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The rise of bacterial variants in the presence of lytic phages has been one of the basic grounds for evolution studies. However,
there are incongruent results among different studies investigating the effect of phage resistance acquisition on bacterial fitness
and virulence. We used experimental evolution to generate three classes of Pseudomonas aeruginosa variants under selective
pressure from two different homogeneous phage environments and one heterogeneous phage environment. The fitness and vir-
ulence determinants of the variants, such as growth, motility, biofilm formation, resistance to oxidative stress, and the produc-
tion of siderophores and chromophores, changed significantly compared to the control. Variants with similar colony morphol-
ogy that were developed through different phage treatments have different phenotypic traits. Also, mRNA transcription for
genes associated with certain phenotypic traits changed significantly; however, sequencing did not reveal any point mutations in
selected gene loci. Furthermore, the appearance of small colony variants and melanogenic variants and the increase in pyocyanin
and pyoverdin production for some variants are believed to affect the virulence of the population. The knowledge gained from
this study will fundamentally contribute to our understanding of the evolutionary dynamics of bacteria under phage selective
pressure which is crucial to the efficient utilization of bacteriophages in medical contexts.

Pseudomonas aeruginosa is a metabolically versatile gammapro-
teobacterium which inhabits terrestrial, aquatic, animal, hu-

man, and plant host-associated environments (1). This pathogen
is endowed with a fairly large genome (2) containing genes for
many different virulence factors and regulatory mechanisms, al-
lowing it to adapt to hostile environments (3). Moreover, chang-
ing environmental conditions result in rapid diversification of P.
aeruginosa genotype to produce a range of morphologically dis-
tinct phenotypic variants (4, 5) through processes such as phase
variation (6) and adaptive mutations (7). This adaptability is be-
lieved to give the variants a selective advantage under unfavorable
conditions. Clinical isolates of Pseudomonas have been reported to
display a high degree of phenotypic diversity (8–10), especially
those isolated from antibiotic treated patients. As a result of its
high adaptability (11) and intrinsic antibiotic resistance (12), in-
fections caused by P. aeruginosa are, in many instances, difficult to
eradicate and can become persistent or even chronic (10), earning
this bacterium a reputation as a paradigm of bacterial resistance
(13).

By selecting for phage resistance, bacteriophages have been
identified as agents that can drive the emergence of P. aeruginosa
variants due to the strong selective pressure that they exert on the
host community (14, 15). At an estimated total of 1031, bacterio-
phages are the most abundant biological agent on earth (16) and,
based on their prevalence and effects on prokaryotic communi-
ties, they can play a significant role in bacterial survival, activity,
and evolution (17). The rise of variants in the presence of lytic
phage has been one of the foundations for evolution studies (18–
25); however, this is also one of the reasons why phage therapy has
always been considered with skepticism by the medical commu-
nity (26). The current rise of antibiotic-resistant bacteria is forcing
researchers to look for alternative treatments, and phage therapy
has proven to be promising in several animal case studies (27–31),
as well as in human clinical trials (32, 33). The emergence of
phage-resistant variants is expected in many applications of phage
therapy; therefore, the understanding of the evolutionary biology

of bacterium-phage interactions, specifically, the characteristics of
the resistant population, is of utmost importance for the success-
ful use of phages.

The virulence of Pseudomonas is caused by the production of
several extracellular (type II and type III secreted enzymes, pyocy-
anin, and siderophores such as pyoverdin) and cell-associated
(flagella and type IV pili) virulence factors (34, 35). If phage pre-
dation selects for variants with alterations in any of the genes that
are involved in biogenesis or regulation of these virulence deter-
minants, the resulting phage-resistant variants could potentially
exhibit altered levels of virulence. Literature reports of the high in
vivo persistence of antibiotic-resistant variants of P. aeruginosa (8,
36–39) further highlight this concern.

Current reports investigating the cost of acquiring phage resis-
tance on host systems are incongruent. Although some studies
report a fitness cost associated with resistance (15, 20, 21), others
report no association between phage resistance and host fitness
(i.e., bacterial growth and motility) (24, 40–42). Because there are
multiple paths to resistance (43–45), even if the host fitness is not
affected, other phenotypic and virulence determinants may
have been altered as a result of phage resistance. However,
well-controlled studies on how other phenotypic and virulence
traits are affected are scarce (46, 47). Moreover, the majority of
published studies focus on single phage-host systems, whereas
multiple-phage systems are more common in natural settings
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and have more applications relevant to the therapeutic use of
phage (46, 47).

The purpose of this study was to investigate the effect of devel-
opment of phage resistance on selected phenotypic traits and vir-
ulence determinants of P. aeruginosa. Three classes of P. aerugi-
nosa variants were developed via experimental evolution under
selective pressure from two homogeneous (class I and II) phage
treatments and a heterogeneous (class III) phage treatment. We
investigated various phenotypic traits of the P. aeruginosa vari-
ants, along with mRNA transcription for genes associated with
these traits, and searched for point mutations in selected loci via
sequencing. The phages (E79 and PP7) were chosen to target dif-
ferent host receptors in order to decrease the likelihood of cross-
resistance. Variants with the same colony morphotype that devel-
oped under different phage treatments exhibited different
phenotypic traits, suggesting the cost of phage resistance to be
context dependent.

