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ABSTRACT Pseudomonas aeruginosa (Pa) is a major bacterial pathogen responsible
for chronic lung infections in cystic fibrosis patients. Recent work has implicated Pf
bacteriophages, nonlytic filamentous viruses produced by Pa, in the chronicity and
severity of Pa infections. Pf phages act as structural elements in Pa biofilms and
sequester aerosolized antibiotics, thereby contributing to antibiotic tolerance.
Consistent with a selective advantage in this setting, the prevalence of Pf-positive
(Pf1) bacteria increases over time in these patients. However, the production of Pf
phages comes at a metabolic cost to bacteria, such that Pf1 strains grow more
slowly than Pf-negative (Pf2) strains in vitro. Here, we use a mathematical model to
investigate how these competing pressures might influence the relative abundance
of Pf1 versus Pf2 strains in different settings. Our model suggests that Pf1 strains
of Pa cannot outcompete Pf2 strains if the benefits of phage production falls onto
both Pf1 and Pf2 strains for a majority of parameter combinations. Further, phage
production leads to a net positive gain in fitness only at antibiotic concentrations
slightly above the MIC (i.e., concentrations for which the benefits of antibiotic
sequestration outweigh the metabolic cost of phage production) but which are not
lethal for Pf1 strains. As a result, our model suggests that frequent administration of
intermediate doses of antibiotics with low decay rates and high killing rates favors
Pf1 over Pf2 strains. These models inform our understanding of the ecology of Pf
phages and suggest potential treatment strategies for Pf1 Pa infections.

IMPORTANCE Filamentous phages are a frontier in bacterial pathogenesis, but the
impact of these phages on bacterial fitness is unclear. In particular, Pf phages produced
by Pa promote antibiotic tolerance but are metabolically expensive to produce, suggest-
ing that competing pressures may influence the prevalence of Pf1 versus Pf2 strains of
Pa in different settings. Our results identify conditions likely to favor Pf1 strains and
thus antibiotic tolerance. This study contributes to a better understanding of the unique
ecology of filamentous phages in both environmental and clinical settings and may
facilitate improved treatment strategies for combating antibiotic tolerance.
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P seudomonas aeruginosa (Pa) infections, particularly those that are antibiotic resist-
ant or antibiotic tolerant, are responsible for growing health care expenses and

considerable mortality (1). Pa infections are particularly problematic in cystic fibrosis
(CF), an inherited disease associated with thick, tenacious airway secretions (2–5). The
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establishment of a chronic Pa infection often occurs early in life and evolves into an
entrenched and highly damaging condition in adult CF patients. By adulthood, nearly
60% of CF patients have chronic Pa infections (6) with 10% of these infections harbor-
ing antibiotic-resistant Pa strains (7, 8). Understanding the forces that influence the
progression of these infections is critical for developing effective clinical treatments.

Pa is particularly pathogenic because of its ability to form robust biofilms. Biofilms
are viscous conglomerates of polymers and microbial communities that allow Pa to
colonize airways (9). Once Pa biofilm infections are established in CF lungs, they are
nearly impossible to eradicate (10, 11). Many antibiotics have limited penetration
through biofilms (12) such that the bacteria encased within are antibiotic tolerant (i.e.,
able to survive exposure to antimicrobials) in comparison to planktonic bacteria (13,
14). Over time, this reduction in effective antimicrobial activity favors the development
of antibiotic resistance (13, 15–17) (i.e., the ability to proliferate despite the presence of
antibiotics [13]).

The infection of Pa strains by Pf phages further contributes to the disease burden of
Pa in humans and its pathogenicity (18, 19). Pf phages are filamentous, single-stranded
DNA viruses in the genus Inovirus. Unlike many bacteriophages that lyse their bacterial
hosts, Pf phages are produced without lysis (20) and are reported to contribute to Pa
virulence (21). Many (between 36 and 61%) Pa clinical isolates produce Pf phages (7,
22, 23), and the presence of these phages in the sputum of CF patients is associated
with the chronicity of Pa infections (7, 24) and larger declines in pulmonary function
during exacerbation (7, 25, 26). Pf phages likewise enhance the virulence of Pa infec-
tions in animal models (24), including in airway infections (7).

Among other effects on the bacterial and human hosts, Pf phages affect Pa survival
through their influence on biofilm formation and function (7, 24, 27). Pf phages pro-
mote the ordering of biofilm polymers into a liquid crystalline structure that prevents
antibiotic diffusion and inhibits bacterial clearance (18, 26, 28). Some antibiotics are
bound to Pf phage structures and are prevented from killing embedded bacteria (24,
29). This liquid crystalline organization has also been observed in other filamentous
phages (30). Antibiotic sequestration by these structures could provide an advantage
to Pa, as most patients with CF are maintained on cycled courses of inhaled, antipseu-
domonal antibiotics, such as tobramycin and aztreonam (31).

Consistent with a selective advantage in CF lungs, the prevalence of Pf phages
increases with patient age and disease severity. Less than 10% of children with CF who
are infected with Pa have Pf-positive (Pf1) strains, while over 40% of adults and 100%
of 10 prelung transplant patients have Pf1 strains (7, 26). The prevalence of Pf phages
likewise increases over time in patients with chronic Pa wound infections (32). Of note,
in a longitudinal cohort study of patients with CF, the acquisition of Pf phage repre-
sented the appearance of a new strain of Pa. There were no de novo acquisition of Pf
phages by an existing, unparasitized strain of Pa (unpublished results). This suggests
that infection of Pf-negative (Pf2) strains from a Pf1 strain is rare. Together these data
point to selective advantages for Pf1 Pa strains in the setting of chronic infection.
However, the production of Pf phages comes at a steep metabolic cost to the Pa
strains that produce them. Pf phages are abundantly expressed in Pf1 Pa biofilms (33)
and CF sputum at an average of 107 copies/ml (26, 28). Pf1 strains of Pa consequently
grow more slowly due to the energetic demands of phage production (18, 21, 26, 34).
The impact of these competing pressures on Pa fitness is therefore unclear.
Mathematical models can yield important insights into these dynamics (35–40).

