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Prophages mediate defense against phage infection
through diverse mechanisms
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The activity of bacteriophages poses a major threat to bacterial survival. Upon infection, a temperate
phage can either kill the host cell or be maintained as a prophage. In this state, the bacteria carrying
the prophage is at risk of superinfection, where another phage injects its genetic material and
competes for host cell resources. To avoid this, many phages have evolved mechanisms that alter the
bacteria and make it resistant to phage superinfection. The mechanisms underlying these phentoypic
conversions and the fithess consequences for the host are poorly understood, and systematic
studies of superinfection exclusion mechanisms are lacking. In this study, we examined a wide range
of Pseudomonas aeruginosa phages and found that they mediate superinfection exclusion through a
variety of mechanisms, some of which affected the type IV pilus and O-antigen, and others that
functioned inside the cell. The strongest resistance mechanism was a surface modification that we
showed is cost-free for the bacterial host in a natural soil environment and in a Caenorhabditis.
elegans infection model. This study represents the first systematic approach to address how a

population of prophages influences phage resistance and bacterial behavior in P. aeruginosa.
The ISME Journal advance online publication, 3 June 2016; doi:10.1038/ismej.2016.79

Introduction

Bacteriophages (phages) are viruses that infect
bacteria. They are the most abundant biological
entity on earth, and with an estimated global
population of 10°', they outnumber bacteria by a
factor of 10 (Bergh et al., 1989; Wommack and
Colwell, 2000). Phages are tremendously diverse and
are found in every habitat that has been colonized by
bacteria, including water, soil and gastrointestinal
ecosystems. Their predation of bacteria has a strong
influence on microbial populations, affecting the
performance of food webs, nutrient cycling, biodi-
versity, species distribution and genetic transfer
(Suttle, 2005, 2007).

Phages are classified as lytic or temperate, depend-
ing on their lifestyle. A successful infection by lytic
phages always leads to cell lysis, whereas infection
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by a temperate phage can lead to lysis or lysogeny.
During lysogeny, the bacterial host and phage fitness
interests are aligned in a symbiotic relationship. It is
therefore advantageous for the prophage to express
genes that increase fitness of the host cell by a
process known as lysogenic conversion. Indeed,
phages have been shown to encode genes that confer
phage resistance through a variety of mechanisms
(Samson et al., 2013). For example, superinfection
exclusion proteins expressed from prophages that
inhibit further phage infection have been character-
ized in Escherichia coli phages HK97 (Cumby et al.,
2012), $80 (Uc-Mass et al., 2004), Salmonella phage
P22 (Susskind et al., 1974) and Streptococcus phage
TP-J34 (Sun et al., 2006). The mechanisms by which
these proteins block further phage infection include
interacting with the cytoplasmic membrane and
blocking phage genome injection, and interacting
with the phage receptor on the bacterial outer
membrane and blocking phage binding. In Pseudo-
monas phage D3112, the Tip protein inhibits
bacterial twitching motility through interaction with
the type IV pilus (T4P) assembly ATPase and protects
against infection by phage MP22 (Chung et al., 2014).
As multiple Pseudomonas aeruginosa phages rely
on the T4P for infection (Bradley, 1972, 1973),
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this was proposed as a general mechanism for
blocking further phage infection. Although there
are many individual examples of prophages that
express genes that prevent superinfection, it is
unclear both how widespread each of these different
superinfection resistance mechanisms are and what
fitness consequences they have for their hosts.

In this study we use P. aeruginosa, an organism
that naturally possesses an abundant and diverse
population of prophages (Winstanley et al., 2009), to
characterize the prevalence of prophage-mediated
superinfection exclusion and determine the mechan-
isms that underlie it. We generated an unbiased
collection of lysogens so that we could undertake a
systematic examination of range and fitness costs of
superinfection exclusion mechanisms encoded by
phages for a single bacterial host. Our results high-
light the variable phenotypes that a related group of
prophages can impart on a bacterial host.

Results

Establishment of a collection of P. aeruginosa strain
PA14 lysogens

To interrogate systematically the effects of prophages
on the physiology of P. aeruginosa, we generated a
collection of temperate phages by using mitomycin C
to induce the prophages present in a set of 88 clinical
and environmental isolates of P. aeruginosa
(Supplementary Table S1). These strains were selected
for maximal diversity as assessed by point of geo-
graphic isolation and mutilocus sequence typing
(Supplementary Figure S1), a commonly used method
for assessing strain diversity (Parkins et al., 2014).
Serial dilutions of the induced lysates were plated on
lawns of 20 P. aeruginosa indicator strains selected
from the collection of 88, including the laboratory
strains PA14, PAO1 and PAK, to provide a broad host
range and maximize the number of plaques that could
be detected. We found that 56/88 (66%) of the strains
produced at least one phage that could form plaques
on this set of strains, with two strains producing three
phages, and seven producing two phages. Strain PA14
was determined to be the most permissive strain for
phage replication, with 28 of the isolated phages able
to form plaques on it. Using these 28 newly isolated
phages and two previously characterized phages,
MP22 and MP29 (Chung and Cho, 2012), we created
30 different lysogenic strains of PA14, each containing
one of the 30 phages integrated as a prophage. The
identities of the individual lysogens were confirmed
by growing the strains overnight and performing
plaque assays using phages spontaneously produced
by these cultures. As was previously observed with
P. aeruginosa prophages (James et al., 2012), the
spontaneous induction frequencies were quite high,
with overnight cultures containing between 10° and
10° plaque-forming units per ml (PFU per ml) in the
absence of exogenous chemical or ultraviolet induc-
tion (Supplementary Figure S3).
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Lysogens display a variety of phage resistance
phenotypes