MATERIALS AND METHODS
Isolation of phage-resistant variants. The bacteriophages used in the
present study are listed in Table 1. P. aeruginosa PAO1, a wound isolate
(48), was inoculated into 5 ml of Trypticase soy broth (TSB) supple-
mented with 0.5% glucose and grown (37°C, 150 rpm) to an optical den-
sity at 600 nm (OD600) of 0.05. A 10-�l inoculum of the bacterial culture
was mixed with either 10 �l of a single phage (PP7 or E79, 109 PFU/ml), 10
�l of a 1:1 mixture of PP7 and E79 phages, or 10 �l of SMG (saline
magnesium gelatin) phage buffer (NaCl at 5.8 g/liter, MgSO4 at 0.96 g/li-
ter, 1 M Tris [50 ml], and gelatin at 0.1 g/liter [pH 8.0]) as a control and
spread on a fresh lysogeny broth (LB) agar plate. The plates were incu-
bated at 37°C for 4 days in a humidified incubator. A total of 20 samples,
5 samples from each plate, were collected nondestructively with an inoc-
ulating loop every 24 h (or as colonies emerged) and streaked on fresh LB
agar plates. From these plates, single isolated colonies were selected,
grown in 200 �l of TSB plus 0.5% glucose (OD600 � 0.2 to 0.3), and used
to prepare frozen stocks. All characterization experiments were initially
performed with these freshly grown cultures and repeated with cultures
grown from the frozen glycerol stocks. The isolates were verified for con-
tamination from other bacteria using PCR with primers directed against
16S ribosomal DNA (rDNA) (PA-SS-F [GGGGGATCTTCGGACCTCA]
and PA-SS-R [TCCTTAGAGTGCCCACCCG]) (49). The isolation and
characterization experiments were repeated independently three times to
confirm the repeatability of the observed trends. The isolates were passed
through 100 generations, and their phage susceptibility was tested after
every second generation. The details of this method are presented in the
supplemental material.

Quantifying the frequency of emergence of phage resistance. The
frequency of formation of resistant bacteria for pure phage and phage
mixture treatments was quantified according to the method described by
Carlson (50). Briefly, phage was mixed with its host (phage/bacterium
ratio of 103 to 104) and spread onto an LB agar plate. The number of
bacterial colonies that grew after 24 h of incubation at 37°C was divided by
the number of colonies of the control (bacteria not mixed with phage) to
calculate the frequency of resistance.

Phenotypic characterization. A planktonic culture of the ancestral P.
aeruginosa PAO1 prepared from a single colony from a fresh LB agar plate
was used in all characterization experiments as a reference.

Colony morphology. To investigate medium-dependent colony mor-
phology, Pseudomonas variants were grown in TSB plus 0.5% glucose
(OD600 � 0.2 to 0.3) and spotted onto the following culture media using
a replica plater: LB agar, LB agar plus 5% sheep blood, LB agar plus 4 mM
FeSO4, and LB agar plus 40 �g/ml of Congo red and 20 �g/ml of Coo-
massie brilliant blue (Sigma-Aldrich). The plates were incubated (24 h,
37°C), and the colonies were observed with light microscopy and classi-
fied according to appearance.

Phage susceptibility assay. Aliquots (1 �l) from the liquid culture of
each variant (OD600 � 0.2 to 0.3) were mixed with 2 ml of 0.5% LB agar
and spread onto 1.5% LB agar plates. The ancestral forms of PP7 and E79
(109 PFU/ml) were spotted (1 �l) onto the soft agar layer, incubated at
37°C overnight, and inspected for plaque formation.

Motility assays (swimming, swarming, and twitching). Motility agar
was prepared using nutrient broth plus 0.3% agar (for swimming), 1.5%
agar (for twitching), and 0.5% agar (for swarming) and then inoculated
with 1 �l of liquid culture below the agar surface (for swimming), at the
interface between the agar and the petri dish (for twitching), and on the
agar surface (for swarming). Plates were incubated at 37°C, and the diam-
eter of the motility zone around the point of inoculation was measured on
the swimming and swarming plates after both 20 and 40 h of incubation.
The twitching plates were incubated for 24 h at 37°C, after which the
twitching zone at the agar-plate interface was visualized by crystal violet
staining, and the twitching zone diameter was recorded.

Growth rate and biofilm formation. Mutants were inoculated into
200 �l of TSB in a 96-well microtiter plate (polystyrene; Falcon) and
incubated for 24 h (37°C, 150 rpm). The OD600 was monitored with a
microplate reader (Infinite M200 Pro; Tecan, Switzerland) and recorded
every 5 min. From these recordings, the population growth rate (maximal
rate of change of OD600 during log phase) and final yield (value of OD600

after 24 h) were recorded as growth determinants. The wells were then
washed three times with phosphate-buffered saline (PBS), and the at-
tached biomass was quantified using a crystal violet assay (51).

Antibiotic susceptibility and resistance to oxidative stress. Antibi-
otic susceptibility of the variants was tested using the agar dilution
method (52). Both tobramycin and streptomycin were used at a maxi-
mum concentration of 100 �g/ml and, for each antibiotic, six serial 1:1
dilutions were tested. To study the resistance of the variants to oxidative
stress, the agar dilution method was used with hydrogen peroxide at a
maximum concentration of 200 mM and four serial 1:1 dilutions were
tested.

Production of exoproducts. (i) For pyocyanin, pyoverdin, and pyo-
rubin, pigments were extracted and assayed as previously described by
Palumbo (53). Briefly, the technique involved chloroform extraction of
cell-free supernatants of 3-day-old cultures to separate pyocyanin, fol-
lowed by aqueous extraction of the medium to remove pyoverdin and
pyorubrin together. Pyocyanin was extracted from chloroform into 0.2 M
aqueous HCl and quantified by measuring the absorbance at 525 nm.
Pyorubin, present in the aqueous extracts, was also quantified by measur-
ing the absorbance at 525 nm. Fluorescence measurements (excitation/
emission wavelengths, 405/465 nm) of the aqueous extracts were per-
formed to quantify the pyoverdin concentration. To account for the
difference in growth rates, the OD600 values for all of the bacterial cultures
were measured before extracting the siderophores and pigments from
their supernatants. The values obtained from spectrophotometric and
fluorescence measurements were then divided by the corresponding
OD600 for each variant. (ii) For pyomelanin, variants were spotted onto

