].

3.1. Mutation, Selection, and Antagonistic Pleiotropies
3.1.1. General Considerations

Resistance mutations [167], as well as the acquisition of resistance systems by horizon-
tal gene transfer, generally are considered to arise independently of exposure to whatever
it is that is being resisted. Particularly in terms of resistance mutations, this means that the
initial degree of presence of those mutations within a naive population will, in absolute
terms, be a function of a combination of rates of mutation to resistance and the size of the
population in which the mutations are arising (and also, for smaller populations and lower
mutation rates, simply chance [167]). Thus, small populations—especially ones with low
mutation rates to resistance—will, relative to larger populations, both carry fewer mutation
types and have a lower potential to carry any resistance mutations at all. Mutations to
resistance therefore will tend to always be present within sufficiently large naturally oc-
curring bacterial populations, whereas the potential for those mutations to be present, e.g.,
such as in the individual wells of 96-well microtiter plates, can be less likely (see Section
21.3 of Chapter 21 [168] of [132] for a brief essay discussing the latter, as well as [30,68]).
As a consequence it can be crucial, in studies exploring the occurrence of phage resistance
in the presence of phages, for the total numbers of treated bacteria and/or for bacterial
concentrations, along with experimental volumes, to be reported. Whether or not bacterial
mutations to phage resistance are easily detected, however, will depend on the second
prominent evolutionary mechanism controlling the frequency of alleles, as mentioned
above, i.e., natural selection.

There are two key mechanisms by which natural selection will tend to impact the
frequency of resistance alleles. These can be referred to simply as selection for vs. selection
against these alleles (Figure 7). Selection for is seen predominantly when the agent being
resisted is present in the environment, and particularly when that agent is present at
sufficiently high concentrations, whereas selection against has to do with what are known
as antagonistic pleiotropies, which also are known as tradeoffs. That is, a mutation to
resistance may be harmful to other important aspects of organism functioning, such as in
terms of the virulence of bacterial pathogens [169-171]. The result can be various degrees of
selection against resistance mutations, with this selection against typically most noticeable
particularly when the selecting agent, such as phages or antibiotics, is not highly prevalent
in a bacterial population’s environment.



Antibiotics 2023, 12, 245

15 of 25

Spontaneous
acquisition of
resistance
mutation

Mutation is

present
pop
large enough
8 g

Selection For

particularly if

antagonist is
present

Mutation Rate (e.g., 10°%)
X
Population Size (NxV)
X

Selection For (>1)

tradeoffs

X

Selection Against (>0 & <1)

Figure 7. Mutation to resistance, along with selection for and against those mutations. Mutations
are assumed to occur spontaneously at some rate per bacterial generation, can be somewhat lower
or higher in frequency than the indicated 106 (e.g., 107, 1078, or 10*5), and will tend to occur
independently of any selecting force. For “Population size”, N x V refers to bacterial concentration
(N) multiplied by the volume (V) of the occupied environment. Resistance mutations, by definition,
are selected for when the selective agent is present. These same mutations, however, can also be
detrimental to the functioning of the otherwise resisting organism, resulting also in some degree of
selection against (i.e., as due to antagonistic pleiotropic effects, also known as tradeoffs). If selection
for is stronger than selection against, then the resistance allele should increase in frequency within
a population as long as the selecting agent is present. Otherwise, the resistance allele typically,
though not always, should decrease in frequency as a consequence of selection against. Note that
selection against, in Darwinian fitness terms, is equal to zero if the resistance allele is lethal to carrying
individuals. Note otherwise that the timeline of both mutation and selection is not explicitly indicated
in the illustration.

Given the above considerations, we can describe a mutation-selection balance, with
mutations inputting resistance alleles into a bacterial population at some rate and, especially
given antagonistic pleiotropic effects, selection reducing the frequency of those alleles also
at some rate, with the latter being most evident when the agent being resisted is absent.
At an extreme in terms of tradeoffs, resistance mutations may be lethal to the harboring
organism, resulting in near instantaneous removal of those alleles from populations and
thereby a perceived lack of potential for a given bacterial strain to mutate to resistance to a
particular phage. See Section 25.5.3 of Chapter 25 [151] of [132] for further discussion of the
latter point, as well as Chapter 22 [172] also of [132].

3.1.2. Taking Biofilms into Account

What this has to do with phages and biofilms is two-fold. First is that, just as with
planktonic populations of bacteria, whether bacterial mutations to phage resistance are
present—particularly in the absence of selecting phages—or to what degree they are present
in terms of frequency will be a function of a combination of bacterial mutation rates to
phage resistance, the size of a bacterial population, and the impact of natural selection
regarding pleiotropic antagonistic effects. It is possible, though, that bacterial mutation
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rates will be higher within biofilms than within planktonic populations [38,57,173], includ-
ing due to oxidative stress [174-176] but also potentially as associated with low oxygen
conditions [177]. Mutations may also accumulate to higher levels in biofilms vs. planktonic
cultures even without mutation rates being higher and in spite the existence of antagonis-
tic pleiotropies; this is due to lower strengths of natural selection, particularly selection
against acting within spatially structure environments [178]. Those various mechanisms
should serve to counter an argument that bacterial mutations to phage resistance should
accumulate especially among those biofilm bacteria that are most rapidly replicating [76];
however, mutation to resistance among those bacteria could very well be common as well.
Selection for phage resistance could be strongest among the same rapidly replicating
bacteria if those bacteria are also most easily reached by phages [80]. This greater phage
access, particularly to more rapidly replicating surface bacteria, appears to have been
demonstrated by Testa et al. [68] in terms of colonies growing upon agar surfaces. Bacterial
population sizes also might be larger, or instead smaller, within biofilms vs. planktonic
cultures, and particularly smaller within mixed-species or mixed-strain biofilms than in
mono-species biofilms assuming overall numbers of cells remain constant [68]. Lastly,
it is possible that there will be differences in terms of the strength of selection against
resistance alleles, again as antagonistic pleiotropies, as bacteria are found within biofilms
vs. as planktonic cultures. For example, a mutation might be more detrimental (stronger
selection) during active biofilm formation, and this could be so even if the strength of
natural selection acting against that mutation within an already established biofilm might
be lower [178]. Particularly, the strength of natural selection against phage resistance
could be weaker especially in association with well-established not-surface bacteria due to
reduced metabolic demands being placed on those bacteria vs. biofilm-surface or planktonic
bacteria. In short, the dynamics of bacterial resistance mutation accumulation could very
well be different in biofilms relative to within well-mixed planktonic cultures, but there
likely exist multiple mechanisms giving rise to those differences, including in terms of the
strength as well as efficiency of selection for and also against that resistance (Table 1).

Table 1. Reduced strength and efficiency of selection for and against resistance within biofilms *.

Reduced in Biofilms Explanation for the Reduction

Not-surface biofilm bacteria should display less

growth relative to surface or planktonic bacteria,

reducing overall especially reduced-growth-rate
pleiotropic costs of phage resistance

Efficiency of selection against resistance

Negative impacts of antagonistic pleiotropies
could be fewer for not-surface biofilm bacteria due,
e.g., to lower metabolic demands relative to within

growing planktonic cultures

Strength of selection against resistance

Not-surface biofilm bacteria may be less readily
reached or affected by phages relative to surface or
planktonic bacteria, resulting in less phage impact

on bacterial population fitness

Efficiency of selection for resistance

To the extent that phage-sensitive bacteria are less
impacted by phages that reach them, e.g., such as
due to reduced receptor display, then being
resistant also should be of lower benefit

Strength of selection for resistance

* Strength of natural selection is as measured on an individual-bacterium basis—phage-resistant relative to
phage-sensitive genotypes—given existence within a genetically non-homogenous bacterial population; that is,
how much does being resistant impact a bacterium’s individual fitness? Efficiency of selection is measured across
a genetically but not necessarily phenotypically or environmentally homogeneous bacterial subpopulation. For
instance, do the fitness benefits of being resistant vary across a bacterial subpopulation, particularly with some
bacteria benefiting less than others?
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3.2. Reduced Selection Efficiency for Resistance within Biofilms

As hinted at in the previous paragraph, as well as in Table 1, a key distinction between
planktonic and biofilm-associated populations of bacteria can be the degree of heterogeneity
of their exposure to selecting phages [36,80]. That is, in planktonic cultures, particularly
ones which are well mixed, phages should be able to reach all of the bacteria present
with equivalent likelihood. This, for a given phage virion concentration, should result in
an extreme of efficiency of selection for resistance alleles, assuming that those alleles are
both present and not pleiotropically lethal to the carrying bacteria. In other words, given
sufficient, i.e., “Inundative” [37] phage concentrations, there is a potential for bacterial
mutations to phage resistance to rise to fixation relatively rapidly within especially well-
mixed planktonic cultures, where “fixation” is defined as when the frequency of an allele
within a population essentially is equal to 1.0, with thereby few or no phage-sensitive
bacteria remaining. Such a high efficiency of selection assumes, of course, that the bacterial
population is also homogeneous phenotypically rather than some but not all bacteria
displaying a physiological tolerance of phages; the latter would have the effect of reducing
the strength of natural selection for resistance acting on those phage-tolerant bacteria.