Prophages can mediate resistance to subsequent
phage infection through repressor-based immunity
and potentially other mechanisms (Salmon et al.,
2000). To assess the range of phage resistance
mediated by our collection of lysogens, the ability
of each individual lysogen to resist the plaquing of
the 30 PA14-infecting phages was measured, as well
as mutants lacking the T4P and O-antigen, which are
commonly used as phage receptors (Figure 1). As
seen in Figure 1, 28 of 30 lysogens were resistant
(>10°-fold reduction in plaquing efficiency, denoted
by dark blue squares) to at least one other phage
besides the phage from which the lysogen was made.
Most lysogens also mediated 'partial resistance' to
some phages (denoted by cyan squares) meaning that
plaquing activity was decreased 10- to 100-fold. The
patterns of resistance displayed by the lysogens were
diverse, with 12 distinct patterns observed. The
resistance pattern of a lysogen was defined as
'distinct' if its resistance to at least three phages
differed from that of any other lysogen that was not
in the same group.

The 12 distinct resistance patterns were classified
into five broad groups (H, M1, M2, L1 and L2) based
on the strength of their resistance and the range of
phages that could plaque on them. Lysogens in the
high resistance (H) group decreased the plaquing
efficiency of at least 19 phages by >103-fold. There
were two medium resistance groups showing >10°-
fold resistance between 7 and 11 phages (group M1)
and 6 phages (group M2). The two low resistance
groups were L1, which were resistant to only two or
three phages, and L2, which were completely
resistant only to the phage used to create the lysogen.
Although the resistance patterns within the H and
M1 groups were broadly similar, four distinct
patterns were discernible in each of these groups,
and two distinct patterns were seen in the L2 group.
In summary, the resistance patterns of this group of
prophages exhibited high variability, with some
prophages showing broad superinfection exclusion,
and others unable to resist superinfection by any
other phages. This suggests high diversity in the
mechanisms that underlie superinfection exclusion
based resistance in this group of phages that share
the same host.

Many bacterial genomes harbor multiple prophages
(Canchaya et al., 2003). We therefore investigated if the
presence of multiple prophages conferred a broader
range of superinfection exclusion as a result of an
increased diversity of exclusion mechanisms. A PA14
double lysogen containing both an M2 (JBD44) and H
(MP29) prophage displayed complete resistance to all
phages but JBD24. A triple lysogen was made, PA14
(JBD44/MP29/]BD24), and this strain was resistant to
every phage in our collection (Figure 1, ‘2x’ and ‘3x’
columns). To ensure that the extensive resistance
displayed by our lysogens was not an artifact of our
strain collection or our method of isolating phages,
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Figure 1 Phage sensitivity profiles of strains in the PA14 prophage collection. Wild-type PA14, mutant strains lacking the O-antigen
(wbpL) or pilus (pilA), and PA14 lysogenized with 30 different phages (x axis) were infected with a group of 30 phages (y axis). The
outcome of the infection is shown in the color scale in the legend. Double (2x, MP29 and JBD44a) and triple (3x, MP29, JBD44a and JBD24)
lysogens were made to assess the additivity of resistance. Phage groupings along the y axis represent homoimmune repressor families, and
repressor-mediated resistance is shown in navy blue. Sequenced phage genomes are highlighted in red.

we assessed the plaquing activity of three previously
isolated siphophages DMS3 (Zegans et al., 2009), MP38
(Heo et al., 2007) and D3112 (Wang et al., 2004), and
four myophages from the Lindberg typing set
(Ackermann et al, 1988). These phages were also
unable to form plaques on many of the lysogens, with
five of the six phages tested being unable to plaque on at
least 8 of the 17 strains tested (Supplementary
Figure S4). Phage 1214 provides one counterexample
to this trend, as it was able to plaque well on all
lysogens except the M2 group. Intriguingly, this was the
only phage able to plaque on mutants lacking either the
T4P or the O-antigen. Therefore, the resistance mechan-
isms observed here are additive and not unique to the
specific set of phages isolated in this work.

Phages display a variety of lysogen infectivity
phenotypes

From the above experiment, it is clear that phages
can carry a wide range of superinfection resistance
mechanisms. However, it is less clear if and how this
correlates with phage infectivity on the lysogenic
hosts. We therefore analyzed the host ranges for the
phages when infecting the various lysogen groups as
defined above. In many cases, phages belonging to
the same lysogen groups displayed similar infectiv-
ity ranges, and were typically unable to infect
members of the same lysogen group. For example,
the M2 group of phages were all unable to plaque on
lysogens of any member of the M2 group, but could

form plaques robustly on most other lysogens
(Figures 1 and 2). This group of phages was
distinguished from all of the other phages by their
ability to form plaques on a PA14 strain lacking its
T4P (pilA mutant; Figure 1), whereas being unable to
form plaques on strains lacking the O-antigen (wbpL
mutant) of the surface lipopolysaccharide. Among
the phages requiring the T4P, those within the M1
group displayed almost identical patterns of pla-
quing, propagating only on the L and M2 groups of
lysogens. The phages within other lysogen groups
displayed more highly variable plaquing abilities.
For example, phage JBD1 showed partial plaquing on
numerous lysogens (Figure 2 and Supplementary
Figure S5), whereas JBD5 (from the same resistance
group, H1) was unable to plaque on these same
lysogens. Interestingly, the L2 group phage, JBD24,
which as a lysogen was resistant to only one phage
beyond itself, was able to form plaques on more
lysogens than the other T4P-requiring phages
(Figures 1 and 2 and Supplementary Figure S5). By
contrast, the other L2 group phage, JBD10, was
completely unable to infect all H group lysogens and
was also the only T4P-requiring phage to be
completely inhibited by the M2 prophages.