TABLE 1 Bacteriophages used in this studya

Phage (catalog
no.) Family Genome (size)

Host
receptor(s) Morphotype

PP7 (HER 369) Leviviridae ssRNA (3588 bp) Pili Icosahedral, tail-less
E79 (HER 359) Myoviridae (PB-1-like viruses) dsDNA (65 kbp) LPS Long contractile tail (70-nm head, 138-nm tail)
a The source for these bacteriophages was the Félix d’Hérelle Reference Center for Bacterial Viruses, Universite Laval, Quebec, Canada.
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furunculosis agar (tryptone, 10 g; yeast extract, 5 g; L-tyrosine, 1 g; NaCl,
2 to 5 g; and agar, 15 g [per liter]) (54) to enhance the production of
pyomelanin. (iii) For rhamnolipids, a 50-�l aliquot of the supernatants
from 3-day-old cultures of variants was added to holes punched into LB
agar plates supplemented with cetyltrimethylammonium bromide
(CTAB; 0.2 g/liter) and methylene blue (MB; 0.005 g/liter) (55). The
plates were incubated for 24 h at 37°C, followed by incubation at room
temperature for 5 days, after which the diameter of the halo formed
around the point of inoculation was measured as an indication of the
amount of the rhamnolipid present in the supernatant. To account for the
difference in growth rates, the OD600 values for all of the bacterial cultures
were measured. The values obtained from CTAB plates were then divided
by the corresponding OD600 for each variant.

RNA extraction, cDNA synthesis, and comparative qPCR. Selected
variants were grown in TSB (OD600 � 0.2 to 0.3). The total RNA was
extracted using a Direct-Zol RNA miniprep kit (Zymo Research). The
expression of target genes was quantified using two-step quantitative re-
verse transcription-PCR (RT-qPCR) analysis using a high-capacity cDNA
reverse transcription kit (Applied Biosystems). RT-qPCR was performed
with an ABI Prism 7900 HT thermal cycler (Applied Biosystems) using a
Power SYBR green PCR master mix (Applied Biosystems). The results
were analyzed using the threshold cycle method (56) with rpoD (sigma
factor RpoD) as an endogenous reference. All kits were used according to
the manufacturer’s instructions. The oligonucleotide primers used for
RT-qPCR are listed in Table S1 in the supplemental material. Three inde-
pendent isolated RNA samples were analyzed for each data point.

Preparation of genomic DNA, PCR, and sequencing. GenElute bac-
terial genomic DNA purification kit (Sigma-Aldrich) was used to isolate
bacterial genomic DNA. Oligonucleotide primers (see Table S2 in the
supplemental material) were designed using Primer3 Plus (57) based on
the published PAO1 genome sequence. Sequencing of PCR products was
carried out by using Applied Biosystems 3730xl DNA analyzer technology
at the McGill University and the Génome Québec Innovation Centre. The
sequences were aligned against the registered P. aeruginosa PAO1 genome
sequences using CLC sequence viewer (v.6; CLC Bio A/S).

Statistical analysis. Results are reported in terms of population
mean � the 95% confidence intervals. The significance of the difference
between phenotypic features of variants and control was analyzed by us-
ing the Student t test with no additional correction. Significance of differ-
ence between the variant groups was analyzed using single-factor analysis
of variance (ANOVA). The statistical analysis was performed using Sta-
tistica 8.0 (Stat Soft, Inc., San Jose, CA), and P values of �0.05 were
considered significant.

RESULTS
Isolation of P. aeruginosa PAO1 variants. P. aeruginosa variants
were categorized based on the type of phage challenge: PP7 phage
(class I), E79 phage (class II), 1:1 mixture of both phages (class
III), and no-phage challenge (control) with 20 variants in each
class. The frequency of resistance was independently determined
to be (1.3 � 0.92) � 10�7 CFU for the phage mixture and (8.2 �
2.5) � 10�6 CFU for each of the single phages; these figures are the
average of three experiments and are presented as orders of mag-
nitude. The strain was confirmed to be P. aeruginosa using 16S
rDNA PCR for all isolates.

Phage susceptibility. The variants were spot tested with the
ancestral form of each phage. Both PP7 and E79 formed clear
plaques, indicating full lysis, on the bacterial lawns of the ancestral
form of P. aeruginosa PAO1 and on all of the isolates of the control
group. Table S3 in the supplemental material presents a summary
of the results for the susceptibility test; no cross-resistance was
observed. Most of the PP7-resistant cells were completely resis-
tant, whereas most of the E79-resistant cells showed partial resis-
tance, indicated by a decrease of bacterial density where the phage

was inoculated. To assess reversion to phage sensitivity, variants
were serially passaged in TSB. Isolates from classes I and III were
observed to be more resistant to reversion to phage sensitivity. It
took 64 (class I) and 78 (class III) generations for half of the vari-
ants to revert to phage susceptibility. This value dropped to 34
generations for class II isolates. The numbers reported are the
average of duplicate experiments rounded to the nearest digit.