Thus, within biofilms the ability of phages to reach specific bacteria should vary
depending on the micro-location of the bacteria. This especially may be the degree to
which bacteria are directly in contact with non-biofilm fluids (surface bacteria; Figure 3)
vs. found sufficiently buried within biofilms (not-surface bacteria) that they are far from
those fluids and thereby shaded by biofilm material; bacteria existing within “ephemeral
spatial refuges” are equivalent (p. 7) [30]. This means, as noted, that selection for resistance
alleles in a biofilm context should be less efficient than selection for equivalent alleles
within planktonic bacterial populations, i.e., since not all of the biofilm bacteria present
will be exposed to the same extent to selecting phages. Phage tolerance associated with
only a fraction of individual bacteria—particularly physiologically, resulting in either
phage avoidance or phage negation (Figure 6)—similarly should reduce the efficiency of
selection for resistance alleles across a bacterial population residing within biofilms relative
to planktonic cultures, as may have been the case, for example, given Vibrio anguillarum
exposure to phage KVP40 [62]. That is, inhomogeneities in the strength of selection for
resistance, particularly reduced strength of selection in some bacteria, e.g., due to tolerance
or equivalently because phages have difficulty reaching some but not other bacteria, should
reduce the efficiency of selection for resistance.

Overall, then, reduced efficiency of selection for resistance is expected the fewer
bacteria within a population that phages are able to negatively impact [179]. Furthermore,
given the various mechanisms discussed, there should exist a potential for resistance alleles
to be net selected for in one portion of a single biofilm (that portion most exposed to phages
and/or displaying less tolerance), while, at the same time, the same alleles may be net
selected against in other portions of the same biofilm, with the latter again being due to
antagonistic pleiotropies.

3.3. Community Resistance vs. Treatment Resistance

An additional consideration regarding bacterial resistance to phages is exactly when—
over both shorter and longer time spans—resistance has risen within a bacterial population
to some approximation of fixation. In particular, is this prior to exposure of a bacterial
population to a given phage type or instead following that exposure? Above we have
considered only the latter scenario, i.e., where an otherwise naive bacterial population is
exposed to a new phage type and this results in selection for initially rare phage-resistance
alleles in that population, assuming that the costs of carrying those alleles (as due to
antagonistic pleiotropies) are not so substantial. This scenario, within a phage therapy
context, can be dubbed as the development of a treatment resistance. As described in
Dabrowska and Abedon [180], this explicitly is resistance that rises to or toward fixa-
tion during phage treatments rather than a resistance that had risen to fixation prior to
phage treatment.
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In contrast to treatment resistance is what we dubbed community resistance [180].
“Community” here refers to geographically localized groups of humans. Somewhat syn-
onymous with this concept of “community resistance”, Amabile-Cuevas [181] uses the
phrasing “Ancient resistance”. In either case, this is resistance that has risen to fixation
within a bacterial population independent of subsequent phage treatments. This could
be a consequence of past environmental exposure of bacteria to phages [182] or instead
could be a consequence simply of increases in the frequency of resistance alleles within a
bacterial population for reasons that are independent of phage exposure. The latter, by the
way, could also be dubbed as a pleiotropy, though not an antagonistic pleiotropy, should
some new allele be beneficial to the carrying bacterium in the absence of selecting phages
and also happen to provide some phage resistance.

The relatively narrow host ranges of many phages [137,183] means that treatment re-
sistance to phages, contrasting with treatment resistance to more broadly acting antibiotics,
should tend to be selected for within fewer bacterial populations over the course of phage
therapies. Ideally, in fact, directly phage-affected populations will be limited to just the
targeted bacterial species. This suggests, if nothing else, that the use of phage therapies
should not lead to the widespread evolution of phage resistance across bacterial commu-
nities, with “community” in this latter case being an ecological term referring to multiple
species occupying a single locality. Consequently, phage therapies in and of themselves
should not substantially increase the potential for acquisition of phage-resistance alleles
via horizontal gene transfer by phage-targeted bacterial pathogens, contrasting antibiotics
for which the dynamics of resistance evolution and acquisition can involve much more
than just individual bacterial species [181,184,185]. On the other hand, phage-induced
bacterial lysis could promote horizontal gene transfer from phage-targeted bacteria to other,
not-targeted bacterial species [186,187].

4. Conclusions

It seems clear that we are trending toward the use of “tolerance” to describe mech-
anisms of only temporarily—and not a direct consequence of recent bacterial genetic
change—reduced bacterial susceptibility to phages, particularly as displayed by biofilms
(Box 1). This tolerance can occur via a number of different general mechanisms (?? 22? 3),
again as associated especially with bacterial biofilms. Here we have explored various facets
of the bacterial tolerance of phages vs. bacterial resistance to phages. It is important to
keep in mind, though, that while both are ecological phenomena, as they affect phage
interactions with bacteria, only phage resistance, such as may be selected for in the course of
phage therapies, is an immediate consequence of bacterial evolutionary change. Thus, with
tolerance, as considered here, both phage and antibiotic therapies can fail without bacterial
evolution occurring, i.e., as a consequence of ecological factors alone. Treatment failures of
course can occur also as a consequence of bacterial evolution of resistance, though only to
the extent that negative impacts of antagonistic pleiotropies associated with new resistance
phenotypes are not too extreme [188]. With tolerance mechanisms, by contrast, no such new
antagonistic pleiotropies should permanently exist, as the tolerance phenotypes described
should by definition be reversible.

An obvious means of addressing resistance, whether treatment resistance or commu-
nity resistance, is to incorporate into therapies new phages with new host ranges [189].
It may be more involved, however, to modify treatment approaches to address the many
aspects of phage tolerance [36]. Possible approaches to combating phage tolerance, though,
may involve (1) improving phage penetration into the biofilm matrix, e.g., by supplying
matrix-degrading enzymes [13,14]; (2) employing phages that are better equipped to kill,
lyse, and propagate on stationary phase bacteria [36,103,190-192]; (3) using multiple dos-
ings of phages to sustain adequate phage titers in the vicinity of targeted bacteria over
time [193]; (4) perhaps also treating with phages targeting a diversity of receptor molecules
should the expression of some but not all of these receptors be downregulated; and
(5) treating with a diversity of phages also because some phages may, for so-far unknown
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reasons, be better equipped at overcoming tolerance under different circumstances than
other phages. Ultimately, though, efforts toward increasing phage therapy successes [194]
should necessitate distinguishing phage tolerance from phage resistance as root causes of
treatment failures.

Funding: Funding was provided by Public Health Service grants R21AI156304 (Stephen T. Abedon,
PI) and RO1AI169865 (Daniel Wozniak, PI; Stephen T. Abedon, co-investigator).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: I would like to thank Razi Kebriaei for providing me with the invitation to write
this piece, without which it truly never would have come into existence.

Conflicts of Interest: S.T.A. has consulted for and served on advisory boards for companies with
phage therapy interests, has held equity stakes in a number of these companies, and maintains the
websites phage.org and phage-therapy.org. No additional competing financial interests exist. The
text presented represents the perspectives of the author alone, and no outside help was received in
its writing.

References

1. Krueger, A.P.; Scribner, E.J. The bacteriophage: Its nature and its therapeutic use (I). J. Am. Med. Assoc. 1941, 116, 2160-2167.
[CrossRef]

2. Bixler, G.D.; Bhushan, B. Biofouling: Lessons from nature. Philos. Trans. A Math. Phys. Eng. Sci. 2012, 370, 2381-2417. [CrossRef]
[PubMed]

3. Ma, W,; Panecka, M.; Tufenkji, N.; Rahaman, M.S. Bacteriophage-based strategies for biofouling control in ultrafiltration: In situ
biofouling mitigation, biocidal additives and biofilm cleanser. J. Colloid Interface Sci. 2018, 523, 254-265. [CrossRef] [PubMed]

4. Del Pozo, ].L. Biofilm-related disease. Expert Rev. Anti Infect. Ther. 2018, 16, 51-65. [CrossRef]

5. Vestby, LK,; Gronseth, T.; Simm, R.; Nesse, L.L. Bacterial biofilm and its role in the pathogenesis of disease. Antibiotics 2020, 9, 59.
[CrossRef]

6.  Bridier, A.; Briandet, R.; Thomas, V.; Dubois-Brissonnet, F. Resistance of bacterial biofilms to disinfectants: A review. Biofouling
2011, 27, 1017-1032. [CrossRef] [PubMed]

7. Tong, C; Hu, H,; Chen, G,; Li, Z,; Li, A.; Zhang, J. Disinfectant resistance in bacteria: Mechanisms, spread, and resolution
strategies. Environ. Res. 2021, 195, 110897. [CrossRef] [PubMed]

8. Olsen, L. Biofilm-specific antibiotic tolerance and resistance. Eur. J. Clin. Microbiol. Infect. Dis. 2015, 34, 877-886. [CrossRef]

9. Singh, A.; Amod, A.; Pandey, P; Bose, P.; Pingali, M.S.; Shivalkar, S.; Varadwaj, PK.; Sahoo, A.K.; Samanta, S.K. Bacterial biofilm
infections, their resistance to antibiotics therapy and current treatment strategies. Biomed. Mater. 2022, 17, 022003. [CrossRef]

10. Abedon, S.T. Use of phage therapy to treat long-standing, persistent, or chronic bacterial infections. Adv. Drug Deliv. Rev. 2019,
145, 18-39. [CrossRef]

11. Abraham, S.; Kaufman, Y.; Perreault, F.; Young, R.; Bar-Zeev, E. Bursting out: Linking changes in nanotopography and
biomechanical properties of biofilm-forming Escherichia coli to the T4 lytic cycle. NP] Biofilms Microbiomes 2021, 7, 26. [CrossRef]

12.  Abedon, S.T. Ecology of anti-biofilm agents I: Antibiotics versus bacteriophages. Pharmaceuticals 2015, 8, 525-558. [CrossRef]

13. Danis-Wlodarczyk, K.M.; Wozniak, D.J.; Abedon, S.T. Treating bacterial infections with bacteriophage-based enzybiotics: In vitro,
in vivo and clinical application. Antibiotics 2021, 10, 1497. [CrossRef]

14. Topka-Bielecka, G.; Dydecka, A.; Necel, A.; Bloch, S.; Nejman-Falenczyk, B.; Wegrzyn, G.; Wegrzyn, A. Bacteriophage-derived
depolymerases against bacterial biofilm. Antibiotics 2021, 10, 175. [CrossRef]

15.  Gorski, A.; Miedzybrodzki, R.; Borysowski, J. Phage Therapy: A Practical Approach; Springer Nature Switzerland AG: Cham,
Switzerland, 2019.