Closely related phage genomes display localized

gene diversity

To gain insight into the genetic backgrounds leading
to the prophage-mediated bacterial phenotypes, we

-
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Figure 2 Phage plaque formation assays. Eight different phage lysates were applied in 10-fold serial dilutions to lawns of wild-type PA14,
or the indicated PA14 lysogens and plaque formation was assessed. The resistance group that a given lysogen belongs to (see Figure 1) is

shown. See Supplementary Figure S5 for more plaque assays.

sequenced the genomes of 12 phages used to make
our PA14 lysogen collection (Supplementary Table S2).
We found that each of these phages belong to the
Siphoviridae family, which possess a double-
stranded DNA genome packed inside an icosahedral
head attached to a long, non-contractile tail (see
Supplementary Figure S6 for electron microscopy
images). Two other phages sequenced in this
study (JBD44 and JBD88b) were siphophages
(Supplementary Figure S6) that required the O-anti-
gen for infection, and were found to be similar to
each other in gene order and sequence identity (see
Supplementary Table S2 for genome information).
These phages possess integrase genes and they
integrate as prophages at specific sites in the
bacterial genome (Supplementary Figure S7a). The
genome arrangements of these phages are similar to
P. aeruginosa phages D3 and phi297 (Kropinski,
2000; Bourkal’tseva et al., 2011), and 65% of the
proteins encoded by these phages are clearly related
(BLAST e-value <0.001) to proteins encoded by one
or the other of these phages (Supplementary Table S2).
The other 10 phages were unrelated to JBD44 and
JBD88b, but were closely related to each other. Their
genomes contained Mu-like transposase genes,
which are required for replication of the phage
genome and the random insertion of the phage
genome into the host chromosome upon lysogen
formation. Random integration was confirmed for
JBD26 via  Southern blot (Supplementary
Figure S7b). These phages all required the T4P for
infection, and displayed high sequence similarity
with previously characterized phages MP22 and
MP29, which were also included in our lysogen
analysis (Figure 1). As 10 of 12 phages that we
isolated had very closely related genome sequences,
we wondered if there was a bias introduced by the
initial selection of phages that could form plaques on
PA14. Thus, we chose five additional phages that
were unable to infect strain PA14 from our collection
of 70 temperate Pseudomonas phages and sequenced
their genomes. We found that these phages were
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members of three different phage families unrelated
to the two groups described above. Phages JBD25,
JBD18 and JBD67 were all similar to Mu-like
P. aeruginosa siphophage B3, JBD68 was similar to
P. aeruginosa siphophage F10 and JBD90 was similar
to P. aeruginosa podophage F116 (Supplementary
Table S2). Thus, it appears that selection for growth
in the PA14 host strain background did bias our
phage collection, and illustrates the importance of
using many indicator strains when assessing the
diversity of phage populations.

To determine if there was a correlation between
the gene complement of different phages and the
resistance displayed by their corresponding lyso-
gens, we compared the genomes of the 10 MP22-like
phages. The average number of open reading frames
encoded in these genomes, including phages MP22
and MP29, was 57+3, and ~80% of these open
reading frames encoded proteins that were con-
served among all phages, with pairwise amino-acid
sequence identities of 80-90% in most cases
(Supplementary Tables S3 and S4). These genes
were arranged in a conserved order, and the
predicted functions of 30 of the 44 conserved genes
could be annotated (Figure 3 and Supplementary
Table S3). In addition to the highly conserved genes,
~20% of the genes in each of these genomes were
not found in every genome. We identified a total of
32 families of non-conserved or 'accessory' genes
among the 12 MP22-like genomes. Members of these
accessory gene families were often found in many of
these MP22-like genomes, but no genome had
exactly the same complement of accessory genes
(Supplementary Table S3). Aside from the pre-
viously characterized Tip (Chung et al., 2014) and
anti-CRISPR genes (Bondy-Denomy et al., 2013;
Pawluk et al, 2014), the accessory genes encode
proteins of unknown function. Homologs of 50% of
these accessory genes were found only among
phages closely related to the MP22-like phages
described here. Homologs of the other accessory
genes were found in one or more different type of
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Figure 3 Alignment of the phage genomes highlights the presence of a highly variable accessory genome. Each box represents a single
open reading frame, with gray boxes denoting conserved genes, and colored boxes denoting non-conserved 'accessory genes'. Different
vertical positions and colors for the accessory genes indicate that they encode proteins from distinct sequence families. Previously
characterized gene Tip is accessory gene 1. See Supplementary Table 3 for more details on conserved gene functions.

phage or prophage (Supplementary Table S5).
Although the observed diversity in carriage for these
accessory genes is consistent with a role in modulat-
ing bacterial phenotypes as suggested previously
(Cazares et al., 2014), no specific correlations could
be discerned for gene complements that led to high
resistance to further phage infection.

