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ABSTRACT The viruses that infect bacteria, known as phages, play a critical role in
controlling bacterial populations in many diverse environments, including the hu-
man body. This control stems not only from phages killing bacteria but also from
the formation of lysogens. In this state, the phage replication cycle is suppressed,
and the phage genome is maintained in the bacterial cell in a form known as a pro-
phage. Prophages often carry genes that benefit the host bacterial cell, since in-
creasing the survival of the host cell by extension also increases the fitness of the
prophage. These highly diverse and beneficial phage genes, which are not required
for the life cycle of the phage itself, have been referred to as “morons,” as their
presence adds “more on” the phage genome in which they are found. While individ-
ual phage morons have been shown to contribute to bacterial virulence by a num-
ber of different mechanisms, there have been no systematic investigations of their
activities. Using a library of phages that infect two different clinical isolates of P.
aeruginosa, PAO1 and PA14, we compared the phenotypes imparted by the expres-
sion of individual phage morons. We identified morons that inhibit twitching and
swimming motilities and observed an inhibition of the production of virulence fac-
tors such as rhamnolipids and elastase. This study demonstrates the scope of phage-
mediated phenotypic changes and provides a framework for future studies of phage
morons.

IMPORTANCE Environmental and clinical isolates of the bacterium Pseudomonas
aeruginosa frequently contain viruses known as prophages. These prophages can al-
ter the virulence of their bacterial hosts through the expression of nonessential
genes known as “morons.” In this study, we identified morons in a group of Pseu-
domonas aeruginosa phages and characterized the effects of their expression on
bacterial behaviors. We found that many morons confer selective advantages for the
bacterial host, some of which correlate with increased bacterial virulence. This work
highlights the symbiotic relationship between bacteria and prophages and illustrates
how phage morons can help bacteria adapt to different selective pressures and con-
tribute to human diseases.
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Although the viruses that infect bacteria (phages) are often regarded as parasites, a
more accurate description for the majority of phages is that they are symbionts.

This viewpoint arises from the realization that most bacterial genomes contain phage
genomes, known as prophages, that are maintained in an inactive or “lysogenic” state.
These temperate phages live a double life in which they sometimes behave as pred-
ators, infecting and lysing their host bacteria, and at other times integrate their
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genomes into that of the host, replicating passively with the bacterial genome. In the
lysogenic state, phage replication is suppressed and the expression of the majority of
the phage genes is repressed. However, a subset of prophage genes is expressed, and
it is evolutionarily adaptive for the phage if these genes can confer a fitness advantage
for the bacterial host. Thus, these phages are simultaneously both friend and enemy to
their host.

Genes expressed from prophages may enhance bacterial survival by a number of
mechanisms. For example, many prophages encode superinfection exclusion proteins
that inhibit further phage infection by altering the bacterial cell envelope (1, 2). This is
highly adaptive, as phage predation is a major challenge for bacteria in all environ-
ments. In other cases, the fitness advantages conferred by prophages increase the
pathogenicity of bacterial strains infecting humans; thus, genes expressed from pro-
phages are often recognized as virulence factors. For example, the Escherichia coli
phage ! prophage-expressed lom and bor genes encode proteins that increase bacte-
rial adherence to human buccal epithelial cells (3) and improve the survival of cells in
animal serum (4), respectively. Similarly, Pseudomonas aeruginosa FIZ15 prophage
expresses genes that increase adherence to epithelial cells and provide resistance to
phagocytosis and human serum (5). Prophage genes also contribute significantly to
bacterial pathogenesis in Pseudomonas lung infections in cystic fibrosis patients. For
example, in the highly transmissible Liverpool epidemic strain, LESB58, three of its five
prophages were shown to strongly enhance in vivo competitiveness in a chronic lung
infection model in rats (6). The presence of a prophage was also shown to be important
in the high transmissibility of the Manchester epidemic strain (7). The genomic se-
quencing of large numbers of pathogenic bacterial strains over the past decade has
made it abundantly clear that the acquisition of prophages is a major evolutionary
route by which free-living bacteria convert from being benign to being pathogenic (8).

Many prophage genes that have been shown to enhance bacterial fitness (9) are
carried as genes known as “morons,” a term coined by Juhala et al. in a comparative
study of E. coli phages (10). Families of related phages have conserved gene orders that
enable the identification of gene functions on the basis of both protein sequence
similarity and genomic position. These conserved gene clusters frequently contain
inserted genes found in only a subset of the phage family members. Since their
presence adds “more on” the DNA compared to related phages that do not encode
them, they were designated morons. Morons frequently have GC contents that differ
from those of the surrounding genes, implying an acquisition by horizontal gene
transfer, and often contain their own promoter and terminator sequences to enable
expression from the prophage. The presence of morons in only a subset of phages
within a given family implies that these genes are not essential for the life cycle of the
phage but play an accessory role, possibly providing an evolutionary advantage only
under certain conditions.

The demonstrated importance of prophages in P. aeruginosa virulence in cystic
fibrosis epidemic strains motivated us to initiate a systematic investigation of the
phenotypic alterations mediated by a group of closely related prophages introduced
into a single P. aeruginosa strain background (11). We discovered that these prophages
mediate diverse effects impacting phage resistance and bacterial motility. While the
majority of genes in these phages were highly conserved among all members and
could be ascribed functions required for the lytic or lysogenic life cycle of the phage,
each phage also harbored a unique assortment of approximately 10 morons. To gain
further insight into the mechanisms by which prophages alter bacterial behavior, here
we characterized the effects of expressing 14 different moron genes in two different P.
aeruginosa clinical strain backgrounds. The only criterion used for selecting the genes
investigated in this study was that they were not conserved among phages in our
collection. Nevertheless, we found that the expression of 85% of these genes markedly
altered at least one measurable bacterial phenotype. Our results demonstrate the many
ways by which morons can modulate bacterial phenotypes and highlight the complex
impacts that prophages may exert on bacterial behavior and human disease.
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RESULTS
Prophages harbor unique complements of morons. Our previous study of the