16. 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]

17.  Marongiu, L.; Burkard, M.; Lauer, U.M.; Hoelzle, L.E.; Venturelli, S. Reassessment of historical clinical trials supports the
effectiveness of phage therapy. Clin. Microbiol. Rev. 2022, 35, €00062-22. [CrossRef] [PubMed]

18.  Figueiredo, C.M.; Malvezzi Karwowski, M.S.; da Silva Ramos, R.C.P,; de Oliveira, N.S.; Pena, L.C.; Carneiro, E.; Freitas de Macedo,
R.E.; Rosa, E.A.R. Bacteriophages as tools for biofilm biocontrol in different fields. Biofouling 2021, 37, 689-709. [CrossRef]
[PubMed]

19. Pires, D.P; Meneses, L.; Brandao, A.C.; Azeredo, J. An overview of the current state of phage therapy for the treatment of

biofilm-related infections. Curr. Opin. Virol. 2022, 53, 101209. [CrossRef] [PubMed]


http://doi.org/10.1001/jama.1941.62820190016010
http://doi.org/10.1098/rsta.2011.0502
http://www.ncbi.nlm.nih.gov/pubmed/22509063
http://doi.org/10.1016/j.jcis.2018.03.105
http://www.ncbi.nlm.nih.gov/pubmed/29626763
http://doi.org/10.1080/14787210.2018.1417036
http://doi.org/10.3390/antibiotics9020059
http://doi.org/10.1080/08927014.2011.626899
http://www.ncbi.nlm.nih.gov/pubmed/22011093
http://doi.org/10.1016/j.envres.2021.110897
http://www.ncbi.nlm.nih.gov/pubmed/33617866
http://doi.org/10.1007/s10096-015-2323-z
http://doi.org/10.1088/1748-605X/ac50f6
http://doi.org/10.1016/j.addr.2018.06.018
http://doi.org/10.1038/s41522-021-00195-7
http://doi.org/10.3390/ph8030525
http://doi.org/10.3390/antibiotics10121497
http://doi.org/10.3390/antibiotics10020175
http://doi.org/10.3390/ph14111157
http://doi.org/10.1128/cmr.00062-22
http://www.ncbi.nlm.nih.gov/pubmed/36069758
http://doi.org/10.1080/08927014.2021.1955866
http://www.ncbi.nlm.nih.gov/pubmed/34304662
http://doi.org/10.1016/j.coviro.2022.101209
http://www.ncbi.nlm.nih.gov/pubmed/35240424

Antibiotics 2023, 12, 245 20 of 25

20.

21.

22.

23.
24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.
42.
43.
44.
45.
46.

47.

48.

Brauner, A.; Fridman, O.; Gefen, O.; Balaban, N.Q. Distinguishing between resistance, tolerance and persistence to antibiotic
treatment. Nat. Rev. Microbiol. 2016, 14, 320-330. [CrossRef]

Brauner, A.; Shoresh, N.; Fridman, O.; Balaban, N.Q. An experimental framework for quantifying bacterial tolerance. Biophys. ].
2017, 112, 2664-2671. [CrossRef] [PubMed]

Chen, Q.; Dharmaraj, T.; Cai, P.C.; Burgener, E.B.; Haddock, N.L.; Spakowitz, A.].; Bollyky, P.L. Bacteriophage and bacterial
susceptibility, resistance, and tolerance to antibiotics. Pharmaceutics 2022, 14, 1425. [CrossRef]

Abedon, S. Phage therapy pharmacology: Calculating phage dosing. Adv. Appl. Microbiol. 2011, 77, 1-40.

Slopek, S.; Weber-Dabrowska, B.; Dabrowski, M.; Kucharewicz-Krukowska, A. Results of bacteriophage treatment of suppurative
bacterial infections in the years 1981-1986. Arch. Immunol. Ther. Exp. 1987, 35, 569-583.

Lenski, R.E. Dynamics of interactions between bacteria and virulent bacteriophage. Adv. Microbial. Ecol. 1988, 10, 1-44.
Delbriick, M. Adsorption of bacteriophage under various physiological conditions of the host. J. Gen. Physiol. 1940, 23, 631-642.
[CrossRef] [PubMed]

Luria, S.E.; Steiner, D.L. The role of calcium in the penetration of bacteriophage T5 into its host. J. Bacteriol. 1954, 67, 635-639.
[CrossRef]

Paynter, M.].B.; Bungay, H.R,, II. Capsular protection against virulent coliphage infection. Biotechnol. Bioeng. 1970, 12, 341-346.
[CrossRef] [PubMed]

Bull, ].].; Vegge, C.S.; Schmerer, M.; Chaudhry, W.N.; Levin, B.R. Phenotypic resistance and the dynamics of bacterial escape from
phage control. PLoS ONE 2014, 9, €94690. [CrossRef] [PubMed]

Attrill, E.L.; Claydon, R.; Lapinska, U.; Recker, M.; Meaden, S.; Brown, A.T.; Westra, E.R.; Harding, S.V.; Pagliara, S. Individual
bacteria in structured environments rely on phenotypic resistance to phage. PLoS Biol. 2021, 19, €3001406. [CrossRef] [PubMed]
Yang, S.J.; Park, K\Y;; Kim, S.H.; No, KM.; Besser, T.E.; Yoo, H.S.; Kim, S.H.; Lee, B.K,; Park, Y.H. Antimicrobial resistance
in Salmonella enterica serovars Enteritidis and Typhimurium isolated from animals in Korea: Comparison of phenotypic and
genotypic resistance characterization. Vet. Microbiol. 2002, 86, 295-301. [CrossRef]

Neuert, S.; Nair, S.; Day, M.R.; Doumith, M.; Ashton, PM.; Mellor, K.C.; Jenkins, C.; Hopkins, K.L.; Woodford, N.; de Pinna,
E.; et al. Prediction of phenotypic antimicrobial resistance profiles from whole genome sequences of non-typhoidal Salmonella
enterica. Front. Microbiol. 2018, 9, 592. [CrossRef] [PubMed]

Ghaznavi-Rad, E.; Komijani, M.; Moradabadi, A.; Rezaei, M.; Shaykh-Baygloo, N. Isolation of a lytic bacteriophage against
extensively drug-resistant Acinetobacter baumannii infections and its dramatic effect in rat model of burn infection. J. Clin. Lab.
Anal. 2022, 7, €24497. [CrossRef] [PubMed]

Meynell, E.W. Characters of a group of bacillus phages. J. Gen. Microbiol. 1962, 28, 103-117. [CrossRef] [PubMed]

Howes, W.V. Effect of glucose on the capacity of Escherichia coli to be infected by virulent Lambda bacteriophage. J. Bacteriol. 1965,
90, 1188-1193. [CrossRef]

Igler, C. Phenotypic flux: The role of physiology in explaining the conundrum of bacterial persistence amid phage attack. Virus
Evol. 2022, 8, veac086. [CrossRef]

Abedon, S.T. Further considerations on how to improve phage therapy experimentation, practice, and reporting: Pharmacody-
namics perspectives. Phage 2022, 3, 95-97. [CrossRef] [PubMed]

Ciofu, O.; Moser, C.; Jensen, P.O.; Hoiby, N. Tolerance and resistance of microbial biofilms. Nat. Rev. Microbiol. 2022, 20, 621-635.
[CrossRef] [PubMed]

Henriksen, K.; Rorbo, N.; Rybtke, M.L.; Martinet, M.G.; Tolker-Nielsen, T.; Hoiby, N.; Middelboe, M.; Ciofu, O. P. aeruginosa
flow-cell biofilms are enhanced by repeated phage treatments but can be eradicated by phage-ciprofloxacin combination. Pathog.
Dis. 2019, 77, ftz011. [CrossRef]

Tzipilevich, E.; Pollak-Fiyaksel, O.; Shraiteh, B.; Ben-Yehuda, S. Bacteria elicit a phage tolerance response subsequent to infection
of their neighbors. EMBO ]. 2022, 41, €109247. [CrossRef]

Moebus, K. Marine bacteriophage reproduction under nutrient-limited growth of host bacteria. II. Investigations with phage-host
system [H3: H3/1]. Mar. Ecol. Prog. Ser. 1996, 144, 13-22. [CrossRef]

Abedon, S.T.; Thomas-Abedon, C. Phage therapy pharmacology. Curr. Pharm. Biotechnol. 2010, 11, 28-47. [CrossRef]

Abedon, S.T. Bacteriophages and Biofilms: Ecology, Phage Therapy, Plaques; Nova Science Publishers: Hauppauge, NY, USA, 2011.
Darch, S.E.; Kragh, K.N.; Abbott, E.A.; Bjarnsholt, T.; Bull, ].J.; Whiteley, M. Phage inhibit pathogen dissemination by targeting
bacterial migrants in a chronic infection model. MBio 2017, 8. [CrossRef]

Meanwell, L.J.; Thompson, N.O.R.A. The influence of rennet on bacteriophage multiplication in milk. J. Appl. Bacteriol. 1956, 19,
284-292. [CrossRef]

Erskine, ].M. Interconversion of rec* and rec” phenotype in lambda lysogens of Escherichia coli. ]. Gen. Virol. 1969, 5, 171-182.
[CrossRef]

Marquioni, V.; Rossi, EPN.; Mendonca, D.C.; Martins, L.E.; Behlau, E; Setubal, J.C.; da Silva, A.M.; Novo-Mansur, M.T.M. Isolation
and characterization of vB_XciM_LucasX, a new jumbo phage that infects Xanthomonas citri and Xanthomonas fuscans. PLoS ONE
2022, 17, €0266891. [CrossRef] [PubMed]