Prophages provide phage resistance by a variety of
mechanisms

The diversity of resistance patterns and accessory
gene content displayed by our lysogen collection
suggested that a number of different mechanisms
likely contributed to these effects. We first examined
the contribution of phage repressor proteins to the
resistance patterns. Prophages silence most phage
genes through the activity of the repressor protein to
maintain cell viability (Waldor and Friedman, 2005).
By repressing genes essential for phage replication,
phage repressors also mediate 'immunity' to subse-
quent infection by other phages that encode the same
or a very similar repressor. To assess the contribu-
tion of phage repressors to the resistance patterns,
we cloned and expressed seven different repressor
genes from phages that mediated distinct patterns

of resistance (Supplementary Figure S8a). Rep-
ressor activity accounted for only a small portion
of the resistance exhibited by many lysogens
(Supplementary Figure S8b, and separated horizon-
tal groups on Figure 1). For example, expression of
the repressor protein from phage JBD16C prevented
plaquing of only itself and MP22, yet the JBD16C
lysogen was resistant to 22 additional phages. Each
of the repressors tested in our experiments displayed
distinct and non-overlapping activities in mediating
phage immunity, implying that each has a different
DNA-binding specificity. This is supported by the
diverse amino acids seen in the helix—turn-helix
DNA-binding motifs (Heo et al., 2007; Stayrook et al.,
2008) (Supplementary Figure S8a).

In the absence of extensive repressor-based immu-
nity, other mechanisms must mediate the observed
resistance profiles. The M2 group of phages (JBD44,
JBD88b, JBD16, JBD13, JBD80) are dependent on the
O-antigen (i.e. are inhibited by a wbpL mutation) and
not the T4P for infection of PA14. When present as a
prophage, each of these five phages excludes the
others from superinfection. However, this resistance
is in part repressor-independent, as there are two
different repressor proteins represented within this
group (Figure 1 and Supplementary Figure S8).
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Outside this group, these five lysogens provide
complete or partial resistance to four additional
phages, none of which are blocked by either of the
repressor proteins. These four additional phages
require both the O-antigen and the T4P to infect
PA14, and no phages that require the T4P alone are
blocked by these lysogens. Interestingly, phages JBD5
and JBD93, which also depend on the O-antigen for
infection, are not inhibited by this set of lysogens.
These data suggested a modification to the O-antigen
as the mechanism for resistance. As a lysogen of
P. aeruginosa phage D3 had previously been shown
to lead to serotype conversion (Newton et al., 2001),
we determined the serotypes of these five lysogens
using a slide agglutination test. However, the
serotype of each of these lysogens was unchanged,
showing that serotype conversion was not the reason
for observed resistance. Thus, these prophages
impart phage resistance to a subset of O-antigen-
requiring phages, in a serotype-independent manner.

To investigate the mechanism of exclusion for
T4P-dependent phages, we used a K* ion efflux assay
to determine whether resistance manifests before or
after genome injection. This experiment makes use
of an ion-selective electrode to monitor the efflux of
K* ions from bacterial cells during phage genome
injection (Boulanger and Letellier, 1988,1992). Wild-
type PA14 showed robust potassium efflux when
challenged with several phages from our collection
(Figure 4a; JBD26, JBD88a and JBD93). By contrast,
the highly resistant PA14(JBD26) lysogen blocked K*
efflux when challenged with these same phages
(Figure 4a), indicating that the phage resistance of
this lysogen arose through changes at the cell surface
or within the cell envelope, thereby preventing DNA
injection. When the pilus-dependent phage JBD88a
was used to challenge lysogens of JBD23 or JBD30,
K* efflux levels similar those when infecting the non-
lysogenic strain were observed, even though this
phage cannot form plaques on either of these
lysogens (Figure 4b). These data reveal that the block

a
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60% -
35
2 40%
w
"
< 20% -
o +JBD93 ___ +JBD26
0°/o T
0 ~2 4 6 8 10 12 PA14
-20% 1 (JBD26)
-40% * Time (min)

to replication of this phage occurs after DNA
injection into these lysogens. As the plaquing of
phage JBD88a is not inhibited by repressors that
block the replication of phages JBD23 and JBD30, we
conclude that the replication of JBD88a is blocked by
a repressor-independent intracellular mechanism.
To determine if a phage that was inhibited in DNA
injection as measured by the K* efflux assay was still
able to bind to the cell surface, we assessed the
ability of phage JBD24 to adsorb to the JBD26 lysogen
(Supplementary Figure S9). When wild-type PA14
was challenged with phage JBD24, 80% of the
phages bound to the bacteria within 8 min. When
the PA14(JBD26) lysogen was mixed with phage
JBD24, no phage binding was detected in the same
time period. This inhibition of binding was similar to
that observed when phage JBD24 was incubated with
a pilA mutant, which lacks the receptor needed for
infection. This inhibition of phage binding to the
bacterial cell is consistent with a modification to the
bacterial cell surface by the PA14(JBD26) lysogen.