effects of the integration of a group of prophages on P. aeruginosa behaviors suggested
that the nonconserved phage genes led to phenotypic diversity in bacterial lysogens
(11). However, no specific correlations between prophage gene complement and
bacterial phenotypes was identified. To define the specific contributions of the non-
conserved genes to Pseudomonas phenotypes, we selected 14 morons harbored by this
group of phages for further studies (Fig. 1, top; Table 1). These genes encoded proteins
of unknown function that ranged in size from 69 to 224 amino acids. While most are
predicted to be cytoplasmic, a few are predicted to be localized to the periplasm and
the inner membrane by the Consensus Constrained TOPology (CCTOP) prediction web
server (12). We performed BLAST searches using these protein sequences and discov-
ered that most had greater than 100 homologues in the same genomic locations in P.
aeruginosa phages and prophages. Two morons were found to have homologues in
diverse genomic contexts (e.g., near excisionase, terminase, and replicase genes)
distributed across a wide variety of Gram-negative bacteria (Table 1).

Morons increase bacterial survival by protecting against further phage infec-
tion. To determine if the expression of these moron genes led to detectable pheno-
types in the bacterial host cell, we cloned them into expression plasmids. We trans-
formed Pseudomonas aeruginosa strains PA14 and PAO1 with each plasmid so that we
could examine the effect of moron gene expression in two distinct strain backgrounds.

FIG 1 Phage morons are dispersed among phage genomes. (Top) A representative genome alignment
of Mu-like phages JBD26, JBD30, JBD23, JBD5, and JBD24 illustrates the sporadic nature of moron gene
insertion. The genomes of these related P. aeruginosa phages were aligned on the basis of sequence
similarity and known gene functions. The light gray arrows represent conserved genes of known
functions, and the dark gray arrows represent highly conserved hypothetical genes. Each moron gene
sequence family is colored differently, with the numbers indicating the cloned genes examined in this
study. The arrows indicate the gene orientation and direction of transcription, and the bent arrows
denote predicted promoter sequences. (Bottom) Moron expression can affect bacterial growth rates. P.
aeruginosa PA14 or PAO1 strains expressing individual morons from a plasmid were grown in liquid
culture at 37°C, and the cell densities were monitored over 8 h. While most morons had no effect on
bacterial growth rates, JBD26-15 significantly slowed the growth of PA14, while JBD30-14 slowed growth
slightly. The expression of JBD44-8 significantly decreased the growth of PAO1.
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PA14 is a highly virulent clinical isolate representing the most common clonal group
worldwide (13), while PAO1 is a moderately virulent strain that belongs to a relatively
rare clonal group (14). To ensure that there were no major growth defects resulting
from the gene expression, we performed growth assays in rich liquid medium at 37°C
using a Tecan microplate reader to monitor cell density. The expression of the morons
in PA14 had no effect on the growth rates of the bacteria (Fig. 1, bottom) with the
exception of JBD30-14, whose expression resulted in a slight but reproducibly slowed
growth, and JBD26-15, which caused a very striking growth defect with little growth
noted even after 8 h when it was expressed in strain PA14. Strikingly, the growth rates
were unaffected when these genes were expressed in strain PAO1 (Fig. 1, bottom),
highlighting the potential strain dependence of moron activity. This strain dependence
was also observed for the PAO1 culture expressing JBD44-8, which initially grew at rates
comparable to those of other cultures but reached stationary phase at a much lower
cell density (Fig. 1, bottom). These results may stem from the differential expression of
the genes in different host backgrounds or the interaction of the morons with a
bacterial host cell component(s) that is unique to one of these strains.

As prophages and their bacterial hosts exist in a symbiotic relationship, anything
that increases host cell survival by extension is also beneficial to the phage. Thus,
prophages frequently encode proteins that block the ability of other phages to infect
the bacterial lysogen (1, 15, 16). Prophages that contain the morons examined in this
work were previously shown to block superinfection through a repressor-independent
mechanism (11). However, the specific genes responsible for this phenotype were not
determined. To determine if the morons in our collection conferred phage resistance
on the bacterial cell, we examined the resistance of each of the strains to the killing

TABLE 1 Summary of morons included in this study

Moron GenBank no.
Size
(kDa)

% identity of
homologs

No. of BLAST
homologsa

Predicted subcellular
localization

Other genera or orders
containing homologs Genomic location

JBD30-4 AFQ21918.1 12.5 50–100 !100 Cytoplasm NAb Conserved
JBD26-5 AGC24045.1 14.4 49–100 !100 Cytoplasm NA Conserved
JBD24-4 AFQ21860.1 15.1 47–94 !100 Cytoplasm Acinetobacter Conserved
JBD30-9 AFQ21923.1 23.6 35–100 !100 Inner membrane Azotobacter Conserved
JBD23-13 NA 13.6 33–100 !100 Cytoplasm Flavobacterium,

Burkholderia,
Pseudacidovorax,
Rhizobium, Cupriavidus

Conserved

JBD30-14 AFQ21928.1 7.5 32–100 96 Cytoplasm Chromobacterium Conserved
JBD26-15 AEY99428.1 11.2 29–100 !100 Cytoplasm Salmonella, Candidatus Conserved
JBD5-15 AFQ21812.1 8.1 29–100 !100 Cytoplasm Variovorax, Bradyrhizobium,