Shahin, K.; Bao, H.; Zhu, S.; Soleimani-Delfan, A.; He, T.; Mansoorianfar, M.; Wang, R. Bio-control of O157: H7, and colistin-
resistant MCR-1-positive Escherichia coli using a new designed broad host range phage cocktail. LWT 2022, 154, 112836. [CrossRef]


http://doi.org/10.1038/nrmicro.2016.34
http://doi.org/10.1016/j.bpj.2017.05.014
http://www.ncbi.nlm.nih.gov/pubmed/28636922
http://doi.org/10.3390/pharmaceutics14071425
http://doi.org/10.1085/jgp.23.5.631
http://www.ncbi.nlm.nih.gov/pubmed/19873179
http://doi.org/10.1128/jb.67.6.635-639.1954
http://doi.org/10.1002/bit.260120303
http://www.ncbi.nlm.nih.gov/pubmed/4920047
http://doi.org/10.1371/journal.pone.0094690
http://www.ncbi.nlm.nih.gov/pubmed/24743264
http://doi.org/10.1371/journal.pbio.3001406
http://www.ncbi.nlm.nih.gov/pubmed/34637438
http://doi.org/10.1016/S0378-1135(02)00009-3
http://doi.org/10.3389/fmicb.2018.00592
http://www.ncbi.nlm.nih.gov/pubmed/29636749
http://doi.org/10.1002/jcla.24497
http://www.ncbi.nlm.nih.gov/pubmed/35708005
http://doi.org/10.1099/00221287-28-1-103
http://www.ncbi.nlm.nih.gov/pubmed/14473222
http://doi.org/10.1128/jb.90.5.1188-1193.1965
http://doi.org/10.1093/ve/veac086
http://doi.org/10.1089/phage.2022.0012
http://www.ncbi.nlm.nih.gov/pubmed/36157282
http://doi.org/10.1038/s41579-022-00682-4
http://www.ncbi.nlm.nih.gov/pubmed/35115704
http://doi.org/10.1093/femspd/ftz011
http://doi.org/10.15252/embj.2021109247
http://doi.org/10.3354/meps144013
http://doi.org/10.2174/138920110790725410
http://doi.org/10.1128/mBio.00240-17
http://doi.org/10.1111/j.1365-2672.1956.tb00079.x
http://doi.org/10.1099/0022-1317-5-2-171
http://doi.org/10.1371/journal.pone.0266891
http://www.ncbi.nlm.nih.gov/pubmed/35421196
http://doi.org/10.1016/j.lwt.2021.112836

Antibiotics 2023, 12, 245 21 of 25

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Dien, L.T,; Ky, L.B.; Huy, B.T.; Mursalim, M.E,; Kayansamruaj, P.; Senapin, S.; Rodkhum, C.; Dong, H.T. Characterization and
protective effects of lytic bacteriophage pAh6.2TG against a pathogenic multidrug-resistant Aeromonas hydrophila in Nile tilapia
(Oreochromis niloticus). Transbound. Emerg. Dis. 2022, 69, e435-e450. [CrossRef] [PubMed]

Yu, T.; Sun, Z.; Cao, X.; Pang, Q.; Deng, H. Recent trends in T7 phage application in diagnosis and treatment of various diseases.
Int. Immunopharmacol. 2022, 110, 109071. [CrossRef]

Mathews, C.K. T-even bacteriophage-tolerant mutants of Escherichia coli B. 1. Isolation and preliminary characterization. J. Virol.
1970, 6, 163-168. [CrossRef]

Radke, K.L.; Siegel, E.C. Mutation preventing capsular polysaccharide synthesis in Escherichia coli K-12 and its effect on
bacteriophage resistance. J. Bacteriol. 1971, 106, 432—437. [CrossRef]

Ito, J. Pleiotropic nature of bacteriophage tolerant mutants obtained in early-blocked asporogenous mutants of Bacillus subtilis 168.
Mol. Gen. Genet. 1973, 124, 97-106. [CrossRef] [PubMed]

Lacqua, A.; Wanner, O.; Colangelo, T.; Martinotti, M.G.; Landini, P. Emergence of biofilm-forming subpopulations upon exposure
of Escherichia coli to environmental bacteriophages. Appl. Environ. Microbiol. 2006, 72, 956-959. [CrossRef]

Kalapala, Y.C.; Sharma, P.R.; Agarwal, R. Antimycobacterial potential of mycobacteriophage under disease-mimicking conditions.
Front. Microbiol. 2020, 11, 583661. [CrossRef]

Koonjan, S.; Cardoso, P.C.; Nilsson, A.S. Population dynamics of a two phages-one host infection system using Escherichia coli
strain ECOR57 and phages vB_EcoP_SU10 and vB_EcoD_SU57. Pharmaceuticals 2022, 15, 168. [CrossRef]

Hall, C.W,; Mah, T.F. Molecular mechanisms of biofilm-based antibiotic resistance and tolerance in pathogenic bacteria. FEMS
Microbiol. Rev. 2017, 41, 276-301. [CrossRef] [PubMed]

Fisher, R.A.; Gollan, B.; Helaine, S. Persistent bacterial infections and persister cells. Nat. Rev. Microbiol. 2017, 15, 453-464.
[CrossRef]

Yan, J.; Bassler, B.L. Surviving as a community: Antibiotic tolerance and persistence in bacterial biofilms. Cell Host Microbe 2019,
26,15-21. [CrossRef]

Bull, ].J.; Christensen, K.A.; Scott, C.; Jack, B.R.; Crandall, C.J.; Krone, S.M. Phage-bacterial dynamics with spatial structure: Self
organization around phage sinks can promote increased cell densities. Antibiotics 2018, 7, 8. [CrossRef] [PubMed]

Briandet, R.; Lacroix-Gueu, P; Renault, M.; Lecart, S.; Meylheuc, T.; Bidnenko, E.; Steenkeste, K.; Bellon-Fontaine, M.N.; Fontaine-
Aupart, M.P. Fluorescence correlation spectroscopy to study diffusion and reaction of bacteriophages inside biofilms. Appl.
Environ. Microbiol. 2008, 74, 2135-2143. [CrossRef]

Tan, D.; Dahl, A.; Middelboe, M. Vibriophages differentially influence biofilm formation by Vibrio anguillarum strains. Appl.
Environ. Microbiol. 2015, 81, 4489-4497. [CrossRef]

Abedon, S.T. Phage “delay” towards enhancing bacterial escape from biofilms: A more comprehensive way of viewing resistance
to bacteriophages. AIMS Microbiol. 2017, 3, 186-226. [CrossRef] [PubMed]

Simmons, E.L.; Drescher, K.; Nadell, C.D.; Bucci, V. Phage mobility is a core determinant of phage-bacteria coexistence in biofilms.
ISME ]. 2018, 12, 531-543. [CrossRef]

Gonzalez, S.; Fernandez, L.; Gutierrez, D.; Campelo, A.B.; Rodriguez, A.; Garcia, P. Analysis of different parameters affecting
diffusion, propagation and survival of staphylophages in bacterial biofilms. Front. Microbiol. 2018, 9, 2348. [CrossRef] [PubMed]
Vidakovic, L.; Singh, PK.; Hartmann, R.; Nadell, C.D.; Drescher, K. Dynamic biofilm architecture confers individual and collective
mechanisms of viral protection. Nat. Microbiol. 2018, 3, 26-31. [CrossRef]

Dunsing, V.; Irmscher, T.; Barbirz, S.; Chiantia, S. Purely polysaccharide-based biofilm matrix provides size-selective diffusion
barriers for nanoparticles and bacteriophages. Biomacromolecules 2019, 20, 3842-3854. [CrossRef] [PubMed]

Testa, S.; Berger, S.; Piccardi, P.; Oechslin, F.; Resch, G.; Mitri, S. Spatial structure affects phage efficacy in infecting dual-strain
biofilms of Pseudomonas aeruginosa. Commun. Biol. 2019, 2, 405. [CrossRef]

Quan, K,; Hou, J.; Zhang, Z; Ren, Y.; Peterson, B.W.; Flemming, H.C.; Mayer, C.; Busscher, H.].; van der Mei, H.C. Water in
bacterial biofilms: Pores and channels, storage and transport functions. Crit. Rev. Microbiol. 2022, 48, 283-302. [CrossRef]
Chapman-McQuiston, E.; Wu, X.L. Stochastic receptor expression allows sensitive bacteria to evade phage attack. Part I:
Experiments. Biophys. |. 2008, 94, 4525-4536. [CrossRef]

Hoyland-Kroghsbo, N.M.; Maerkedahl, R.B.; Svenningsen, S.L. A quorum-sensing-induced bacteriophage defense mechanism.
MBio 2013, 4, €00362-12. [CrossRef]

Simmons, E.L.; Bond, M.C.; Koskella, B.; Drescher, K.; Bucci, V.; Nadell, C.D. Biofilm structure promotes coexistence of phage-
resistant and phage-susceptible bacteria. mSystems 2020, 5, €00877-19. [CrossRef]

Winans, ].B.; Wucher, B.R.; Nadell, C.D. Multispecies biofilm architecture determines bacterial exposure to phages. PLoS Biol.
2022, 20, €3001913. [CrossRef]

Yin, J.; McCaskill, J.S. Replication of viruses in a growing plaque: A reaction-diffusion model. Biophys. J. 1992, 61, 1540-1549.
[CrossRef] [PubMed]

Abedon, S.T. Bacteriophage exploitation of bacterial biofilms: Phage preference for less mature targets? FEMS Microbiol. Lett.
2016, 363, fnv246. [CrossRef]