Prophages can alter T4P function with no obvious
fitness cost

As the JBD26 prophage prevented phage adsorption,
we hypothesized that this prophage and others in the
same group might alter T4P function. P. aeruginosa
strains use the T4P for twitching motility, whereby
the bacteria move along a solid surface through a
series of extensions and retractions of the T4P
(Burrows, 2012). To assess T4P function in our
collection of 30 lysogens, we measured twitching
motility using a standard procedure that involves
measuring the diameter of spreading of cells across a
Petri plate (Burrows, 2012). JBD26 and eight other
lysogens showed a 30-40% decrease in twitching
motility diameter as compared with wild-type PA14
(Figure 5a), and in five lysogens (JBD24, JBD63b,
JBD63c, JBD1 and JBD26) the morphology of the
twitching zone was also altered (Figure 5b). These
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Figure 4 (a) PA14 or a PA14(JBD26) lysogen was infected with phage JBD26, JBD88a or JBD93 or (b) PA14 or PA14 lysogens of JBD23 or
JBD30 were infected with phage JBD88a (at time 0) and the efflux of K* was measured over time. A PA14ApilA mutant was also infected
with JBD88a as a negative control. Efflux is represented as a percentage of the total K* efflux detected when wild-type PA14 was infected

with a given phage (see Materials and methods).
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Figure 5 Prophages that impart strong phage resistance frequently alter T4P function. (a) The diameter of twitching motility zones for
indicated PA14 lysogens is shown as a percentage, relative to wild-type PA14. Average value of three replicate experiments is shown and
the error bars denote the standard deviations. (b) Representative images of twitching motility zones for PA14 lysogens visualized with

crystal violet.

twitching defects were observed for the lysogens that
displayed the strongest phage resistance patterns.
For example, the integration of a JBD26 prophage
decreased twitching motility by 40% compared with
wild-type cells and provided resistance to all phages
that rely on the T4P for infection, including the
previously characterized T4P-specific phages MP22
and D3112 (Heo et al., 2007). To determine if the
observed twitching defect was due to a phage-
encoded gene or the interruption of a host gene
due to integration of the prophage, we examined the
twitching motility and integration sites of 10 indivi-
dual JBD26 lysogens. Each lysogen showed identical
phage resistance patterns (data not shown), had
attenuated twitching motility (Figure 5b) and had
unique integration sites in the host genome
(Supplementary Figure S7b). Thus, the modification
to the T4P that leads to the decreased twitching
in this lysogen is most likely a result of the
expression of one or more genes from the JBD26
prophage, and not from the disruption of a
bacterial gene.

Cell surface modifications, in general, can be very
costly for the host (Westra et al., 2015), especially if
they interfere with important functions (Buckling
and Brockhurst, 2012). The T4P is well known to be
important for host infection (Feldman et al., 1998)
and biofilm production (Feldman et al, 1998;

Jenkins et al., 2005). We therefore examined in a
natural soil environment the fitness consequences of
this T4P modification strategy by the JBD26 lysogen
and compared it with the fitness cost associated with
complete T4P loss. After 1 week, all strains reached
similar densities growing in soil (Supplementary
Figure S10). However, direct competition experi-
ments between the strains revealed that fitness of the
PA14(JBD26) strain was, within error, the same as
the wild-type strain (P=0.65), whereas fitness of a
strain lacking the T4P was reduced by ~60%
compared with the wild-type strain (P=0.0011)
(Figure 6a). This shows that receptor modification
by the prophage does not result in a detectable cost,
consistent with the aligned fitness interests between
the host and prophage. As the loss of the T4P from
P. aeruginosa had previously been shown to mildly
attenuate virulence in a Caenorhabditis elegans
assay for bacterial pathogenesis (Tan et al., 1999),
we also examined the ability of PA14(JBD26) to
mediate slow killing in this model organism. Larval
stage 4/young adult C. elegans were seeded on lawns
of PA14 or PA14(JBD26), and the number of dead
animals was recorded at multiple time points over
~120h (Figure 6b). The killing kinetics of the JBD26
lysogen was unchanged when compared with wild-
type PA14. Thus, consistent with the evolutionary
experiments in soil, we found no reduction in
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Figure 6 The JBD26 lysogen modifies pilus function with no discernable evolutionary cost. (a) PA14, PA14(JBD26) or a pilA mutant were
competed with a lacZ-tagged PA14 strain in minimal media in autoclaved compost. The relative abundance of each strain was enumerated
after 1 week of incubation. Error bars show the 95% confidence interval. (b) 80-100 C. elegans nematodes were plated on lawns of E. coli
OP50, wild-type PA14 or PA14(JBD26) and live and dead worms were scored over the course of 130 h.

virulence associated with the increased phage
resistance provided by JBD26 lysogen.

Discussion

The presence of prophages within bacterial genomes
has been shown to markedly influence bacterial
fitness and the movement of phages among bacterial
strains has a significant role in the ongoing evolution
of pathogens (Canchaya et al, 2003). As phage
predation is a major threat to bacterial survival,
there is strong selection for resistance to it. In this
work, we systematically examined the ability of
different prophages in a single P. aeruginosa strain
background to resist superinfection. Diverse resis-
tance patterns were observed, with some lysogens
able to resist superinfection by 75% of the phages
tested. The resistance was mediated through a
variety of mechanisms, some of which affected the
T4P and O-antigen, and others that functioned inside
the cell. We found that 29 out of 30 prophages in our
collection mediated significant resistance to at least
three phages, and 12 lysogens mediated resistance to
> 20 different phages. These results demonstrate that
almost every prophage has some effect on the ability
of a lysogen to exclude non-self phages. Given that
our phage collection was established from a highly
diverse P. aeruginosa strain collection and that we
tested every isolated phage that could form plaques
on PA14, this result is likely to be representative of
P. aeruginosa prophages in general.