Xanthomonas
Conserved

JBD24-17 AFQ21873.1 23.9 30–100 !100 Inner membrane Laribacter,
Hydrogenophilales,
Rhodocyclales, Bordetella,
Acinetobacter, Serratia,
Vibrio, Chromobacterium,
Burkholderia, Ralstonia,
Candidatus, Curvibacterc

Diverse

JBD26-31 AEY99485.1 9.3 87–100 78 Cytoplasm NA Conserved
JBD30-30 AFQ21944.1 18.3 22–100 !100 Periplasm Salmonella, Shigella,

Escherichia, Neisseria,
Achromobacter,
Xanthomonas,
Methylobacter,
Ochrobactrum, Klebsiella,
Yersiniac

Diverse

JBD26-61 AEY99477.1 8.5 50–100 !100 Cytoplasm NA Conserved
JBD44-8 YP_009275495.1 5.7 63–100 5 Inner membrane NA Conserved
JBD44-9 YP_009275496.1 8.6 81–100 87 Periplasm NA Conserved
aProteins with BLAST E-values "10#4 were considered homologs.
bNA, not available.
cRepresentative genera or orders from the !15 total from BLAST.
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activity of a panel of phages. We examined a collection of 20 Pseudomonas phages that
use the type IV pilus, O antigen, or both as receptors for the infection of the host cell.
Serial dilutions of these phages were spotted on lawns of PA14 and PAO1 expressing
the individual morons, and plaque formation was assessed. The expression of six
different morons was found to make the cells resistant (!103-fold reduction in plaqu-
ing efficiency, denoted by dark blue squares) or partially resistant (10- to 100-fold
reduction, denoted by light blue squares) to phage infection (Fig. 2). JBD24-4 and
JBD26-61 strongly inhibited plaque formation by almost all phages tested in both PAO1
and PA14. In contrast, JBD26-5 broadly inhibited plaque formation in PAO1, but was
much less effective at blocking phage infection when expressed in PA14. A homologue
of JBD26-5 from phage D3112 was previously shown to inhibit phage infection through
an interaction with PilB, the type IV pilus assembly/extension ATPase (17). JBD30-30 and
JBD26-31 were less efficient at inhibiting plaque formation, with fewer phages blocked
by their activities. JBD44-8 provided partial resistance against four phages when
expressed in PAO1 and showed no inhibitory activity in PA14. These results show that
several morons function to increase the resistance of the bacteria against a variety of
phages. As the patterns of resistance are altered for different morons and there are
host-specific differences observed, they are likely acting through different mechanisms
and are interacting with different host components in the bacterial cell.

Bacterial motility is influenced by moron expression. To gain insight into the
mechanism of phage resistance imparted by moron expression, we next assessed
bacterial motility. As many of the phages in our collection are dependent on the type
IV pilus for infection (11), one way in which the bacterial lysogen could protect itself is
through abrogating pilus assembly or modifying the pilus in some way to prevent
superinfecting phages from attaching productively to it. We previously showed that
prophages containing the morons examined in this work abrogated the twitching
motility of their bacterial host, and this was strongly correlated with phage resistance
(11). To determine the particular genes that were responsible for this phenotype, we
measured the twitching motility of strains expressing each of the morons individually.
Twitching motility assays, in which bacteria move along a solid medium via pilus
activity, revealed that approximately half of the morons decreased bacterial twitching
motility (Fig. 3a). Similar to the phage resistance patterns, twitching behaviors were
found to differ between PA14 and PAO1. Five morons decreased twitching when
expressed in both PA14 (black bars) and PAO1 (gray bars), while two (JBD30-4 and
JBD24-17) caused twitching defects only in strain PAO1. In addition, within a single P.

FIG 2 Phage morons increase resistance to further phage infection. The expression of six different
morons inhibited the ability of phages to infect PA14 and PAO1. The genes expressed in each strain
(PA14 and PAO1) are noted in the left-hand column. The phages tested for plaquing ability are listed
along the top of the chart. Phages designated with an “!” rely on lipopolysaccharide as a receptor,
phages designated with a “#” require both lipopolysaccharide and the type IV pilus as coreceptors, and
the remaining phages rely on the type IV pilus as a receptor. Dark blue squares indicate resistance
(!103-fold reduction in plaquing efficiency), light blue squares indicate partial resistance (10- to 100-fold
reduction), and yellow squares indicate no effect on plaquing efficiency. The gray squares indicate
phages that were unable to infect wild-type PAO1.
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aeruginosa strain, different morons affected twitching motility to different degrees. For
example, the expression of JBD26-5, JBD26-61, and JBD24-4 completely abrogated
twitching motility, resulting in twitch zone sizes comparable to those of the pilus
knockout, while others (e.g., JBD26-15 and JBD44-8) showed less severe twitching
defects. To determine whether the observed twitching defects were due to a loss of pili
on the surfaces of the bacteria, we performed a shearing assay in the PAO1 strain
background. The strains harboring morons that completely abrogated twitching mo-
tility (JBD26-5, JBD26-61, and JBD24-4) had no pili present on the surfaces of the cells,
while that with JBD26-15, which reduced but did not abrogate twitching, was hyper-
piliated (Fig. 3c, right lower panel). These data suggest that these genes are acting
through at least two different mechanisms, one that prevents the assembly of the pilus
on the surface of the cell and one that prevents pilus retraction. Additional evidence
that there are at least two mechanisms of activity at play is provided by the phage
resistance profiles of these twitching mutant strains; those with morons that prevent
the assembly of the pilus on the surface of the cell are completely resistant to phages
that require the pilus for infection, while the nontwitching hyperpiliated strain is still
susceptible (Fig. 2).