Heilmann, S.; Sneppen, K.; Krishna, S. Coexistence of phage and bacteria on the boundary of self-organized refuges. Proc. Natl.
Acad. Sci. USA 2012, 109, 12828-12833. [CrossRef]


http://doi.org/10.1111/tbed.14321
http://www.ncbi.nlm.nih.gov/pubmed/34514728
http://doi.org/10.1016/j.intimp.2022.109071
http://doi.org/10.1128/jvi.6.2.163-168.1970
http://doi.org/10.1128/jb.106.2.432-437.1971
http://doi.org/10.1007/BF00265143
http://www.ncbi.nlm.nih.gov/pubmed/4201042
http://doi.org/10.1128/AEM.72.1.956-959.2006
http://doi.org/10.3389/fmicb.2020.583661
http://doi.org/10.3390/ph15030268
http://doi.org/10.1093/femsre/fux010
http://www.ncbi.nlm.nih.gov/pubmed/28369412
http://doi.org/10.1038/nrmicro.2017.42
http://doi.org/10.1016/j.chom.2019.06.002
http://doi.org/10.3390/antibiotics7010008
http://www.ncbi.nlm.nih.gov/pubmed/29382134
http://doi.org/10.1128/AEM.02304-07
http://doi.org/10.1128/AEM.00518-15
http://doi.org/10.3934/microbiol.2017.2.186
http://www.ncbi.nlm.nih.gov/pubmed/31294157
http://doi.org/10.1038/ismej.2017.190
http://doi.org/10.3389/fmicb.2018.02348
http://www.ncbi.nlm.nih.gov/pubmed/30323804
http://doi.org/10.1038/s41564-017-0050-1
http://doi.org/10.1021/acs.biomac.9b00938
http://www.ncbi.nlm.nih.gov/pubmed/31478651
http://doi.org/10.1038/s42003-019-0633-x
http://doi.org/10.1080/1040841X.2021.1962802
http://doi.org/10.1529/biophysj.107.120212
http://doi.org/10.1128/mBio.00362-12
http://doi.org/10.1128/mSystems.00877-19
http://doi.org/10.1371/journal.pbio.3001913
http://doi.org/10.1016/S0006-3495(92)81958-6
http://www.ncbi.nlm.nih.gov/pubmed/1617137
http://doi.org/10.1093/femsle/fnv246
http://doi.org/10.1073/pnas.1200771109

Antibiotics 2023, 12, 245 22 of 25

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.
97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Abedon, S.T. Spatial vulnerability: Bacterial arrangements, microcolonies, and biofilms as responses to low rather than high
phage densities. Viruses 2012, 4, 663-687. [CrossRef]

Abedon, S.T. Phage-phage, phage-bacteria, and phage-environment communication. In Biocommunication of Phages; Witzany, G.,
Ed.; Springer: Cham, Switzerland, 2020; pp. 23-70.

Hu, J.; Miyanaga, K.; Tanji, Y. Diffusion of bacteriophages through artificial biofilm models. Biotechnol. Prog. 2012, 28, 319-326.
[CrossRef] [PubMed]

Eriksen, R.S.; Svenningsen, S.L.; Sneppen, K.; Mitarai, N. A growing microcolony can survive and support persistent propagation
of virulent phages. Proc. Natl. Acad. Sci. USA 2018, 115, 337-342. [CrossRef]

Rabinovitch, A.; Aviram, L.; Zaritsky, A. Bacterial debris—An ecological mechanism for coexistence of bacteria and their viruses. J.
Theor. Biol. 2003, 224, 377-383. [CrossRef]

Azeredo, ].; Sutherland, LW. The use of phages for the removal of infectious biofilms. Curr. Pharm. Biotechnol. 2008, 9, 261-266.
[CrossRef] [PubMed]

Manning, A.J.; Kuehn, M.]J. Contribution of bacterial outer membrane vesicles to innate bacterial defense. BMIC Microbiol. 2011,
11, 258. [CrossRef]

Reyes-Robles, T; Dillard, R.S.; Cairns, L.S.; Silva-Valenzuela, C.A.; Housman, M.; Ali, A.; Wright, E.R.; Camilli, A. Vibrio cholerae
outer membrane vesicles inhibit bacteriophage infection. J. Bacteriol. 2018, 200, €00792-17. [CrossRef]

Augustyniak, D.; Olszak, T.; Drulis-Kawa, Z. Outer membrane vesicles (OMVs) of Pseudomonas aeruginosa provide passive
resistance but not sensitization to LPS-specific phages. Viruses 2022, 14, 121. [CrossRef] [PubMed]

Schooling, S.R.; Beveridge, T.J. Membrane vesicles: An overlooked component of the matrices of biofilms. J. Bacteriol. 2006, 188,
5945-5957. [CrossRef]

Flemming, H.C.; van Hullebusch, E.D.; Neu, T.R.; Nielsen, P.H.; Seviour, T.; Stoodley, P.; Wingender, J.; Wuertz, S. The biofilm
matrix: Multitasking in a shared space. Nat. Rev. Microbiol. 2023, 21, 70-86. [CrossRef] [PubMed]

Delbriick, M. The growth of bacteriophage and lysis of the host. . Gen. Physiol. 1940, 23, 643-660. [CrossRef]

Delbriick, M. Bacterial viruses (bacteriophages). Adv. Enzymol. 1942, 2, 1-32.

Hershey, A.D.; Bronfenbrenner, J.J. Bacterial viruses: Bacteriophages. In Viral and Rickettsial Infections of Man; Rivers, TM., Ed.; ].B.
Lippincott & Co.: Philadelphia, PA, USA, 1948; pp. 147-162.

Dulbecco, R. Experiments on photoreactivation of bacteriophages inactivated with ultraviolet radiation. J. Bacteriol. 1950, 59,
329-347. [CrossRef]

Hedén, C.-G. Studies of the infection of E. coli B with the bacteriophage T2. Acta Pathol. Microbiol. Scand. 1951, 88 (Suppl. 8),
1-126.

Benzer, S. Resistance to ultraviolet light as an index to the reproduction of bacteriophage. . Bacteriol. 1952, 63, 59-72. [CrossRef]
Gross, S.R. Abortive infection of a strain of Escherichia coli by coliphage T2. J. Bacteriol. 1954, 68, 36—42. [CrossRef] [PubMed]
Ricciuti, C.P. Host-virus interactions in Escherichia coli: Effect of startionary phase on viral release from MS2-infected bacteria. J.
Virol. 1972, 10, 162-165. [CrossRef]

Haywood, A.M. Lysis of RNA phage-infected cells depends upon culture conditions. J. Gen. Virol. 1974, 22, 431-435. [CrossRef]
Webb, V,; Leduc, E.; Spiegelman, G.B. Burst size of bacteriophage SP82 as a function of growth rate of its host Bacillus subtilis. Can.
J. Microbiol. 1982, 28, 1277-1280. [CrossRef] [PubMed]

Kokjohn, T.A.; Sayler, G.S.; Miller, R.V. Attachment and replication of Pseudomonas aeruginosa bacteriophages under conditions
simulating aquatic environments. J. Gen. Microbiol. 1991, 137, 661-666. [CrossRef]

Doolittle, M.M.; Cooney, J.J.; Caldwell, D.E. Tracing the interaction of bacteriophage with bacterial biofilms using fluorescent and
chromogenic probes. J. Ind. Microbiol. 1996, 16, 331-341. [CrossRef] [PubMed]

Moebus, K. Marine bacteriophage reproduction under nutrient-limited growth of host bacteria. I. Investigations with six
phage-host systems. Mar. Ecol. Prog. Ser. 1996, 144, 1-12. [CrossRef]

Schrag, S.; Mittler, ].E. Host-parasite persistence: The role of spatial refuges in stabilizing bacteria-phage interactions. Am. Nat.
1996, 148, 348-377. [CrossRef]

Hadas, H.; Einav, M.; Fishov, L.; Zaritsky, A. Bacteriophage T4 development depends on the physiology of its host Escherichia coli.
Microbiology 1997, 143, 179-185. [CrossRef] [PubMed]

Schrader, H.S.; Schrader, O.; Walker, J.J.; Wolf, T.A.; Nickerson, K.W.; Kokjohn, T.A. Bacteriophage infection and multiplication
occur in Pseudomonas aeruginosa starved for 5 years. Can. J. Microbiol. 1997, 43, 1157-1163. [CrossRef]

You, L.; Yin, J. Amplification and spread of viruses in a growing plaque. J. Theor. Biol. 1999, 200, 365-373. [CrossRef]
Middelboe, M. Bacterial growth rate and marine virus-host dynamics. Microb. Ecol. 2000, 40, 114-124. [CrossRef]

You, L.; Suthers, P.F,; Yin, J. Effects of Escherichia coli physiology on growth of phage T7 in vivo and in silico. J. Bacteriol. 2002, 184,
1888-1894. [CrossRef] [PubMed]

Sillankorva, S.; Oliveira, R.; Vieira, M.].; Sutherland, LW.; Azeredo, ]. Bacteriophage ®S1 infection of Pseudomonas fluorescens
planktonic cells versus biofilms. Biofouling 2004, 20, 133-138. [CrossRef] [PubMed]