Besides, the high frequency with which prophages
exerted an effect on their host, another striking
finding in this study was the wide diversity of both
resistance phenotypes imparted by the prophages
and plaquing behaviors of the phages tested.
The lysogens displayed 12 distinct patterns of
resistance to phages, and more than 10 distinct
phage infectivity patterns can be seen (Figure 1).
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Classic repressor-mediated immunity accounted for
less than half of the phage resistance mediated by the
lysogens. The high level of resistance displayed by
the H group of lysogens was likely due to mechan-
isms related to the T4P as the phages inhibited by
these lysogens required the T4P for infection.
A previous study showed that the Tip protein from
P. aeruginosa phage D3112 inhibits the function of
the T4P and prevents infection by phages requiring
this structure (Chung et al, 2014). D3112 is closely
related to the sequenced T4P-dependent phages
described here, and four phages (MP29, JBD69,
JBD23 and JBD26) encode identical or closely related
homologs of Tip. Although the JBD26 lysogen
showed greatly decreased twitching motility and
was resistant to all pilus-requiring phages, lysogens
of other Tip-encoding phages (JBD23, JBD69 and
MP29) displayed twitching motilities equal to 80%
of wild type and were only partially resistant to some
T4P-dependent phages. In fact, while JBD23 encodes
a Tip protein, potassium efflux experiments showed
that the T4P-dependent phage JBD88a was still able
to infect this lysogen. This may be due to variable
expression levels of Tip from different lysogens.
A number of prophages that conferred a high degree
of phage resistance do not encode homologs of Tip,
implying that there are other important resistance
mechanisms in play. For example, while the M1-4
group of lysogens (JBD30, JBD59 and JBD60) was
sensitive to many of the T4P-dependent phages, it
was able to prevent infection by phage JBD88a. As
potassium efflux experiments showed that the
JBD88a genome was able to efficiently inject its
genome into a JBD30 lysogen, the resistance mechan-
ism must involve an intracellular mechanism that
blocks replication at a subsequent step. In general,
lysogens of T4P-dependent phages prevented infec-
tion by T4P-dependent phages and lysogens of
O-antigen-dependent phages prevented infection by
the O-antigen-dependent phages. However, there



were exceptions to this observation; phages JBD33
and JBD5, which could not form plaques on either
pilus or O-antigen mutants, were not blocked by the
O-antigen-dependent phage lysogens. Overall, these
results highlight the complexity and variability of
the interactions between this group of phages and
their corresponding lysogens.

As alteration of T4P function appeared to be a
frequently used means for prophages to inhibit phage
replication, we examined this phenomenon more
closely. Approximately one-third of the PA14 lyso-
gens showed decreased twitching zones, and in
several cases the morphology of the twitching zone
was also altered, indicating some abrogation of T4P
function. Although several lysogens (e.g. JBD26,
MP22 and JBD1) were as resistant to phages as the
pilA mutant, which has no pili at all, these lysogens
still showed twitching motility of 60—-80% of wild
type. This implied that the lysogens still had pili, but
they were modified in some way to prevent phage
adsorption. Remarkably, in contrast to the pilA
mutant, the JBD26 prophage-mediated T4P alteration
had no detectable evolutionary cost as shown by
competition experiments in soil (Figure 6a) and
killing kinetics in a C. elegans model system
(Figure 6b). These data show that there is no
detectable fitness trade-off associated with the phage
resistance phenotype of the JBD26 lysogen; the
lysogen 1is resistant to many different T4P-
dependent phages without losing the important
adaptive role of the T4P itself. This finding empha-
sizes a highly beneficial effect of this prophage on its
host strain.

The variability of behaviors of the phages and
prophages investigated here is surprising in light of
the high degree of protein sequence similarity among
many of the phages. Given the high sequence
similarity among the conserved genes in these phage
genomes, we hypothesize that the diverse lysogen
properties and plaquing behaviors of these phages
are the result of the variable accessory genes. Some
of these genes are shared among many of these
phages and others are unique to very few or even
one phage. The prevalence and recognized impor-
tance of the highly variable 'accessory genome' in
determining the phenotypic effects of phages and
prophages confounds our ability to predict the
impact of any given prophage. Although homologs
of some of these accessory genes are widespread
among diverse phages (Supplementary Table S5), the
functions of these genes are mostly unknown. In
previous studies, phage accessory genes have been
shown to improve bacterial fitness by a variety of
mechanisms, such as protecting against further
phage invasion, increasing serum resistance and
aiding host colonization (Bondy-Denomy and David-
son, 2014). This study represents the first systematic
approach to address how a population of prophages
influences phage resistance and bacterial behavior in
P. aeruginosa, and it highlights the variability in the
accessory genes even within a group of very closely
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related phage genomes. Further studies of the roles
of phage accessory genes in increasing bacterial
fitness are critical due to their impact on the
evolution of bacterial populations, their roles in
phage—phage competition, and their importance in
infectious diseases.

Materials and methods

Strains and growth conditions

All strains and phages used in this study are listed in
Supplementary Table S1 and Supplementary Table S2,
respectively. All P. aeruginosa strains were grown on
Lysogeny Broth (LB) agar or broth at 37 °C. Plaque
assays were conducted at 30°C on LB agar plates
with 0.7% LB top agar, both supplemented with
10 mm MgSO,. For plaque assays, 150 pul of overnight
culture was mixed with 3 ml of top agar, poured onto
an LB agar plate and allowed to solidify, and then
4 1l of serial dilutions of phage lysates were spotted
on top and incubated overnight. Phage lysates were
standardized to a titer in a range of 10’—10° PFU per
ml for the large-scale screen.