Phages have also been shown to use the flagellum for infection (18, 19). Thus,
moron-expressing strains were assayed for altered swimming motility. The expression
of three morons (JBD30-4, JBD26-15, and JBD44-8) caused swimming defects in both

FIG 3 Moron expression can cause changes in bacterial twitching motility, swimming motility, and biofilm
production. P. aeruginosa PA14 (black bars) and PAO1 (gray bars) strains overexpressing individual morons were
assessed for their ability to twitch (a), swim (b), and produce biofilm (c). Type IV pilus (pilA) and flagellum (fliC)
knockout controls were also included for comparison. The experiments were repeated on three different occasions,
with each experiment containing three technical replicates. All measurements were normalized to the empty
vector control in PAO1 or PA14. (c, right) Assessment of the pili and flagella present on the surfaces of cells
expressing different morons. A shearing assay followed by analysis of the surface proteins using SDS-PAGE followed
by Coomassie staining revealed that (i) flagella are reduced on the surfaces of cells expressing JBD44-8 (fliC protein
is noted with an “*”) and (ii) the expression of JBD26-15 leads to hyperpiliation (PilA is indicated by the arrow). (iii)
Western blot of panel ii reveals that there are pili present on the surfaces of strains expressing JBD26-15 and
JBD30-4, while the remaining nontwitching mutants have no surface pili. Wild-type POA1 is provided for
comparison.

Tsao et al. Journal of Bacteriology

November 2018 Volume 200 Issue 22 e00189-18 jb.asm.org 6

 on April 28, 2021 by guest
http://jb.asm

.org/
D

ow
nloaded from

 

gingoldµ¥¥air¥YmsthÉ¥fÉ%mIa¥¥ , affairs more

than
Pii
pay

again
MM

jrÑ gunna
attend

m%Y%÷?y¥¥mñw→

controls

v8
Morons appear① to decrease

balkh"

motility

experimental
since previous

experiments

shaved that
Prophages

that have
morons being

studied got
rid of bacterial

twitching
motility ,

if there

are specific
genes responsible

for this,
then expression

of those
moron genes

will
atftlt

bacterial

motility



PA14 and PAO1 (Fig. 3b). However, the effects we observed on swimming motility were
moderate, with none leading to inhibition as great as that of the flagellar (fliC)
knockout. We tested for the presence of flagella on the surfaces of the cells using a
shearing assay and found that JBD44-8, which was most severely compromised for
swimming motility, had little detectable flagellar protein (Fig. 3c, right upper panel). In
summary, we found that the expression of several morons affected twitching and
swimming motility, and in some cases, these alterations occurred in a strain-dependent
manner.

Moron expression can alter bacterial virulence factor production. Since pro-
phage acquisition has been associated with changes in bacterial virulence (20, 21), we
examined the effects of moron expression on a number of bacterial phenotypes that
are associated with increased virulence. For example, biofilms mediate attachment to
mammalian cells, aid in immune system evasion, and increase antibiotic resistance
(22–24), and so we examined the ability of the moron genes in our collection to
mediate changes in biofilm formation. We grew bacteria expressing each of the morons
in 96-well plates overnight and then quantified the amount of biofilm by staining the
biomass adhered to the plate with crystal violet. As can be seen in Fig. 3c, JBD23-13 led
to a large increase in biofilm when expressed in strain PAO1. Strikingly, it had the
opposite effect and decreased biofilm formation when expressed in PA14. We found
that the morons that inhibited twitching motility to the same degree as for the pilA
mutant also showed decreased biofilm production (JBD26-5, JBD24-4, and JBD26-61).
This was expected, as type IV pili have been shown to play important roles in the
processes required for biofilm formation, including cell aggregation, microcolony for-
mation, and surface attachment (25–27).

The ability of P. aeruginosa to infect and persist in the airway epithelial cells of cystic
fibrosis patients is due in part to the overproduction of rhamnolipid and alginate
virulence factors (28, 29). Using a simple assay for rhamnolipid production, we deter-
mined that while the expression of several moron genes led to a moderate decrease in
rhamnolipid production, none led to an increase (Fig. 4a). In each case, the observed
decrease was not as great as that observed for the rmlC mutant, which blocks the
production of L-rhamnose. A single moron, JBD44-8, was shown to induce the forma-
tion of mucoid colonies when expressed in strain PAO1, suggesting that it led to
alginate overproduction. The moron collection was also screened for changes in
secreted virulence factors by protease, elastase, and lipase assays. We found that only
elastase production was affected, and its production was decreased when two genes
(JBD23-13 and JBD26-15) were expressed in the PAO1 background (Fig. 4c).

The innate immune response to an infection by P. aeruginosa requires the O-specific
antigen component of lipopolysaccharide (LPS), and one way in which bacteria escape
the immune response is by altering their O antigen. As Pseudomonas phages have been
shown to encode enzymes that modify the O antigen (30), we examined the LPS profile
of each moron-expressing strain. We observed a loss of the very-long-chain O-specific
antigen when moron gene JBD30-9 was expressed in both PA14 and PAO1 (Fig. 4b).
This protein, which is predicted to contain a single transmembrane domain (12), does
not share detectable sequence similarity with the inhibitor of "-polymerase (iap)
previously shown to disrupt Wzy/Wzz interaction (31). Thus, it represents a novel
targeted inhibition of Wzz2, the polysaccharide copolymerase responsible for imparting
very-long-chain modality (32). Homologues of JBD30-9 occur in LPS-dependent phages
JBD26, JBD5, #297, and F1Z15, yet JBD30 does not require the O-specific antigen for
infection (11). This altered O-specific antigen chain length may provide an advantage
to the host by increasing phage resistance, as was recently shown in P. aeruginosa strain
PAO1 (33).

As the ability to withstand antibiotic exposure increases the chance of successful
infection and propagation in a human infection, and since P. aeruginosa infections are
notoriously difficult to eradicate due to high levels of intrinsic antibiotic resistance (34),
we also examined the ability of each phage moron to influence antibiotic susceptibility.
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We tested nine antibiotics (see Table 4) commonly used to treat bacterial infections
using the disk diffusion method and found that no morons in our collection had an
effect on antibiotic susceptibility of the tested strains.