Los, M.; Golec, P;; Los, ].M.; Weglewska-Jurkiewicz, A.; Czyz, A.; Wegrzyn, A.; Wegrzyn, G.; Neubauer, P. Effective inhibition of
lytic development of bacteriophages lambda, P1 and T4 by starvation of their host, Escherichia coli. BMC Biotechnol. 2007, 7, 13.
[CrossRef]


http://doi.org/10.3390/v4050663
http://doi.org/10.1002/btpr.742
http://www.ncbi.nlm.nih.gov/pubmed/22058083
http://doi.org/10.1073/pnas.1708954115
http://doi.org/10.1016/S0022-5193(03)00174-7
http://doi.org/10.2174/138920108785161604
http://www.ncbi.nlm.nih.gov/pubmed/18691087
http://doi.org/10.1186/1471-2180-11-258
http://doi.org/10.1128/JB.00792-17
http://doi.org/10.3390/v14010121
http://www.ncbi.nlm.nih.gov/pubmed/35062325
http://doi.org/10.1128/JB.00257-06
http://doi.org/10.1038/s41579-022-00791-0
http://www.ncbi.nlm.nih.gov/pubmed/36127518
http://doi.org/10.1085/jgp.23.5.643
http://doi.org/10.1128/jb.59.3.329-347.1950
http://doi.org/10.1128/jb.63.1.59-72.1952
http://doi.org/10.1128/jb.68.1.36-42.1954
http://www.ncbi.nlm.nih.gov/pubmed/13183895
http://doi.org/10.1128/jvi.10.1.162-165.1972
http://doi.org/10.1099/0022-1317-22-3-431
http://doi.org/10.1139/m82-190
http://www.ncbi.nlm.nih.gov/pubmed/6185190
http://doi.org/10.1099/00221287-137-3-661
http://doi.org/10.1007/BF01570111
http://www.ncbi.nlm.nih.gov/pubmed/8987490
http://doi.org/10.3354/meps144001
http://doi.org/10.1086/285929
http://doi.org/10.1099/00221287-143-1-179
http://www.ncbi.nlm.nih.gov/pubmed/9025292
http://doi.org/10.1139/m97-164
http://doi.org/10.1006/jtbi.1999.1001
http://doi.org/10.1007/s002480000050
http://doi.org/10.1128/JB.184.7.1888-1894.2002
http://www.ncbi.nlm.nih.gov/pubmed/11889095
http://doi.org/10.1080/08927010410001723834
http://www.ncbi.nlm.nih.gov/pubmed/15545062
http://doi.org/10.1186/1472-6750-7-13

Antibiotics 2023, 12, 245 23 of 25

109.

110.

111.

112.

113.

114.

115.

116.

117.
118.
119.
120.
121.
122.
123.

124.

125.

126.

127.

128.

129.

130.

131.

132.
133.

134.

135.

136.

137.
138.

Miller, R.V.; Day, M. Contribution of lysogeny, pseudolysogeny, and starvation to phage ecology. In Bacteriophage Ecology; Abedon,
S.T., Ed.; Cambridge University Press: Cambridge, UK, 2008; pp. 114-143.

Abedon, 5.T. Disambiguating bacteriophage pseudolysogeny: An historical analysis of lysogeny, pseudolysogeny, and the phage
carrier state. In Contemporary Trends in Bacteriophage Research; Adams, H.T., Ed.; Nova Science Publishers: Hauppauge, NY, USA,
2009; pp. 285-307.

Bryan, D.; El-Shibiny, A.; Hobbs, Z.; Porter, J.; Kutter, E.M. Bacteriophage T4 infection of stationary phase E. coli: Life after log
from a phage perspective. Front. Microbiol. 2016, 7, 1391. [CrossRef]

Xu, K.D,; Stewart, P.S.; Xia, F.; Huang, C.T.; McFeters, G.A. Spatial physiological heterogeneity in Pseudomonas aeruginosa biofilm
is determined by oxygen availability. Appl. Environ. Microbiol. 1998, 64, 4035-4039. [CrossRef] [PubMed]

Hodges, F.E.; Sicheritz-Ponten, T.; Clokie, M.R.J. The effect of oxygen availability on bacteriophage infection: A review. Phage
2021, 2, 16-25. [CrossRef]

Tan, D.; Svenningsen, S.L.; Middelboe, M. Quorum sensing determines the choice of antiphage defense strategy in Vibrio
anguillarum. MBio 2015, 6, e00627. [CrossRef]

Hoque, M.M.; Naser, I.B.; Bari, S.M.; Zhu, ].; Mekalanos, ].J.; Faruque, S.M. Quorum regulated resistance of Vibrio cholerae against
environmental bacteriophages. Sci. Rep. 2016, 6, 37956. [CrossRef] [PubMed]

Hoyland-Kroghsbo, N.M.; Paczkowski, J.; Mukherjee, S.; Broniewski, J.; Westra, E.; Bondy-Denomy, J.; Bassler, B.L. Quorum
sensing controls the Pseudomonas aeruginosa CRISPR-Cas adaptive immune system. Proc. Natl. Acad. Sci. USA 2017, 114, 131-135.
[CrossRef]

Ding, Y.; Zhang, D.; Zhao, X.; Tan, W.; Zheng, X.; Zhang, Q.; Ji, X.; Wei, Y. Autoinducer-2-mediated quorum-sensing system resists
T4 phage infection in Escherichia coli. J. Basic Microbiol. 2021, 61, 1113-1123. [CrossRef] [PubMed]

Xuan, G.; Dou, Q.; Kong, J.; Lin, H.; Wang, J. Pseudomonas aeruginosa resists phage infection via eavesdropping on indole signaling.
Microbiol. Spectr. 2023, €0391122. [CrossRef] [PubMed]

Delbriick, M. Biochemical mutants of bacterial viruses. J. Bacteriol. 1948, 56, 1-16. [CrossRef] [PubMed]

Kanner, L.C.; Kozloff, L.M. The reaction of indole and T2 bacteriophage. Biochemistry 1964, 3, 215-223. [CrossRef]

Kayama, S.; Murakami, K.; Ono, T.; Ushimaru, M.; Yamamoto, A.; Hirota, K.; Miyake, Y. The role of rpoS gene and quorum-sensing
system in ofloxacin tolerance in Pseudomonas aeruginosa. FEMS Microbiol. Lett. 2009, 298, 184-192. [CrossRef] [PubMed]
Ongenae, V.; Mabrouk, A.S.; Crooijmans, M.; Rozen, D.; Briegel, A.; Claessen, D. Reversible bacteriophage resistance by shedding
the bacterial cell wall. Open Biol. 2022, 12, 210379. [CrossRef] [PubMed]

Petrovic Fabijan, A.; Martinez-Martin, D.; Venturini, C.; Mickiewicz, K.; Flores-Rodriguez, N.; Errington, J.; Iredell, J. L-form
switching in Escherichia coli as a common [3-lactam resistance mechanism. Microbiol. Spectr. 2022, 10, e0241922. [CrossRef]
Abedon, S.T. Bacteriophage-mediated biocontrol of wound infections, and ecological exploitation of biofilms by phages. In
Biofilm, Pilonidal Cysts and Sinuses. Recent Clinical Techniques, Results, and Research in Wounds; Shiffman, M., Low, M., Eds.; Springer
Nature: Cham, Switzerland, 2020; Volume 1, pp. 121-158.

Pinto, A.M.; Cerqueira, M.A.; Banobre-Lopes, M.; Pastrana, L.M.; Sillankorva, S. Bacteriophages for chronic wound treatment:
From traditional to novel delivery systems. Viruses 2020, 12, 235. [CrossRef]

Chang, R.Y.K.; Morales, S.; Okamoto, Y.; Chan, H.K. Topical application of bacteriophages for treatment of wound infections.
Transl. Res. 2020, 220, 166. [CrossRef]

Zyman, A.; Gorski, A.; Miedzybrodzki, R. Phage therapy of wound-associated infections. Folia Microbiol. 2022, 67, 193-201.
[CrossRef]

Scholl, D.; Adhya, S.; Merril, C. Escherichia coli K1's capsule is a barrier to bacteriophage T7. Appl. Environ. Microbiol. 2005, 71,
4872-4874. [CrossRef]

Abedon, S.T. Resistance to phages, part I: Overview. In Bacteriophages as Drivers of Evolution: An Evolutionary Ecological Perspective;
Springer: Cham, Switzerland, 2022; pp. 207-215.

Abedon, S.T. Resistance to phages, part II: Bacteria live! In Bacteriophages as Drivers of Evolution: An Evolutionary Ecological
Perspective; Springer: Cham, Switzerland, 2022; pp. 217-229.

Abedon, S.T. Resistance to phages, part III: Bacteria die. In Bacteriophages as Drivers of Evolution: An Evolutionary Ecological
Perspective; Springer: Cham, Switzerland, 2022; pp. 231-242.

Abedon, S.T. Bacteriophages as Drivers of Evolution: An Evolutionary Ecological Perspective; Springer: Cham, Switzerland, 2022.
Wang, W.; Li, Y,; Tang, K.; Lin, J.; Gao, X.; Guo, Y.; Wang, X. Filamentous prophage capsid proteins contribute to superinfection
exclusion and phage defence in Pseudomonas aeruginosa. Environ. Microbiol. 2022, 24, 4285-4298. [CrossRef] [PubMed]

Woody, M.A.; Cliver, D.O. Effects of temperature and host cell growth phase on replication of F-specific RNA coliphage QB. Appl.
Environ. Microbiol. 1995, 61, 1520-1526. [CrossRef]

Lopatina, A.; Tal, N.; Sorek, R. Abortive infection: Bacterial suicide as an antiviral immune strategy. Annu. Rev. Virol. 2020, 7,
371-384. [CrossRef]

Ni, M,; Lin, J.; Gu, J; Lin, S.; He, M.; Guo, Y. Antitoxin CrlA of CrITA toxin-antitoxin system in a clinical isolate Pseudomonas
aeruginosa inhibits lytic phage infection. Front. Microbiol. 2022, 13, 892021. [CrossRef]

Hyman, P; Abedon, 5.T. Bacteriophage host range and bacterial resistance. Adv. Appl. Microbiol. 2010, 70, 217-248.