Colony morphology. The variants were categorized into five
groups based on their colony morphology on different solid media
after 24 h of incubation (Fig. 1). In general, the colony morphol-
ogies on LB agar could be classified as: glossy with diffuse edges
(group A), glossy with round edges (group B), small glossy colo-
nies (group C), small nonglossy colonies (group D, subdivided
into three groups based on their morphology on other nutrient
media), and small colonies producing brown pigment in the sur-
rounding agar (group E). The variants classified as small colony
variants (SCVs) had a 24-h colony diameter of �4.5 mm. In con-
trast, the colony diameters for classes A and B were �8 mm. Col-
onies of the control group all displayed a morphotype similar to
group A (large, spreading, grayish colonies with dark centers and
translucent irregular edges), typical of the colonial morphology of
the ancestral form of P. aeruginosa PAO1. Group E colonies had
small, circular, and translucent colonies, and the surrounding
agar became a characteristic coffee-brown color, indicative of
pyomelanin production. Closer inspection revealed the colonies
themselves to be grayish on LB medium and light brown on FeSO4

medium. Some variants in group D exhibited light brown or col-
orless colonies on FeSO4 medium indicating that iron uptake was
likely compromised, whereas wild-type and control colonies typ-
ically showed a brown coloration in high-iron medium. Thus,
group D was subdivided into group D1 (faint brown color in
FeSO4 medium and faint pink in blood agar), group D2 (colorless
colonies on FeSO4-supplemented plates), and group D3 (dark
brown color on FeSO4-supplemented plates). Moreover, colonies
in group D1 had a light pink color in Congo red (CR)-supple-
mented media, indicating biofilm formation could be affected
since the red color accumulated over time by a colony due to
EPS-dependent CR binding serves as a surrogate for assessment of
EPS production. Table 2 provides a quantitative presentation of
the effect of each phage treatment on the diversification of the
colony morphology in each class of isolates. It is noteworthy that
some colony types uniquely emerged from specific phage treat-
ments, e.g., morphotype C from phage PP7 or morphotypes D3
and E from phage E79.

Growth rate and biofilm formation. The measured OD600 was
used to calculate the growth rate (�OD600/�t) at different time
points during the logarithmic growth phase. These data were used
to calculate the maximum growth rate during log phase. Further-
more, biofilm formation was quantified by measuring the optical
density of solubilized crystal violet in absolute ethanol at 570 nm.
This value was divided by the OD600 value measured for the plank-
tonic bacteria in each well to account for the difference in growth
rates of the variants. These data are presented in Table 3 and Fig.
S1 in the supplemental material. Variants in classes II (E79 resis-
tant) and III (PP7 and E79 resistant) exhibited lower growth rates
and yields (Table 3; see also Fig. S1a to d in the supplemental
material) compared to the control. The growth rate and yield for
various colony morphotypes in each class were analyzed in Fig.
S1b and d in the supplemental material. Interestingly, isolates that
have the same colony morphotypes but have evolved through dif-
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ferent evolutionary contexts (selective pressure from different
phage environments) appear to have different growth determi-
nants. Figure S1b shows that all of the colony groups in class III
have lower growth rates compared to the same colony groups in
class I. When biofilm formation was quantified, only class I iso-
lates (PP7-resistant) showed significantly less biofilm formation
(Table 3; see also Fig. S1e and f in the supplemental material). It is
noteworthy that all of the colony morphotypes in this class formed
less biofilm compared to the same colony morphotypes in classes
I and III (see Fig. S1f in the supplemental material). Biofilms were
observed to predominantly form at the air-liquid interface, al-
though a number of the class II variants also form biofilms at the
bottom of the wells. Another interesting observation from Fig. S1f
is that, although evolved through the same evolutionary process
(i.e., same phage treatment), colony group E displays significantly
less biofilm formation compared to the other colony groups in

both classes II and III. ANOVA revealed no statistically significant
variation within the classes between different colony morpho-
types for growth and biofilm formation. As expected based on the
colony morphologies on CR plates, variants with colony morpho-
type D1 were less capable of forming biofilms (data not shown).

Bacterial motility and rhamnolipid production. All of the
variants challenged with different phage treatments exhibited de-
creased twitching motility (Table 3; see also Fig. S2a and b in the
supplemental material). Twitching motility is a flagellum-inde-
pendent mode of surface translocation mediated by type IV pili
(58). Most notably, the twitching diameters decreased by half for
the variants challenged by phage PP7, namely, classes I and III (see
Fig. S1a in the supplemental material). As shown in Fig. S1b, all of
the colony morphotypes in these two classes have lower twitching
motilities compared to the same colony morphotypes in class I
and in the control. Bacterial swimming diameters in semisolid
agar showed a decrease compared to the control for the variants
challenged with phage E79, namely, classes II and III, even after 40
h of incubation (Table 3; see also Fig. S2c in the supplemental
material). Interestingly, colony morphotypes A and E in class II
exhibit a lower swimming diameter compared to the same colony
morphotypes in other classes (see Fig. S2d in the supplemental
material). Classes II and III also showed significant difference
from the swarming diameter of the control population after 20 h
of incubation (Table 3; see also Fig. S2e in the supplemental ma-
terial); all colony groups in class II showed a lower swarming di-
ameter compared to the same colony groups in other classes after
this time period (Fig. S2f). However, after 40 h of incubation, the
swarming motility of class II increased to the level of the control
(see Fig. S2e, inset, in the supplemental material), due to a signif-
icant increase in the swarming diameter of colony groups A and E
in class II (data not shown). ANOVA showed that the case in

FIG 1 Types of colony morphology of P. aeruginosa PAO1 phage-resistant variants on LB agar (row 1), LB agar plus 4 mM FeSO4 (row 2), LB agar plus 5% sheep
blood (row 3), or LB agar with Congo red (CR) (row 4). Columns: A, glossy colony with diffuse edges; B, glossy colony with smooth edges, on CR agar the color
is concentrated in the center of colony; C, small glossy colony, dark color on CR agar; D, small nonglossy colony; D1, light brown on FeSO4 agar and light pink
on blood agar, light rose on CR agar; D2, colorless on FeSO4 agar; D3, dark rose on CR agar; E, small nonglossy colony producing brown pigments, faint color
on FeSO4 agar.