To determine if the altered virulence phenotypes we observed in vitro had any effect
on in vivo virulence, we tested strains expressing each moron gene in a chronic
infection model in Drosophila melanogaster. Drosophila is an excellent model organism
to study the pathogenesis of P. aeruginosa infections due to the striking similarities with
the mammalian innate immune response, and it was previously used to identify
virulence genes in P. aeruginosa (35–37). Using the fly oral model of infection, we
monitored the survival of Drosophila fed PA14 expressing the different morons and
compared them to those fed the PA14 wild type. The only moron that changed the
killing kinetics in this assay was JBD44-8. Cells expressing JBD44-8 killed Drosophila

FIG 4 Phage morons lead to changes in phenotypes linked to virulence. (a) Rhamnolipid production was
assessed for each moron using CTAB-methylene blue plates. The presence of a halo is indicative of
rhamnolipid production. (b) Silver-stained SDS-polyacrylamide gels of lipopolysaccharides isolated from
PAO1 (left) and PA14 (right) expressing JBD30-9. The arrow indicates the very-long O-specific antigen that
disappears upon expression of JBD30-9. (c) Elastase production. The ratios between colony size and zone
of clearing of PAO1 (gray bars) and PA14 (black bars) overexpressing individual morons. The “!” designates
significant decrease in elastase production. (d) JBD44-8 increases bacterial killing in Drosophila melano-
gaster. P. aeruginosa PA14 expressing JBD44-8 or an empty vector was fed to D. melanogaster and survival
was monitored over 20 days.
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faster, indicating an increase in virulence compared to that of the wild-type PA14
(Fig. 4d).

Phage moron genes are actively transcribed from a prophage. To determine the
expression levels of the phage moron genes in their natural context, we used RNA
sequencing (RNA-seq) to perform a transcriptomic analysis of a PA14 lysogen possess-
ing the JBD26 prophage and observed gene expression across the whole prophage
genome (Fig. 5). A total of 15 genes were expressed at levels equal to or greater than
the expression level of the phage repressor protein (Table 2). The repressor is actively
transcribed from the prophage as its activity is required to maintain the prophage in a
quiescent state in the host chromosome. Ten of the genes for which transcription was
observed are involved in the morphogenesis of the viral particle. This result can be
explained by the natural high rate of spontaneous induction exhibited by this phage;

FIG 5 Phage morons are actively expressed from the lysogen. (a) RNA-seq analysis of a PA14(JBD26)
lysogen reveals that a number of genes are expressed from the prophage during late exponential
growth. (b) The deletion of genes JBD26-61 and JBD26-31 from the lysogen increases phage suscepti-
bility. Yellow boxes denote phage sensitivity and blue boxes represent an increase in phage resistance
of !103-fold compared to that of wild-type PA14.

TABLE 2 Summary of genes actively transcribed in a JBD26 lysogen

Gene no.
No. of normalized
reads Function

1 59 Repressor protein
31 101 Unknown function
36 128 Anti-CRISPR
37 53 Anti-CRISPR
40 173 Head protease
41 113 Head decoration protein
42 168 Major head protein
43 119 Packaging chaperone
44 195 Conserved morphogenetic protein
45 70 Head-tail connector
47 94 Conserved morphogenetic protein
48 97 Tail tube
49 68 Tail chaperone
50 54 Tail chaperone
61 619 Unknown function
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overnight growth of the PA14(JBD26) lysogen in the absence of any inducer molecules
resulted in phage titers of $109 phages/ml. The remaining four genes were morons;
two encoded proteins that we previously determined inactivate the clustered regularly
interspaced short palindromic repeat(s) (CRISPR)-Cas bacterial immune system (38, 39),
and two (JBD26-31 and JBD26-61) encoded proteins of unknown function. Our results
show that the expression of JBD26-31 led to increased phage resistance when ex-
pressed from a plasmid in PA14 and PAO1 (Fig. 2), while JBD26-61 provided complete
resistance to phages that require the pilus for infection (Fig. 2), decreased twitching
motility, and inhibited biofilm formation in both PAO1 and PA14 (Fig. 3). Previous work
from our group showed that the PA14(JBD26) lysogen was highly resistant to infection
by a variety of phages in a repressor-independent manner (11). To determine if the
actively transcribed JBD26-31 and JBD26-61 genes prevent superinfection when they
are expressed from the prophage, we created amber mutations and examined the
ability of the prophage to resist infection by phages that use the pilus for infection. We
found that a single amber mutation in gene 61 (JBD2661am) caused a loss of resistance
to several phages that require the pilus for infection (Fig. 5b). When this mutation was
combined with a second amber mutation in gene 31 (JBD2631am61am), the lysogen
became sensitive to the activity of four additional phages (Fig. 5b). This indicates an
active role for both JBD26-61 and JBD26-31 in protecting the lysogen from further
phage infection and shows that they are expressed from the prophage at sufficient
levels to provide resistance. It also illustrates that there are additional proteins encoded
by phage JBD26 that contribute to phage resistance in the lysogen.

DISCUSSION
This study provides the first systematic investigation of the activities of a set of

phage moron genes. Remarkably, even though the only criterion for the inclusion
of genes in this study was their being nonconserved among Pseudomonas phages,
12 of 14 exerted a pronounced effect on at least one bacterial phenotype. The two
genes that did not confer any detectable phenotype may be required for the
infection process of the phage, which was not tested in this study, or they may only
be expressed in specific strain backgrounds or under certain conditions. Further
studies will be required to determine their roles. While phage resistance was the most
common and dramatic phenotype conferred by moron genes (6 of 14 genes), we also
observed effects on biofilm formation, virulence factor production, and both swimming
and twitching motilities. The diversity of effects elicited by the expression of single
moron genes highlights the scope and complexity of behavioral changes that may
result from the presence of one or many prophages within a strain, each of which may
contain many different moron genes.