Hyman, P.; Abedon, S.T. Practical methods for determining phage growth parameters. Methods Mol. Biol. 2009, 501, 175-202.
[PubMed]


http://doi.org/10.3389/fmicb.2016.01391
http://doi.org/10.1128/AEM.64.10.4035-4039.1998
http://www.ncbi.nlm.nih.gov/pubmed/9758837
http://doi.org/10.1089/phage.2020.0041
http://doi.org/10.1128/mBio.00627-15
http://doi.org/10.1038/srep37956
http://www.ncbi.nlm.nih.gov/pubmed/27892495
http://doi.org/10.1073/pnas.1617415113
http://doi.org/10.1002/jobm.202100344
http://www.ncbi.nlm.nih.gov/pubmed/34783039
http://doi.org/10.1128/spectrum.03911-22
http://www.ncbi.nlm.nih.gov/pubmed/36602321
http://doi.org/10.1128/jb.56.1.1-16.1948
http://www.ncbi.nlm.nih.gov/pubmed/18863621
http://doi.org/10.1021/bi00890a013
http://doi.org/10.1111/j.1574-6968.2009.01717.x
http://www.ncbi.nlm.nih.gov/pubmed/19645822
http://doi.org/10.1098/rsob.210379
http://www.ncbi.nlm.nih.gov/pubmed/35673854
http://doi.org/10.1128/spectrum.02419-22
http://doi.org/10.3390/v12020235
http://doi.org/10.1016/j.trsl.2020.03.010
http://doi.org/10.1007/s12223-021-00946-1
http://doi.org/10.1128/AEM.71.8.4872-4874.2005
http://doi.org/10.1111/1462-2920.15991
http://www.ncbi.nlm.nih.gov/pubmed/35384225
http://doi.org/10.1128/aem.61.4.1520-1526.1995
http://doi.org/10.1146/annurev-virology-011620-040628
http://doi.org/10.3389/fmicb.2022.892021
http://www.ncbi.nlm.nih.gov/pubmed/19066822

Antibiotics 2023, 12, 245 24 of 25

139.
140.
141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Kropinski, A.M. Practical advice on the one-step growth curve. Methods Mol. Biol. 2018, 1681, 41-47. [PubMed]

Los, M.; Wegrzyn, G. Pseudolysogeny. Adv. Virus Res. 2012, 82, 339-349.

Mintynen, S.; Laanto, E.; Oksanen, H.M.; Poranen, M.M.; Diaz-Mufioz, S.L. Black box of phage-bacterium interactions: Exploring
alternative phage infection strategies. Open Biol. 2021, 11, 210188. [CrossRef]

Tkhilaishvili, T.; Lombardi, L.; Klatt, A.B.; Trampuz, A.; Di, L.M. Bacteriophage Sb-1 enhances antibiotic activity against biofilm,
degrades exopolysaccharide matrix and targets persisters of Staphylococcus aureus. Int. J. Antimicrob. Agents 2018, 52, 842-853.
[CrossRef]

Zhang, G.; Zhao, Y.; Paramasivan, S.; Richter, K.; Morales, S.; Wormald, PJ.; Vreugde, S. Bacteriophage effectively kills multidrug
resistant Staphylococcus aureus clinical isolates from chronic rhinosinusitis patients. Int. Forum Allergy Rhinol. 2018, 8, 406-414.
[CrossRef] [PubMed]

Pearl, S.; Gabay, C.; Kishony, R.; Oppenheim, A.; Balaban, N.Q. Nongenetic individuality in the host-phage interaction. PLoS Biol.
2008, 6, €120. [CrossRef] [PubMed]

Abedon, S.T. Monitoring the Ecology vs. Evolutionary Biology of Phage Resistance: A Tale of Two Precisions. 2022. Available
online: https://asmallerflea.org/2022/07/21/monitoring-the-ecology-vs-evolutionary-biology-of-phage-resistance-a-tale-of-
two-precisions/ (accessed on 30 December 2022).

Koonin, E.V.; Makarova, K.S.; Wolf, Y.I.; Krupovic, M. Evolutionary entanglement of mobile genetic elements and host defence
systems: Guns for hire. Nat. Rev. Genet. 2020, 21, 119-131. [CrossRef]

Hussain, F.A.; Dubert, J.; Elsherbini, J.; Murphy, M.; VanInsberghe, D.; Arevalo, P; Kauffman, K.; Rodino-Janeiro, B.K.; Gavin, H,;
Gomez, A; et al. Rapid evolutionary turnover of mobile genetic elements drives bacterial resistance to phages. Science 2021, 374,
488-492. [CrossRef] [PubMed]

Koskella, B.; Brockhurst, M.A. Bacteria-phage coevolution as a driver of ecological and evolutionary processes in microbial
communities. FEMS Microbiol. Rev. 2014, 38, 916-931. [CrossRef]

Hampton, H.G.; Watson, B.N.J.; Fineran, P.C. The arms race between bacteria and their phage foes. Nature 2020, 577, 327-336.
[CrossRef]

Brockhurst, M.A.; Koskella, B.; Zhang, Q.G. Bacteria-phage antagonistic coevolution and the implications for phage therapy. In
Bacteriophages: Biology, Technology, Therapy; Harper, D.R., Abedon, S.T., Burrowes, B.H., McConville, M., Eds.; Springer Nature
Switzerland AG: New York, NY, USA, 2021; pp. 231-251.

Abedon, S.T. A primer on phage-bacterium antagonistic coevolution. In Bacteriophages as Drivers of Evolution: An Evolutionary
Ecological Perspective; Springer: Cham, Switzerland, 2022; pp. 293-315.

Torres-Barceld, C.; Hochberg, M.E. Evolutionary rationale for phages as complements of antibiotics. Trends Microbiol. 2016, 24,
249-256. [CrossRef]

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

Knezevic, P; Sabo, V.A. Combining bacteriophages with other antibacterial agents to combat bacteria. In Phage Therapy: A Practical
Approach; Gorski, A., Miedzybrodzki, R., Borysowski, J., Eds.; Springer Nature: Cham, Switzerland, 2019; pp. 257-293.

Segall, A.M.; Roach, D.R,; Strathdee, S.A. Stronger together? Perspectives on phage-antibiotic synergy in clinical applications of
phage therapy. Curr. Opin. Microbiol. 2019, 51, 46-50. [CrossRef]

Tagliaferri, T.L.; Jansen, M.; Horz, H.P. Fighting pathogenic bacteria on two fronts: Phages and antibiotics as combined strategy.
Front. Cell. Infect. Microbiol. 2019, 9, 22.

Morrisette, T.; Kebriaei, R.; Lev, K.L.; Morales, S.; Rybak, M.]. Bacteriophage therapeutics: A primer for clinicians on phage-
antibiotic combinations. Pharmacotherapy 2020, 40, 153-168. [CrossRef]

Morrisette, T.; Kebriaei, R.; Morales, S.; Rybak, M.]. Bacteriophage-antibiotic combinations: A promising alternative for refractory
infections? Infect. Dis. Today 2020, 5, 20-21.

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

Kortright, K.E.; Doss-Gollin, S.; Chan, B.K.; Turner, P.E. Evolution of bacterial cross-resistance to lytic phages and albicidin
antibiotic. Front. Microbiol. 2021, 12, 658374. [CrossRef]

McCallin, S.; Menzi, C.; Lassen, S.; Daraspe, J.; Oechslin, F.; Moreillon, P. Antibiotic exposure leads to reduced phage susceptibility
in vancomycin intermediate Staphylococcus aureus (VISA). Antimicrob. Agents Chemother. 2022, 66, €0224721. [CrossRef]

Rosas, N.C.; Lithgow, T. Targeting bacterial outer-membrane remodelling to impact antimicrobial drug resistance. Trends Microbiol.
2022, 30, 544-552. [PubMed]

Fineran, P.C. Resistance is not futile: Bacterial ‘innate” and CRISPR-Cas ‘adaptive’” immune systems. Microbiology 2019, 165,
834-841. [CrossRef] [PubMed]

Rostol, ].T.; Marraffini, L. (Ph)ighting phages: How bacteria resist their parasites. Cell Host Microbe 2019, 25, 184-194.

Ambroa, A.; Blasco, L.; Lopez, M.; Pacios, O.; Bleriot, I.; Fernandez-Garcia, L.; Gonzalez de Aledo, M.; Ortiz-Cartagena, C.;
Millard, A.; Tomas, M. Genomic analysis of molecular bacterial mechanisms of resistance to phage infection. Front. Microbiol.
2021, 12, 784949.

Egido, J.E.; Costa, A.R.; Aparicio-Maldonado, C.; Haas, PJ.; Brouns, S.J.J. Mechanisms and clinical importance of bacteriophage
resistance. FEMS Microbiol. Rev. 2022, 46, fuab048.


http://www.ncbi.nlm.nih.gov/pubmed/29134585
http://doi.org/10.1098/rsob.210188
http://doi.org/10.1016/j.ijantimicag.2018.09.006
http://doi.org/10.1002/alr.22046
http://www.ncbi.nlm.nih.gov/pubmed/29240296
http://doi.org/10.1371/journal.pbio.0060120
http://www.ncbi.nlm.nih.gov/pubmed/18494559
https://asmallerflea.org/2022/07/21/monitoring-the-ecology-vs-evolutionary-biology-of-phage-resistance-a-tale-of-two-precisions/
https://asmallerflea.org/2022/07/21/monitoring-the-ecology-vs-evolutionary-biology-of-phage-resistance-a-tale-of-two-precisions/
http://doi.org/10.1038/s41576-019-0172-9
http://doi.org/10.1126/science.abb1083
http://www.ncbi.nlm.nih.gov/pubmed/34672730
http://doi.org/10.1111/1574-6976.12072
http://doi.org/10.1038/s41586-019-1894-8
http://doi.org/10.1016/j.tim.2015.12.011
http://doi.org/10.3390/antibiotics8040182
http://doi.org/10.1016/j.mib.2019.03.005
http://doi.org/10.1002/phar.2358
http://doi.org/10.1128/mSystems.00756-19
http://www.ncbi.nlm.nih.gov/pubmed/32019835
http://doi.org/10.3389/fmicb.2021.658374
http://doi.org/10.1128/aac.02247-21
http://www.ncbi.nlm.nih.gov/pubmed/34872824
http://doi.org/10.1099/mic.0.000802
http://www.ncbi.nlm.nih.gov/pubmed/30958259

Antibiotics 2023, 12, 245 25 of 25

167.