TABLE 2 Percentage of each colony group in the three classes of isolates
based on the type of phage challenge

Class or type
(description)

% of each colony morphotype for each class of
isolatesa

A B C D1 D2 D3 E

I (PP7 phage) 50 35 10 5
II (E79 phage) 15 35 35 15
III (phage mixture) 5 10 15 15 10 40 5
Control (no phage) 100
a The number of colonies in each class was 20. Colony morphologies of P. aeruginosa
PAO1 phage-resistant variants: A, glossy colony with diffuse edges; B, glossy colony
with smooth edges; C, small glossy colony, dark color on CR agar; D, small nonglossy
colony; D1, light brown on FeSO4 agar and light pink on blood agar, light rose on CR
agar; D2, colorless on FeSO4 agar; D3, dark rose on CR agar; E, small nonglossy colony
producing brown pigments, faint color on FeSO4 agar.
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which the difference within the different colony groups in a class
was statistically significant was that of swimming diameters of
class III.

To identify the reason for the decrease in swarming motility for
a number of isolates, we quantified the production of rhamnolip-
ids, surfactants known to affect bacterial swarming motility. A
significant difference in the production of rhamnolipids (indi-
cated by the diameter of the halo formed on CTAB plates) was not
observed when whole populations of various classes were com-
pared to the control population (Table 3; see also Fig. S3a in the
supplemental material). However, when the variants in each class
were categorized based on their colony morphotypes (see Fig. S3b
in the supplemental material), it became clear that (i) colony
groups A and B in class I exhibited greater rhamnolipid produc-
tion compared to the control, something that was not observed in
variants with the same colony morphology in other classes, and
(ii) colony group E has very little rhamnolipid production in class
II, and no rhamnolipid activity was detected for colony group E in
class III.

These results were further confirmed by measuring the zone of
wetting on the swarm plates around the swarming zone (data not
shown). The wetting zone has been described in the literature to
be correlated to biosurfactant production. A noteworthy observa-
tion on the swarm plates was the extremely diverse swarming pat-
terns; specifically for classes I and III (see Fig. S4 in the supple-
mental material). These variants formed a range of patterns, all
different from the well-known dendrimer (branching) swarming
pattern characteristic of P. aeruginosa.

Resistance to oxidative stress and antibiotics. Class II variants
(E79 resistant) showed a significant increase in the MIC level for
H2O2 (Table 3; see also Fig. S5a in the supplemental material). All
of the colony morphotypes in this class had a higher resistance to
oxidative stress compared to the same colony morphotype in
other classes with one exception: the H2O2 MIC for colony group
E (pyomelanogenic isolates) was equally high in both classes II and
III, which was significantly higher than the control and most other

colony groups in all classes. The MIC levels for tobramycin (Table
3; see also Fig. S5a in the supplemental material) and streptomycin
(Table 3; see also Fig. S5c in the supplemental material) did not
show a significant difference when the total populations in differ-
ent classes were compared to the control population. However,
when the individual colony groups in each class were studied sep-
arately, it became evident that (i) in class I, colony group D had a
lower tobramycin MIC, and colony group C had a lower strepto-
mycin MIC compared to the control, (ii) colony group E had
lower MICs for both antibiotics in classes II and III, and (iii)
colony group C in class III exhibited a higher MIC compared to
the control for streptomycin. Only the streptomycin MIC levels
for class III showed a significant variation between different col-
ony groups in the same class according to ANOVA.

Siderophore and pigment production. Class III variants (re-
sistant to both phages) exhibited heightened levels of pyocyanin,
pyoverdin, and pyorubin production, and class II variants (E79
resistant) produced high levels of pyocyanin (Table 3; see also Fig.
S6 in the supplemental material). Figure S6b shows that the in-
crease in pyoverdin for class III isolates is mainly due to colony
morphotypes A and B in this class. These isolates produced signif-
icantly higher levels of pyoverdin compared to isolates with simi-
lar colony morphology in other classes and the control group
(which contained exclusively colonies of group A). Colony group
E in this class produced very low levels of pyoverdin. Colony
groups A and B, however, did not show increases in the produc-
tion of other pigments in class III, but instead groups C and D
produced higher pyocyanin and pyorubin levels in this class (see
Fig. S6d and f in the supplemental material). It is noteworthy that
all colony groups in class II produced higher levels of pyocyanin
compared to similar colony morphotypes in other classes.

Although, as a population, class I did not reveal significant
changes in the level of secreted pigments compared to the control,
when different colony morphotypes in this class were studied sep-
arately it was observed that colony group C produced significantly
lower levels of pyorubin and colony group D produced lower lev-

TABLE 3 Values of fitness and virulence determinants for the P. aeruginosa phage-resistant variants categorized based on phage treatmenta

Parameterb

Avg (�95% CI)