A surprising result of our study was the high degree of strain-dependent variability
that we observed by testing the moron genes in only two strain backgrounds (Table 3).
For example, the expression of JBD26-5 in strain PAO1 prevented all phages tested
from forming plaques, while the production of the same protein in PA14 resulted in
resistance to only 9 of the 20 phages tested (Fig. 2). Even more striking, the expression
of JBD23-13 produced opposite phenotypic effects in the two strains; it greatly in-
creased biofilm production in PAO1 and decreased production in PA14. While PA14 and
PAO1 possess very similar genome sequences, it is estimated that 4% to 8% of the
genome is unique to each strain. These regions encode proteins known to be involved
in the assembly of pili and fimbriae and O-specific antigen biosynthesis as well as
encoding putative transcriptional regulators, ABC transporters, helicases, and many
proteins of unknown function (40, 41). Genes within these regions must contribute to
the strain-specific variations observed, either through direct protein-protein interac-
tions or by modulating the expression of the moron genes.

Our observation that almost half of the moron genes tested increased phage
resistance underscores the strong evolutionary pressure exerted by phages. The func-
tional mechanisms of the moron proteins clearly differ, as some (e.g., JBD24-4 and
JBD26-61) conferred resistance to a large number of phages in both PAO1 and PA14,
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while others (e.g., JBD44-8) provided protection from only four phages. The expression
of JBD26-5 and JBD26-61 caused decreased twitching motility, blocked pilus assembly
on the cell surface, and increased phage resistance (Table 3). These phenotypes are
linked, as the type IV pilus mediates twitching motility and serves as a cell surface
receptor for all but three of the phages used in this study (42). Relevant to this point,
a recent study revealed that a JBD26-5 homologue harbored by Pseudomonas phage
D3112 binds to PilB, the type IV pilus assembly/extension ATPase, and prevents pilus
assembly, thereby protecting against phage infection (17). Further illustrating the
diversity of behaviors with respect to phage resistance, JBD26-15 decreased twitching
motility but did not provide resistance to phage infection, while JBD30-30 and
JBD26-31 conferred phage resistance but did not affect twitching motility. The strain
expressing JBD26-15 was hyperpiliated, similar to pilU and fimX knockout strains that
overexpress surface pili but are not motile on a solid surface (43, 44) and are susceptible
to phages that use the pilus for infection. In contrast, JBD30-30 is predicted to localize
to the inner membrane, similar to the gp15 superinfection exclusion protein from HK97
which functions by blocking phage genome injection (1). These data imply that the
moron proteins tested inhibit both twitching motility and phage resistance by at least
two different mechanisms. Phage resistance can also be mediated by the O-specific
antigen present on the surface of the bacterial cell. While we identified seven different
morons that affect the pilus, only a single moron (JBD30-9) (Fig. 4b) was shown to affect
O antigen production. This may result from the collection of phages that were used in
this study; 17 of 20 rely on the pilus for infection and it may be more adaptive for
phages to block infection by other phages that are just like them.

When we examined the distribution of moron genes, we discovered each of the
phages harbored an average of 11 different morons. Each phage has a unique com-
bination, as if an assortment is drawn from a large pool that is available. Collectively,
these genes would confer a particular set of capabilities on the prophage and thereby
the bacterial lysogen that carries it. The morons may increase the fitness of the phage
itself, for example, by the expression of anti-CRISPR proteins that inactivate the
CRISPR-Cas bacterial immune system (38, 39). Alternatively, the morons may increase
the fitness of the bacterial lysogen and thereby protect the prophage, for example, by
increasing the resistance to further phage infection or adapting the lysogen to a unique
ecological niche. The transcriptomic analyses of the JBD26 prophage revealed that
morons are actively transcribed from the prophage and can account for some of the
properties of lysogens. While not all morons were expressed, we only tested a single set
of conditions in the laboratory. It is very likely that environmental signals also play a
role in the expression and activity of phage morons. It was previously proposed that P.

TABLE 3 Summary of host phenotype changes mediated by moron expression in P. aeruginosa strains PA14 and PAO1

Phenotype Strain

Effect of moron (JBD)a:

30-4 30-9 30-14 30-30 23-13 26-15 5-15 24-17 26-5 26-31 26-61 24-4 44-8 44-9
Phage resistance PAO1 1 1 1 1 1 1

PA14 1 1 1 1 1
Twitching PAO1 2 2 2 2 2 2 2

PA14 2 2 2 2 2 2
Swimming PAO1 2 2 2 2

PA14 2 2 2
Biofilm PAO1 1 2 2

PA14 2 2 2
LPS PAO1 2

PA14 2
Growth rate PAO1 2

PA14 2 2
Rhamnolipid PAO1 2 2 2 2 2

PA14
Elastase PAO1 2 2

PA14
a1, increase in observed phenotype; 2, decrease in observed phenotype.
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aeruginosa shapes its accessory genome to favor survival in a wide variety of ecological
niches (45). This concept can be extended to encompass the morons maintained within
Pseudomonas prophages.

The work presented here emphasizes the complexity of determining how properties
of individual moron genes will contribute to the overall behavior of bacterial lysogens.
We uncovered a range of bacterial phenotypes that are influenced by the expression of
a limited number of morons isolated from P. aeruginosa phages. Many of these genes
modified phenotypes related to bacterial survivability and virulence and thus may play
significant roles in the establishment and progression of bacterial infections. In addition
to the combination of unique sets of morons within a single prophage, many bacterial
strains contain multiple prophages, each of which might contribute a unique set of
fitness factors. Thus, the addition of each new prophage might provide the strain with
novel pathogenic properties. This study illustrates the importance of regarding pro-
phages as active entities that express genes with diverse effects on the bacterial host
and not simply as inert genetic elements waiting to kill them.