168.

169.
170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Luria, S.E.; Delbriick, M. Mutations of bacteria from virus sensitivity to virus resistance. Genetics 1943, 28, 491-511. [CrossRef]
[PubMed]

Abedon, S.T. Bacterial mutation to phage resistance. In Bacteriophages as Drivers of Evolution: An Evolutionary Ecological Perspective;
Springer: Cham, Switzerland, 2022; pp. 243-252.

Leon, M.; Bastias, R. Virulence reduction in bacteriophage resistant bacteria. Front. Microbiol. 2015, 6, 343. [CrossRef] [PubMed]
Debray, R.; De Luna, N.; Koskella, B. Historical contingency drives compensatory evolution and rare reversal of phage resistance.
Mol. Biol. Evol. 2022, 39, msac182. [CrossRef] [PubMed]

Li, N.; Zeng, Y.; Wang, M.; Bao, R.; Chen, Y,; Li, X,; Pan, J.; Zhu, T.; Hu, B.; Tan, D. Characterization of phage resistance and their
impacts on bacterial fitness in Pseudomonas aeruginosa. Microbiol. Spectr. 2022, 10, €0207222.

Abedon, S.T. Pleiotropic costs of phage resistance. In Bacteriophages as Drivers of Evolution: An Evolutionary Ecological Perspective;
Springer: Cham, Switzerland, 2022; pp. 253-262.

Conibear, T.C.R; Collins, S.L.; Webb, ].S. Role of mutation in Pseudomonas aeruginosa biofilm development. PLoS ONE 2009,
4,e6289. [CrossRef]

Boles, B.R.; Singh, PK. Endogenous oxidative stress produces diversity and adaptability in biofilm communities. Proc. Natl. Acad.
Sci. USA 2008, 105, 12503-12508. [CrossRef]

Driffield, K.; Miller, K.; Bostock, ].M.; O’Neill, A.].; Chopra, I. Increased mutability of Pseudomonas aeruginosa in biofilms. J.
Antimicrob. Chemother. 2008, 61, 1053-1056. [CrossRef]

Ryder, V.J.; Chopra, L; O'Neill, A.J. Increased mutability of staphylococci in biofilms as a consequence of oxidative stress. PLoS
ONE 2012, 7, e47695.

Schumann, A.R.; Sue, A.D.; Roach, D.R. Hypoxia Increases the tempo of phage resistance and mutational bottlenecking of
Pseudomonas aeruginosa. Front. Microbiol. 2022, 13, 905343. [CrossRef]

France, M.T.; Cornea, A.; Kehlet-Delgado, H.; Forney, L.J. Spatial structure facilitates the accumulation and persistence of
antibiotic-resistant mutants in biofilms. Evol. Appl. 2019, 12, 498-507. [CrossRef] [PubMed]

Wendling, C.C.; Lange, ].; Liesegang, H.; Sieber, M.; Pohlein, A.; Bunk, B.; Rajkov, J.; Goehlich, H.; Roth, O.; Brockhurst, M. A.
Higher phage virulence accelerates the evolution of host resistance. Proc. Biol. Sci. 2022, 289, 20221070. [CrossRef] [PubMed]
Dabrowska, K.; Abedon, S.T. Pharmacologically aware phage therapy: Pharmacodynamic and pharmacokinetic obstacles to
phage antibacterial action in animal and human bodies. Microbiol. Mol. Biol. Rev. 2019, 83, e00012-19. [CrossRef] [PubMed]
Amabile-Cuevas, C.F. Phage therapies: Lessons (not) learned from the “Antibiotic era”. Phage 2022, 3, 12-14. [CrossRef] [PubMed]
Naureen, Z.; Dautaj, A.; Anpilogov, K.; Camilleri, G.; Dhuli, K.; Tanzi, B.; Maltese, P.E.; Cristofoli, F.; De Antoni, L.; Beccari,
T.; et al. Bacteriophages presence in nature and their role in the natural selection of bacterial populations. Acta Biomed. 2020,
91, €2020024.

Gencay, Y.E.; Gambino, M.; From, P.T.; Brondsted, L. The genera of bacteriophages and their receptors are the major determinants
of host range. Environ. Microbiol. 2019, 21, 2095-2111. [CrossRef]

Cooper, RM.; Tsimring, L.; Hasty, J. Inter-species population dynamics enhance microbial horizontal gene transfer and spread of
antibiotic resistance. eLife 2017, 6, €25950. [CrossRef]

Bottery, MLJ.; Pitchford, ].W.; Friman, V.P. Ecology and evolution of antimicrobial resistance in bacterial communities. ISME J.
2021, 15, 939-948.

Keen, E.C.; Bliskovsky, V.V.; Malagon, F; Baker, ].D.; Prince, ].S.; Klaus, ].S.; Adhya, S.L. Novel “superspreader” bacteriophages
promote horizontal gene transfer by transformation. MBio 2017, 8, €02115-16. [CrossRef]

Abedon, S.T. Phage-provided environmental DNA and superspreading. In Bacteriophages as Drivers of Evolution: An Evolutionary
Ecological Perspective; Springer: Cham, Switzerland, 2022; pp. 125-135.

Torres-Barcel6, C.; Turner, P.E.; Buckling, A. Mitigation of evolved bacterial resistance to phage therapy. Curr. Opin. Virol. 2022,
53,101201. [CrossRef]

Abedon, S.T.; Danis-Wlodarczyk, K.M.; Wozniak, D.]. Phage cocktail development for bacteriophage therapy: Toward improving
spectrum of activity breadth and depth. Pharmaceuticals 2021, 14, 1019. [CrossRef] [PubMed]

Yin, J. A quantifiable phenotype of viral propagation. Biochem. Biophys. Res. Commun. 1991, 174, 1009-1014. [CrossRef]
Schrader, H.S.; Schrader, ].O.; Walker, ].J.; Bruggeman, N.B.; Vanderloop, ] M.; Shaffer, ].J.; Kokjohn, T.A. Effects of host starvation
on bacteriophage dynamics. In Bacteria in Oligotrophic Environments. Starvation-Survival Lifestyle; Morita, R.Y., Ed.; Chapman &
Hall: New York, NY, USA, 1997; pp. 368-385.

Sillankorva, S.; Oliveira, R.; Vieira, M.].; Sutherland, I.; Azeredo, J. Pseudomonas fluorescens infection by bacteriophage ®S1: The
influence of temperature, host growth phase and media. FEMS Microbiol. Lett. 2004, 241, 13-20.

Danis-Wlodarczyk, K.; Dabrowska, K.; Abedon, S.T. Phage therapy: The pharmacology of antibacterial viruses. Curr. Issues Mol.
Biol. 2021, 40, 81-164. [CrossRef] [PubMed]

Abedon, S.T. Pathways to phage therapy enlightenment, or why I've become a scientific curmudgeon. Phage 2022, 3, 98-111.
[CrossRef] [PubMed]

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.


http://doi.org/10.1093/genetics/28.6.491
http://www.ncbi.nlm.nih.gov/pubmed/17247100
http://doi.org/10.3389/fmicb.2015.00343
http://www.ncbi.nlm.nih.gov/pubmed/25954266
http://doi.org/10.1093/molbev/msac182
http://www.ncbi.nlm.nih.gov/pubmed/35994371
http://doi.org/10.1371/journal.pone.0006289
http://doi.org/10.1073/pnas.0801499105
http://doi.org/10.1093/jac/dkn044
http://doi.org/10.3389/fmicb.2022.905343
http://doi.org/10.1111/eva.12728
http://www.ncbi.nlm.nih.gov/pubmed/30828370
http://doi.org/10.1098/rspb.2022.1070
http://www.ncbi.nlm.nih.gov/pubmed/36196537
http://doi.org/10.1128/MMBR.00012-19
http://www.ncbi.nlm.nih.gov/pubmed/31666296
http://doi.org/10.1089/phage.2022.0001
http://www.ncbi.nlm.nih.gov/pubmed/36161197
http://doi.org/10.1111/1462-2920.14597
http://doi.org/10.7554/eLife.25950
http://doi.org/10.1128/mBio.02115-16
http://doi.org/10.1016/j.coviro.2022.101201
http://doi.org/10.3390/ph14101019
http://www.ncbi.nlm.nih.gov/pubmed/34681243
http://doi.org/10.1016/0006-291X(91)91519-I
http://doi.org/10.21775/cimb.040.081
http://www.ncbi.nlm.nih.gov/pubmed/32503951
http://doi.org/10.1089/phage.2022.0019
http://www.ncbi.nlm.nih.gov/pubmed/36148139

	Introduction 
	Phage Tolerance of Bacterial Biofilms 
	Multiple Perspectives on Phage Tolerance 
	Summary of Bacterial Strategies of Phage Inhibition 
	Phage Tolerance as Ecological Phenomena 

	Phage Resistance and Bacterial Biofilms 
	Mutation, Selection, and Antagonistic Pleiotropies 
	General Considerations 
	Taking Biofilms into Account 

	Reduced Selection Efficiency for Resistance within Biofilms 
	Community Resistance vs. Treatment Resistance 

	Conclusions 
	References