Control

Phage challengec

Class I Class II Class III

Max growth rate (�OD600/�t) 8.6 � 10�3 (3 � 10�3) 7.5 � 10�3 (2 � 10�3) 3.9 � 10�3 (1 � 10�3) 4 � 10�3 (1 � 10�3)
Final yield (OD600) 1.58 (4 � 10�2) 1.51 (6 � 10�2) 1.21 (0.2) 1.22 (0.2)
Biofilm formation (OD570)* 1.22 (0.3) 0.46 (0.3) 1.42 (0.4) 1.15 (0.5)
Twitching motility (mm)* 23.65 (1.4) 9.98 (1.9) 18.78 (1.9) 10.58 (2.5)
Swimming motility (mm) (20–40 h)* 45.9 (5.6) to 83.7 (7.3) 44.7 (3.9) to 88.6 (7.9) 33.6 (3.9) to 62.9 (6.4) 33.7 (3.6) to 62.3 (4.6)
Swarming motility (mm) (20–40 h)* 103.5 (25.7) to 128.6 (14.2) 80.2 (19.8) to 83.2 (17.7) 42.2 (12.2) to 107.5 (17.4) 53.8 (18.2) to 65.4 (20.3)
Pyocyanin (OD525)* 0.015 (3 � 10�3) 0.017 (4 � 10�3) 0.027 (0.011) 0.022 (6 � 10�3)
Pyoverdin (ex/em 405/465 nm)* 1.8 � 105 (4.4 � 104) 2.3 � 105 (4.3 � 104) 2.1 � 105 (4.3 � 104) 2.5 � 105 (4.5 � 104)
Pyorubin (OD525)* 0.10 (0.058) 0.0975 (0.039) 0.139 (0.082) 0.1909 (0.07)
Pyomelanin (mm)* – – � �
Rhamnolipids* 1.89 (0.5) 3.07 (0.3) 1.34 (0.5) 1.57 (0.5)
H2O2 MIC (nM) 14.47 (2.2) 27.34 (4.4) 33.33 (6.7) 19.44 (4.6)
Streptomycin MIC (mg/ml) 10.3 (2.7) 12.8 (2.5) 7.3 (3.8) 11.8 (3.4)
Tobramycin MIC (mg/ml) 12.8 (2.5) 6.8 (1.6) 12.1 (3.3) 10.3 (2.7)
a Each value represents the class average (�95% confidence interval [CI]). Boldface numbers represent statistically significant differences from the control (threshold, P � 0.05).
Values of fitness and virulence determinants for the P. aeruginosa phage-resistant variants are categorized based on phage treatment.
b *, the indicated parameter values have been divided by the growth level (OD600) to correct for different growth rates. ex/em, excitation wavelength/emission wavelength.
c Class I, variants resistant to phage PP7; class II, variants resistant to phage E79; class III, variants resistant to both PP7 andE79.
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els of both pyocyanin and pyorubin. Class I was also the only class
to exhibit a variation within the group for pyocyanin production
levels for different colony morphotypes according to ANOVA.

Pyomelanin production was limited to some variants in classes
II and III (treated with phage E79), namely, those in colony group
E, as indicated by the pigment production on furunculosis agar.

Transcription of selected genes and sequencing. To investi-
gate the reason for the changes in phenotypic traits of variants,
mRNA transcription levels were quantified via RT-qPCR for se-
lected genes involved in the biogenesis of flagella, the biogenesis of
type IV pili, rhamnolipid production, pyocyanin biogenesis, and
iron uptake. One variant from each colony group from class III
with phenotypic traits representative of that group was selected for
RT-qPCR experiments. The results are presented in Table 4. The
transcription of genes involved in flagellar biogenesis was ob-
served to have decreased for almost all of the samples, whereas the
transcription of pilA increased for all but groups B and D1 (Table
4). The transcription levels of rhlB showed an increase for groups
A and B and a decrease for all of the other groups. The transcrip-
tion of phzS gene (pyocyanin biogenesis) increased for group B
isolates. Iron uptake genes (pchG and pvdA) show an increase in
transcription for all samples except for group E, which is in agree-
ment with the data reported in Fig. S6b in the supplemental ma-
terial. This may appear to be in contradiction to the phenotype of
group D1 isolate, which had completely colorless colonies on
FeSO4 plates; however, it should be noted that many other genes
are involved in the iron uptake process and the transcription of
other genes involved in this process, the posttranscription regula-
tion of genes, and the status of export machinery may affect the
phenotype observed for group D1 despite the transcription of the
two genes in the present study.

Due to the decrease in twitching motility for all variants, the
genes associated with the surface appendage responsible for this
mode of motility (bacterial pili) were studied in more detail. All of
the genes known to be involved in pili biogenesis and regulation
were sequenced (see Table S2 in the supplemental material) for a
variant from colony group C (the group exhibiting the highest
decrease in twitching motility) chosen from class III. The results
revealed that there were no single nucleotide polymorphisms
(SNP) in the genes sequenced. Although this does not rule out the
possibility of a point mutation in any of the other genes that were
not sequenced, it is possible that other mechanisms (e.g., phase
variation) could be responsible for the observed change in pheno-
type.

DISCUSSION

In the present study, a genotypically uniform culture of P. aerugi-
nosa was challenged with various phage environments, which led
to the emergence of phage-resistant variants and the diversifica-
tion of the initial population into five main colony groups. Vari-
ous fitness determinants and virulence factors were found to have
changed significantly for variants that emerged as a result of selec-
tive pressure from different phage treatments. A summary of these
phenotypic changes is presented in Table 3, and the qualitative
trends are presented in Table S4 in the supplemental material.
Interestingly, resistance development was observed to be main-
tained in the bacterial variants in the absence of the phage to which
they conferred resistance. Although the variants eventually re-
verted back to phage susceptibility, their reversion rate was con-
text dependent, and variants resistant to two phages were more
stable in maintaining their phage resistance. It would be interest-
ing to verify the fitness and virulence determinants of these re-
verted variants to understand whether they have reverted back to
their original phenotype or whether they have a change in fitness/
virulence compared to the wild type. This is a very important
concept in phage therapy and should be the subject of further
studies.

As expected, the changes in phenotype were different for the
variants that developed resistance to E79 or PP7, most likely be-
cause of the differences in the mode of infection of these phages.
E79 attaches to host lipopolysaccharide (LPS) (59) and uses a clas-
sic two-component endolysin/holin system to liberate the newly
formed particles from the host cell (60). Bacteriophage PP7 ad-
sorbs to the sides of the polar pili of P. aeruginosa (61) and lyses the
host by a short hydrophobic protein that crosses the cytoplasmic
membrane and destroys the membrane potential (62). Because
these two viruses differ in their host receptor and mode of lysis, it
follows that they would impart different kinds of selective pressure
on their host, thus leading to phage-resistant variants with differ-
ent phenotypes. Furthermore, the population that developed in
contact with a heterogeneous phage environment (class III) ex-
hibited significantly different phenotypic traits from the ones that
were developed in homogeneous phage environments. We hy-
pothesize that there is a strong connection between the pheno-
typic traits observed for the variants and the type of phage treat-
ment (and thus the phage selective pressure) that they have been
subject to. This hypothesis is reinforced by the fact that variants
with the same colony morphotype exhibit different phenotypic
traits based on their evolutionary context (i.e., phage treatment).