MATERIALS AND METHODS
Strains, plasmids, and growth conditions. Each moron was amplified and cloned into the

pHERD30T expression vector under the control of the pBAD promoter (46). The correct insertion into the
plasmid was confirmed by DNA sequencing. The moron-expressing plasmids were then transformed into
P. aeruginosa strains PA14 and PAO1 via electroporation (47), which were plated on lysogeny broth (LB)
agar plates supplemented with gentamicin (50 $g/ml). Moron-expressing strains were grown overnight
in LB medium or LB agar at 37°C in the presence of gentamicin (50 $g/ml) and 0.1% L-arabinose unless
otherwise stated. All phenotypic analyses were performed in triplicates.

Bacterial growth curves. Overnight cultures were diluted 1:100 in fresh medium, and 200 $l of
diluted cultures was grown at 37°C in 96-well microtiter plates in an Infinite F200 microplate reader
(Tecan) for 8 h. Cell densities were measured every 15 min at an optical density of 595 nm (OD595) to
generate the growth curves.

Twitching motility assays. Bacteria were inoculated on freshly prepared 1% LB agar by stabbing
isolated colonies to the bottoms of the plates. The plates were incubated for 24 h at 37°C. After
incubating, the agar was carefully removed from the plates, and the biomass adhered to the bottom of
the plates was stained with 1% crystal violet for 1 min followed by 3 washes with water (48). The plates
were dried inverted overnight. To determine the distance traveled by the bacteria, the diameter of the
stained area was measured.

Swimming motility assay. Bacteria were inoculated on freshly prepared semisolid medium con-
taining 0.3% (wt/vol) agar, 1% (wt/vol) tryptone, and 0.5% (wt/vol) NaCl by stabbing isolated colonies to
the bottoms of the plates. The plates were incubated for 24 h at 37°C, and the diameter of the area
traveled by the bacteria was measured.

Lipopolysaccharide analysis. The lipopolysaccharide of overnight bacterial cultures grown in LB
supplemented with 50 $g/ml gentamicin and 1% L-arabinose was harvested according to the protocol
described by Hitchcock and Brown (49). Briefly, the cultures were equilibrated to an OD600 of 0.45,
resuspended in Hitchcock and Brown lysis buffer, and treated overnight with proteinase K at 55°C.
Isolated lipopolysaccharide samples were resolved using Tricine SDS-PAGE and visualized by the ultrafast
silver stain method (50).

Preparation of P. aeruginosa phages and plaque assays. P. aeruginosa lysogens were grown
overnight in LB medium at 37°C. Bacterial cells were collected by centrifugation, and a few drops of
chloroform were added to the phage-containing supernatant to sterilize it; these phage lysates were
stored at 4°C. For plaque assays, a lawn of bacteria was generated by adding 150 $l of overnight culture
to 3 ml of 0.7% molten top agar and poured onto 1.5% LB agar plates. Two microliters of 10-fold serial
dilutions of phages was spotted on the bacterial lawns, and the plates were incubated at 37°C overnight.

Drosophila melanogaster virulence assays. The virulence assay protocol was modified from that of
Shen et al. (51). In brief, 5 ml of molten 5% sucrose agar was poured into polystyrene Drosophila vials
(VWR) and solidified overnight. The following day, bacterial cells from overnight cultures were collected
by centrifugation, resuspended in 100 $l 5% sucrose solution, and spotted on filter paper (Whatman
GF/A, 21 mm) placed on top of the solidified sucrose agar in fly vials. The vials were incubated at 37°C
for 30 min, followed by 25°C for 30 min. Twenty prestarved 3- to 5-day-old male W1118 Drosophila
melanogaster flies were transferred to each vial. The vials were kept in a 25°C humidity-controlled dark
environment. The numbers of dead flies were recorded every 24 h for 21 days.

Secreted enzyme assay. P. aeruginosa moron-expressing strains were grown overnight in LB at 37°C
and equilibrated to an OD600 of 0.6; 2 $l was spotted on each plate in the presence of 50 $g/ml
gentamicin and 0.1% L-arabinose and grown for 48 h at 30°C. The diameter of each zone of clearing or
observed precipitant was measured as a representation of enzyme activity (52). The protease assay
protocol was adopted from that described by Sokol et al. using Trypticase soy agar (Bio-Basic) supple-
mented with 2% of skim milk powder (Bioshop) (53). The elastase assay was performed as described by
Rust et al. (54) using reverse elastin plates. Briefly, tryptic soy agar plates (Difco) and 2% agar plates were
cast and dried under laminar flow. An overlay of tryptone broth containing 2% agar supplemented with
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0.5% elastin from bovine neck ligament (Sigma) was poured onto the 2% plates. To test for lipase activity,
1.5% agar plates were prepared as described by Lonon et al. (55). Briefly, peptone, sodium chloride,
calcium chloride, and agar were sterilized, and after cooling, 1% Tween 80 was added to the solution
before pouring.