Phage isolation and lysogen formation

To induce prophages, strains were grown in LB at
37 °C to an ODgy, of 0.5, and then mitomycin C was
added to a final concentration of 3pgml-'. The
cultures were incubated until lysis was visible (4-5 h
after induction). A few drops of chloroform were
added, and the cultures were incubated for 15 min,
and then centrifuged 10 min at 10 000 g to remove
bacterial cell debris. A few drops of chloroform
were added to the cleared supernatant and the sterile
lysate was stored at 4 °C. Ten-fold serial dilutions
of the lysates were applied to lawns of bacterial
indicator strains to identify permissive bacterial hosts.

Phage isolation was performed by mixing permis-
sive cells with phages in top agar and plating the
mixture on LB plates to isolate single plaques.
Individual plaques were picked and resuspended
in SM buffer (100 mMm NaCl, 8 mm MgSO,, 50 mm
Tris-HCI1 (pH 7.5), 0.01% gelatin). Each phage was
plaque-purified three times before use. High titer
phage stocks were prepared by soaking plates with
near-confluent phage lysis with 4 ml of SM buffer for
30 min with subsequent collection of the buffer. For
further concentration and purification, phages were
precipitated with polyethylene glycol 8000 (10%
(wv~1), followed by two rounds of cesium chloride
equilibrium centrifugation. The resulting phage
suspension was dialyzed in SM buffer, which was
then used for downstream applications such as DNA
extraction and electron microscopy.

Lysogens were created by plating serial dilutions
of a purified phage on PA14 and streak plating-
resistant bacteria from the inside of a clearing to
single colonies on LB agar. After confirming that
individual colonies were resistant to the challenge

-
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phage, putative lysogens were grown in LB to
ODgoo=0.5, mitomycin C induced and the resulting
lysates were plated on PA14 to confirm that the
original infecting phage was produced.

Bioinformatics of phage genomes

To analyze the proteomes of the T4P-dependent
(MP22-like) phages, all proteins encoded by these
phages were clustered using CD-HIT (Huang et al.,
2010) using a 40% amino-acid sequence identity
cutoff. Homologs of proteins designated as 'con-
served proteins' were encoded in all 12 of the MP22-
like phage genomes. In 31 out 44 (70%) conserved
protein families, the average pairwise amino-
acid sequence identity among the 12 homologs was
>85%, and often exceeded 90% (see Supplementary
Table S4). In the other families, the proteins clearly
clustered into two or more groups, but these groups
were clearly related (>30% sequence identity). The
pairwise sequence identity within subclusters was
always >85%. Functions for conserved proteins
were assigned using PSI-BLAST searches to detect
protein sequence similarity with homologs of known
function. HHpred was used to detect distant simila-
rities between proteins and sequence families or
protein structures of known function. BLAST
searches were performed against a database of Refseq
complete bacterial and phage genomes that con-
tained 755 tailed phage genomes and 2119 bacterial
genomes (downloaded in April 2013). We have used
this smaller database because we have annotated
most of the phages and prophages in this database
(manuscript to be submitted).

Motility assays

Twitching motility was assessed as follows: a single
colony was stabbed through a 1% LB agar plate and
the plates were inverted and incubated for 48 h at
37°C. The agar was carefully removed and cells
adhered to the Petri plate were stained with 1%
(wv~") crystal violet for 1min, and then washed
three times with distilled water. The diameter of the
twitch zone was measured for each of the mutants
and compared with wild-type PA14.

Electron microscopy

Cesium chloride-purified phage stocks were exam-
ined with transmission electron microscopy after
negative staining with 2% (wv~") uranyl acetate as
described previously (Pell et al, 2009). Images were
taken with a Hitachi H-7000 microscope at magnifi-
cation levels of x 70 000—200 000.

Potassium efflux assays

Bacteria were grown in LB to ODgy,=0.5, at which
point they were collected by centrifugation, washed
two times in SM buffer and resuspended in 5ml of
SM. The cell suspension was brought to 37 °C, the
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potassium-selective electrode was put in the sample
and the reading was allowed to stabilize for 3—5 min.
Cesium chloride-purified phage in SM buffer were
added at a multiplicity of infection of ~ 100, the cells
and phage were mixed thoroughly and mV readings
were recorded every 5s for 20 min. The data shown
in Figure 4 were normalized to time 0 when the
phage was added to the cell suspension. Upon
infection with a given phage, the maximum efflux
value was determined for wild-type PA14 at the end
point where the signal stabilized following phage
addition. This value was set at 100% and used to
normalize to the experiments with the same phage
on other hosts (i.e. lysogens and pilA mutant).

Competition experiments

The following strains were inoculated into 10 ml LB
and incubated at 37 °C while shaking at 180 r.p.m.:
P. aeruginosa strain PA14, P. aeruginosa csy3:lacZ
(referred to as LacZ), P. aeruginosa strain PA14
carrying prophage JBD26 (referred to as WT(JBD26))
and P. aeruginosa Tn::pilA (referred to as pilA KO)
(Liberati et al., 2006). After overnight growth,
cultures were centrifuged at 3500 r.p.m. for 15 min
and the pellets were resuspended in 10ml 1x M9
salts. For every competition experiment, 20 ml of 1x
M9 salts was mixed with 100 pl of each strain. The
resulting mixture was applied to 20g of double
autoclaved multipurpose compost contained in a
square polypropylene plate and incubated at 26 °C
with 70% humidity. Samples were taken at t=0
(immediately after mixing the strains) and after
1 week. Cells were serially diluted in M9 salts and
plated on LB agar supplemented with 50 pgml~—*
X-gal  (5-bromo-4-chloro-3-indolyl-p-n-galactopyra-
noside). After overnight incubation, the relative
frequency of each strain was determined by counting
blue and white colonies. Each competition experi-
ment was performed in six replicates. For statistical
analyses, relative frequencies of each strain at
t=0 and t=1 week was used to calculate the
relative fitness (rel. fitness=((fraction strain A at
t=1 week) x (1—(fraction stain A at t=0)))/((fraction
strain A at t=0) x (1—(fraction strain A at t=1 week))),
which were used for Student's T-test. The statistical
analyses were carried out using the JMP (v.10,
Buckinghamshire, UK) software. PCR was used to
confirm that lysogenic strains maintained the prophage
(12 clones per replicate).