TABLE 4 Fold change in mRNA transcription levels of selected genes

Group

Fold changea in mRNA transcription levels of:

fliC fliD pilA rhlA rhlB phzS pchG pvdA

A 0.78 (0.1)‡ 0.19 (0.05) 46.39 (6) 0.94 (0.1) 7.19 (0.1) 0.72 (0.02) 6.22 (0.9) 294.50 (11)
B 0.14 (0.02) 0.30 (0.02) 0.02 (0.05) 1.46 (0.1) 6.95 (0.1) 1.07 (0.08) 10.37 (0.8) 414.21 (8)
C 1.45 (0.1) 0.02 (0.001) 60.33 (5) 0.43 (0.1) 0.02 (0.1) 0.29 (0.02) 4.33 (0.5) 83.74 (5)
D1 0.66 (0.06) 0.16 (0.02) 0.02 (0.001) 1.10 (0.1) 0.11 (0.1) 0.61 (0.01) 6.87 (1) 758.85 (13)
D2 0.57 (0.01) 0.19 (0.01) 35.69 (3) 0.63 (0.1) 0.91 (0.1) 0.63 (0.03) 7.94 (1) 616.85 (9)
E 0.11 (0.01) 0.12 (0.01) 362.65 (9) 0.06 (0.1) 0.68 (0.1) 0.04 (0.005) 0.48 (0.1) 13.45 (2)
a Values represent the fold increase or reduction relative to the control group. Findings for genes involved in the biogenesis of flagella (fliC, flagellin type B; fliD, flagellar capping
protein), the biogenesis of type IV pili (pilA, type 4 fimbrial precursor PilA), rhamnolipid production (rhlA and rhlB, rhamnosyltransferase chains A and B), pyocyanin biogenesis
(phzS, flavin-containing monooxygenase), and iron uptake (pchG, pyochelin biosynthetic protein PchG; pvdA, L-ornithine N5-oxygenase) are presented. Data represent averages for
three independent RT-qPCR analyses. Values in parentheses represent 95% confidence intervals.
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Therefore, we have chosen to discuss the results (specifically the
qualitative trends) based on the type of the phage environment
that resulted in the emergence of the resistant variants.

Phenotypic traits of isolates from a homogeneous phage en-
vironment: pilus-associated traits for PP7-resistant variants.
One of the main mechanisms of phage resistance is envelope mod-
ification by blocking or modifying the phage receptors on the host
cell (63). The receptors that are used by some phages to attack
bacteria might be capsules (64, 65) or other virulence determi-
nants, which implies that the development of phage resistance has
the potential to impact virulence (66). PP7 is a pilus-specific
phage, and thus we hypothesized that variants resistant to this
phage may have altered pilus synthesis levels or changed the pilus
protein sequence or structure in such a way that the phage cannot
bind to it. Type IV pili are responsible for the flagellum-indepen-
dent mode of surface translocation called twitching motility (58).
We observed that class I (and III) variants (exposed to PP7 phage)
were severely defective in twitching motility irrespective of their
colony morphology, thus supporting our hypothesis that the pili
may have been affected in these variants. Pili are also principal
adhesins, mediating the adherence to eukaryotic cell surfaces and
abiotic surfaces (58), and play an important role in the formation
of mature multicellular structures in Pseudomonas biofilms (67).
The observation that none of the colony morphotypes in class I
was unable to form a stable biofilm (even though they were able to
attain growth rates as high as the control) is additional evidence
pointing to defective pili. Interestingly, mRNA transcription re-
sults show both increased and decreased transcription of pilA in
PP7-resistant variants with different colony morphologies. An in-
crease in the transcription of pilA is suggestive of hyperpiliation,
which has been linked in some instances to defective pilus func-
tion (68, 69). The sequencing data, however, did not reveal point
mutations in any of the pilus-related genes that were sequenced
and thus did not provide any insight into the mechanism of PP7
resistance. It is possible that mutations occurred in a global regu-
latory gene. Further research needs to be conducted to verify this
hypothesis.

Cost of resistance on E79-resistant variants. Class II variants
(resistant to E79) displayed compromised growth rates, growth
yields, and swimming and swarming motilities, among others, for
all of the colony morphotypes in this group. Since these effects
were not observed for the same colony morphotypes in class I, our
results imply that for the system under study, the cost of resistance
depends on the phage-host system.

SCVs. An interesting trait observed for class II variants was the
increase of small colony variants (SCVs). Most of the isolates re-
sistant to E79 exhibited small colonies. Slow-growing subpopula-
tions of bacterial pathogens, termed small colony variants, have
been observed in various bacterial strains and have been, in some
cases, associated with persistent and relapsing infection (70) and
heightened antibiotic resistance (71). We did not observe signifi-
cant increases in the antibiotic susceptibility of the isolated SCVs
in class II; however, they did exhibit a slower growth rate and yield.
Also, SCVs have been reported to have a higher tendency to form
biofilms (9, 72–74). However, we did not observe a significant
difference between the biofilm-forming ability of the SCVs in
group D (class II) and the control group. The reduced colony
diameter size for resistant variants could also suggest that they are
impaired in motility and/or chemotaxis. The decreased swimming

motility of colony groups D and E in class II provides evidence for
this hypothesis.