Rhamnolipid production. The presence of rhamnolipid was qualitatively assessed by the drop-
collapse method, and the presence of a halo when grown on agar plates supplemented with hexade-
cyltrimethylammonium bromide (CTAB) and methylene blue. Briefly, 5 $l of equilibrated overnight
culture was spotted on the lid of a polystyrene 96-well plate equilibrated for 2 h with 2 $l of mineral oil.
The collapse of the culture drop into the oil was assessed after 1 min. A lack of surfactant results in the
beading of the culture on top of the oil (56). The CTAB plates were generated according to Siegmund
and Wagner (57), wherein 1 liter of M8 medium salt agar (1.5%) was supplemented with 0.2 g of CTAB
and 0.005 g of methylene blue, Casamino Acids (0.5%), glucose (0.2%), and 1 mM MgSO4 in addition to
50 $g/ml of gentamicin and 0.1% L-arabinose. Another 2 $l of the aforementioned overnight culture was
spotted on the plates and grown at 30°C for 48 h and an additional 24 h at 4°C to increase the contrast
of the precipitant halo. The diameter of the halo produced is related to the total amount of rhamnolipid
produced (57, 58).

Mucoid production. Single colonies were streaked out on pseudomonas isolation agar (PIA)
supplemented with 0.1% L-arabinose and 50 $g/ml gentamicin and incubated at 37°C for 48 h (52).

Antimicrobial resistance assay. Two hundred microliters of moron-expressing P. aeruginosa strains
was added to LB top agar and applied to an LB agar plate. Circular antibiotic-containing discs (Sensi-Disc;
BD) were placed on top of the bacterial lawn, and the plates were incubated at 37°C overnight (Table 4).
The diameters of clear zones around the discs were measured.

Quantification of biofilm production. The biofilm quantification assay protocol was adapted from
that described in reference 59. In brief, an overnight bacterial culture was diluted 1:100 into M63 minimal
medium (3 g monobasic potassium phosphate, 7 g dibasic potassium phosphate, 2 g ammonium sulfate
dissolved in water for a 1-liter solution). One hundred microliters of diluted culture was distributed into
96-well vinyl round-bottom microtiter plates (Corning) and incubated at 37°C for 24 h. To stain the
biomass in the wells, the bacterial culture was removed from the plates, and 100 $l of 0.1% crystal violet
was added to the wells and incubated at room temperature for 15 min. The excess stain was removed,
and the plates were dried inverted overnight. The residual dye was dissolved by adding 125 $l of 30%
acetic acid to the wells and incubated at room temperature for 15 min. To quantify the stained biomass,
the dye solution was transferred to flat-bottom microplates, and the OD595 of the solution was measured
using the Infinite F200 microplate reader (Tecan).

RNA-seq of JBD26 lysogen. Prophage-free PA14 and the PA14(JBD26) lysogen were grown in LB to
late exponential phase (OD600 of 3.5) at 37°C in shaking flasks, and total RNA was extracted using the hot
phenol method. RNA samples were thoroughly treated by DNase I and assessed for quality using an
Agilent 2100 bioanalyzer (RNA integrity number [RIN], !8). rRNA depletion was then performed using a
MICROB Express kit (Ambion) according to the manufacturer’s recommendations. cDNA was synthesized
and prepared for Helicos sequencing as previously described (60). Raw reads were trimmed and mapped
against the genomic sequence of P. aeruginosa UCBPP-PA14 (NC_008463.1) using CLC Genomics
Workbench software v5.1 (CLC bio). The number of reads uniquely aligned to each coding sequence was
determined using BEDTools software v2.16.2.

Constructing amber mutations in PA14. Site-directed mutagenesis was used to introduce amber
mutations into pHERD30T plasmids harboring genes JBD26-31 and JBD26-61. These constructs were
transformed into PA14, and wild-type JBD26 was spotted on a lawn of cells containing pHERD30T-
JBD2661am. Recombinant phages were isolated and spotted on lawns of PA14 containing CRISPR-RNA
(cRNA) specific to the wild-type 5= end of JBD26-61. Only phages that contained the amber mutation
were able to plaque due to CRISPR targeting of the wild-type sequence. Another round of infection on
pHERD30T-JBD2631am and CRISPR selection was performed to obtain the double mutant. Lysogens
containing the single or double mutant (JBD2661am and JBD2631am61am) were tested for phage resistance
by spotting 10-fold serial dilutions of a panel of phages on lawns of each lysogen.

Shearing assays. Cell surface appendages (flagella and pili) were isolated using a method adapted
from Castric (61, 62). The twitching-impaired strains with JBD constructs and PAO1 with the empty vector
were streaked in a grid pattern on LB agar plates containing 50 $g/ml of gentamicin and 0.1%
L-arabinose, and the ∆pilA strain was streaked on LB agar devoid of drugs and inducer. The plates were
incubated for 24 h at 37°C. The bacteria were gently scraped from the agar surface by use of a sterile

TABLE 4 List of antibiotics tested in resistance assay

Drug name Amount (!g)
Azithromycin 15
Cefoperazone 75
Ceftazidime 30
Imipenem 10
Ticarcillin 75
Piperacillin 100
Colistin 10
Amikacin 30
Aztreonam 30
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coverslip and resuspended in 2 ml sterile phosphate-buffered saline (PBS; pH 7.4). To isolate the surface
proteins, the samples were vortexed for 30 s to shear off surface appendages. The bacterial cells were
removed by centrifuging the samples at 15,000 rpm for 5 min at room temperature. The supernatant was
transferred to a fresh tube and centrifuged for an additional 25 min at 15,000 rpm to remove any
remaining cells. To precipitate the sheared surface proteins, 1/10 volumes each of 5 M NaCl and 30%
polyethylene glycol (PEG 8000) were added to the supernatant, and the samples were incubated on ice
for 60 min. The samples were centrifuged at 15,000 rpm for 25 min at 4°C. After discarding the
supernatants, the resulting pellets were resuspended in 2% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) loading dye and analyzed by SDS-PAGE. Flagella were visualized using
Coomassie stain, and the pilus was observed by Western blotting with primary antibodies specific to the
PilA monomer (62) and secondary goat anti-rabbit antibodies conjugated to horseradish peroxidase
(Bio-Rad).
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