Southern blot

Genomic DNA was purified from PA14 or indicated
lysogens, digested with Ncol and separated by
gel electrophoresis on a 0.8% TAE-agarose gel. The
gel was washed in 0.25 M HCI for 10 min, rinsed in
water and washed in 0.4x NaOH/0.6 M NaCl for
30min. The DNA was transferred to a GeneScreen
plus nylon membrane with a vacuum blotter for
60-120 min while adding a 20x saline-sodium



citrate (SSC) solution. Finally, the nylon membrane
was washed in blocking buffer (50% formamide, 5 x
Denhardts solution, 0.5% sodium dodecyl sulfate
(SDS), 6 x SSC and 100 pg ml~" herring sperm DNA)
at 42 °C for 2 h. The blocking buffer was then replaced
with a fresh solution of the same buffer but with
herring sperm DNA omitted and 5x10° counts per
minute of **P-labeled phage DNA added. The probe
was generated from a random hexamer extension of
purified phage genomic DNA. After probing overnight
at 42 °C, the membrane was washed two times for
10 min at room temperature (2 x SSC, 1% SDS), two
times for 30 min at 65 °C (2 x SSC, 1% SDS) and once
for 10 min at room temperature (0.2 x SSC, 0.1% SDS).
The membrane was wrapped in Saran Wrap, exposed
to a phosphoscreen and developed on a Typhoon
imager (GE Healthcare, Mississauga, ON, Canada).

Caenorhabditis elegans virulence assay

This protocol was followed directly from Tan et al.
(1999). Indicated PA14-derived lysogen overnight
cultures were plated on slow killing medium and
incubated for 24 h at 37 °C and room temperature for
24 h. Approximately 40 L4/young adult stage worms
were transferred to the P. aeruginosa plates in
duplicate. Live and dead worms were scored
manually over the time course of the experiment.
Dead worms were removed from the plates to ensure
accurate counting.

Adsorption assay

Cells were grown for 3 h in LB+10 mm MgSO, to an
ODgoo=0.5. Phages were added at a multiplicity of
infection =0.1 and incubated for 0 or 8 min. At those
time points, an aliquot was removed from the sample
and diluted in cold buffer containing chloroform.
This mixture was centrifuged to pellet cells and
attached phages. The supernatant was titrated on a
sensitive strain to quantify the unattached phage.

Phage genome sequencing and analysis

Purified phages were isolated in a cesium chloride
gradient and treated with 20 mm EDTA, 50 pgml~"
proteinase K and 0.5% SDS for 1h at 56 °C. The
genomic DNA was isolated by phenol-chloroform
extraction and precipitated with 0.3M sodium
acetate (pH 7.0) and two volumes of ice-cold 100%
ethanol. The DNA was collected by centrifugation at
10 000 r.p.m. for 2min, the pellet was washed with
70% ethanol and then air-dried. The DNA pellet was
resuspended in water and frozen at — 20 °C.

Phage genome sequencing was conducted on the
Nlumina platform (Illumina GAIIx, San Diego, CA,
USA) with paired-end reads from a multiplexed run,
sequencing 12 phage genomes per lane. Assembly
was run on Velvet and coverage was > x 400 for each
phage. Genome analysis was conducted primarily
with BLASTn, BLASTp (Altschul et al., 1990) and
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RAST (Aziz et al., 2008) programs. Putative gene
functions were assigned through BLAST searches
and comparisons using HHpred (S6ding et al., 2005)
and HMM-HMM comparison was used for protein
homology detection (S6ding, 2005).

Phylogenetic analysis of P. aeruginosa isolates

Seven genes were used for the P. aeruginosa multi-
locus sequence typing, as per pubMLST (http://
pubmlst.org/paeruginosa/info/primers.shtml). Of the
87 isolates used to build the tree shown in
Supplementary Figure S1, complete sequences for
all 7 genes were used for 73 isolates, whereas 13
isolates were aligned using 6/7 complete gene
sequences with 1 incomplete sequence, and 1 isolate
was aligned using 5/7 complete sequences and 2
incomplete sequences. The sequence alignment
(by ClustalW) and phylogenetic analysis were both
carried out in MEGA5 (Tamura et al., 2011).

The evolutionary history was inferred by using the
maximum-likelihood method based on the Tamura-
Nei model (Tamura and Nei, 1993). The tree with the
highest log likelihood (-3900.3704) was used. Initial
tree(s) for the heuristic search were obtained auto-
matically by applying neighbor-joining and BioNJ
algorithms to a matrix of pairwise distances esti-
mated using the maximum composite-likelihood
approach, and then selecting the topology with
superior log-likelihood value. Codon positions
included were 1st+2nd+3rd+noncoding. All posi-
tions containing gaps and missing data were elimi-
nated for a total of 1701 positions in the final
data set.
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