Production of pyomelanin. We observed the production of
pyomelanin for some of the variants that were challenged with E79
which were classified as colony group E. Variants resistant to this
phage have been previously reported to be strong pyorubin pro-
ducers (75); however, we did not find instances of pyomelanin
production reported in the literature for this system. Pyomelanin
is a brown pigment that diffuses through agar, and its color varies
in intensity from light brown to a deep coffee color. Proposed
roles for pyomelanin include the enhancement of bacterial surface
attachment, extracellular electron transfer, iron reduction/acqui-
sition, induction of virulence factor expression, heavy metal bind-
ing, and protection from environmental stress (76). Pyomelanin-
containing supernatants have been demonstrated to protect
nonpyomelanogenic strains against oxidative stress (77). This is in
agreement with our results, since variants in colony group E were
observed to have high resistance to oxidative stress. The pyomela-
nogenic variants also showed a decreased MIC level to tobramycin
and streptomycin, which means they have a higher sensitivity to
this antibiotic. They also produced less pyoverdin, and their
mRNA transcription levels for the gene that encodes the pyochelin
biosynthetic protein PchG were decreased. These variants also ex-
hibited a decrease in rhamnolipid secretion and in the transcrip-
tion of the rhamnolipid genes rhlA and rhlB and of the flagellar
biogenesis genes fliC and fliD.

Effect of heterogeneous phage environment. The cumulative
cost of carrying multiple resistance mutations has been extensively
studied for antibiotics (78, 79) and is believed to depend on the
cost of each individual mutation, as well as on any interactions
between them (80). Combinations of pairs of drugs have been
characterized as additive, synergistic, antagonistic, or suppressive
(81). By analogy, the right combination of phages could affect the
cost of resistance for the host bacterium in such a manner as to
constrain its evolution. The evolution of phage-resistant bacteria
is expected for many phage applications (66). Our results indicate
that although the general fitness determinants (growth rate and
motility) decreased for class III variants (resistant to both phages),
the production of certain virulence factors, in fact, increased, ren-
dering these variants potentially more virulent.

Decrease in swarming motility. We observed that although
the frequency of development of resistance was lower in the het-
erogeneous phage environment consisting of both E79 and PP7
(class III), the change in various phenotypic traits was much more
pronounced. Accordingly, Koskella et al. found P. syringae popu-
lations that were exposed to multiple phage environments to pay a
higher cost in terms of population growth (46). We observed the
specific traits of classes I (PP7 resistant) and II (E79 resistant) to
have been manifested in class III, namely, the significantly lower
twitching, lower growth rate and lower yield, the development of
SCVs, the production of pyomelanin, and lower swimming and
swarming motilities. Although class II variants also had a signifi-
cantly lower swarming motility after 20 h, they managed to regain
their swarming ability with increased incubation time, but overall,
the swarming motility of class III variants did not increase much
with increased incubation time. Furthermore, class III variants
were observed to form a variety of different patterns on the swarm
plates which has been reported to result from a change in the
relative amounts of the different biosurfactants (e.g., rhamnolip-
ids) produced by these variants (82, 83). Swarming motility is a
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very complex mode of bacterial motility believed to depend on
flagella and pili, as well as on biosurfactant production (84). This
trait is strongly affected by the quorum-sensing system (85). There
are many genes that are involved directly or indirectly in the
swarming motility (86), and a mutation in any of these genes
could result in altered swarming ability. Additional research needs
to be conducted in order to fully characterize the observed de-
crease in swarming motility in the present study.

Siderophores and pyocins. We observed a significant increase
in the production of pyoverdin (colony groups A and B) and pyo-
cyanin (colony groups C and D) for class III variants. P. aeruginosa
excretes siderophores, e.g., pyoverdin, into the environment
which function as powerful iron chelators, solubilizing and trans-
porting iron through the bacterial membranes (87). Pyoverdin is
thus essential for the virulence of Pseudomonas (88). Pyocyanin is
also a virulence factor and, besides demonstrating antibiotic ac-
tivity against a wide variety of microorganisms, it has been shown
to interfere with mammalian cell respiration, growth, and prolif-
eration (89, 90). Thus, the observed increase in the production of
these two compounds has the potential to increase the virulence of
phage-resistant variants of Pseudomonas. The increase in the pro-
duction of pyocyanin and pyoverdin, along with the emergence of
variants expressing a number of other virulence determinants
(e.g., pyomelanin production and resistance to oxidative stress),
raises serious concerns for the application of the tested phage for
therapeutic means and highlights the need for more mechanistic
studies in this field. Although the use of phage mixtures is believed
to be the secret of the apparent success of phage therapy in the East
(91), our results indicate that the heterogeneous phage environ-
ment under study led to the emergence of variants with height-
ened levels of a number of important virulence factors. However,
this could potentially be tempered by the decreased growth rate of
these variants. The true virulence of these variants remains to be
investigated in vitro toward mammalian cells and in vivo; the latter
in particular would provide a more realistic picture of the extent to
which decreased fitness can counteract the increase in some viru-
lence determinants for this class of variants.

Concluding remarks. It is known that bacteria can develop
mechanisms to become resistant to phages and that phages can
evolve new ways to attack the resistant bacteria. We demonstrated
here that resistance development is associated with multiple
changes in bacterial fitness and virulence determinants that are
maintained in the absence of the agent to which they confer resis-
tance. This modification of phenotypic traits proved to be associ-
ated with changes in gene regulation levels. It was further observed
that the phenotypic changes were context dependent and differed
for variants exhibiting the same colony morphotype but devel-
oped through different evolutionary contexts. Certain traits—
e.g., the emergence of SCVs, an increased production of pyomela-
nin, pyocyanin, and pyoverdin, and heightened resistance to
oxidative stress— can potentially increase the virulence of vari-
ants, although the true fitness of the variants remains to be inves-
tigated in contact with mammalian cells. It is important to ac-
knowledge that repeating this study in vivo may lead to different
results in terms of phenotypes that may emerge. We finally em-
phasize that carefully controlled studies of the genetic interactions
in homogeneous and heterogeneous phage environments will not
only increase our understanding of the evolutionary biology of the
prokaryotes, but are also crucial to pave the way for financial and

regulatory agencies’ support and approval of phage therapy and
use.
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