The microbial ecology of the lung is an important variable in clinical outcomes in
CF (41, 42). In addition, filamentous phages also infect a wide range of other bacteria,
from Escherichia coli to Vibrio cholerae, affecting their fitness through similarly diverse
mechanisms (43). A better understanding of the effect of antibiotic sequestration by
phages could shed light on the impact of antibiotics on phage-infected bacteria, in
both clinical and environmental settings. In this study, we use a mathematical model
to investigate how antibiotic sequestration by phages impacts the competitive

Pourtois et al.

May/June 2021 Volume 6 Issue 3 e00193-21 msystems.asm.org 2

https://msystems.asm.org


dynamics of Pf1 and Pf2 strains of Pa. Building up on previous modeling studies and
experimental results (18, 38, 44), our model assumes that Pf2 P. aeruginosa exhibits
logistic growth in the absence of antibiotics, that phage production has a metabolic
cost causing lower growth of Pf1 Pa with respect to Pf2 Pa, and yet, that under antibi-
otic treatment, both Pf1 Pa’s lower growth and antibiotic sequestration by the phage
biofilm might decrease antibiotic impact on Pf1 Pa and provide a competitive advant-
age with respect to Pf2 Pa. We analyzed these hypotheses under alternative assump-
tions on direct or indirect interaction between Pf1 and Pf2 strains of Pa and a realistic
range of model parameters according to the results of in vitro experiments, clinical
studies, and published literature and explore implications for disease treatment
(Fig. 1). While general guidelines of inhaled antibiotic therapy in CF do exist, the partic-
ular regimen is decided by the provider on a case-by-case basis with mixed clinical suc-
cess (45–47). We thus use our model to compare the fitness of Pf1 and Pf2 strains
when exposed to different concentrations comparable to the concentrations of tobra-
mycin in CF lungs and for different metabolic costs. In addition, we investigate how an-
tibiotic characteristics affect this comparison. Although the results of our modeling
analysis should not be considered prescriptive, our data suggest that Pf production is
most advantageous when bacteria are continuously exposed to intermediate concen-
trations of antibiotics, consistent with the type of environment created by treatments

FIG 1 Modeling of the different competitive relationships between Pf1 and Pf2 P. aeruginosa (Pa) bacterial strains. (A) Strains can either
compete directly (i.e., when the strains are colocalized), or indirectly (i.e., the strains are not colocalized, but within the same tissue). In both
cases, the antimicrobial concentration (AMC) during treatment is the same. However, sequestration of antibiotic by phages leads to a lower
concentration of free antibiotics capable of inducing bacterial cell death. Our model assumes that the lowering of free antibiotic by
sequestration benefits any Pa bacterial cells within the location, regardless of whether that cell produces Pf phages. (B) Example of the
dynamics of a Pf1 bacterial strain and Pf phages (C), over 5 days, with antibiotics delivered twice a day (D).
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of chronic bacterial infections, and ecological systems in which bacteria produce anti-
bacterial compounds to prevent competition (48).

RESULTS
Fitness of Pf+ and Pf2 strains in the absence of antibiotic treatment. In the ab-

sence of antibiotics, Pf2 strains reach higher densities than Pf1 strains. They also drive
Pf1 strains to extinction when they coexist in the same infection sites.

The metabolic cost of phage production u leads to a reduction in Pf1 strains per-capita
growth rate and, ultimately, in a lower long-term equilibrium for Pf1 strains relative to Pf2
strains (Fig. 2A). When in isolation (indirect competition), both strains grow to densities
above 107 CFU/ml, consistent with the number of genomic copies observed in CF lungs
(7, 26). Pf1 and Pf2 strains eventually reach their respective carrying capacity in independ-
ent infection sites: the carrying capacity of Pf2 strains is equal to K � ð1 – d B=rmaxÞ and
exceeds Pf1 strains’ carrying capacity—equal to K � (1 2 d B/[rmax(1 2 u )]—due to
the extra energetic cost u of phage production for Pf1 strains.

If a small population (102 CFU/ml) of Pf2 bacteria is introduced and directly com-
petes with an established Pf1 bacterial colony, assuming u. 0, the density of the Pf2
strain increases over the course of multiple days until it reaches a density close to that
of the Pf1 strain (Fig. 2B). The density of the Pf1 strain then decreases before eventu-
ally dropping below the extinction threshold of 1 CFU/ml. The time required for Pf2
strains to outcompete Pf1 bacteria decreases with increasing metabolic cost of phage
production. For a metabolic cost of 0.6 (corresponding to a 60% reduction in growth
rate), it takes 10 days for the Pf2 strain to exceed the Pf1 strain’s density and 32 days
to drive the Pf1 strain extinct. Time to quasiextinction increases to 54 and 119 days for
a metabolic cost of 0.4 and 0.2, respectively.

Antibiotic treatment under direct competition between Pf+ and Pf2 strains.
Pf1 strains cannot outcompete Pf2 strains if both benefit from the sequestration of
antibiotics by phages.

When competing directly for space and resources, Pf1 and Pf2 bacterial strains expe-
rience the same phage and antibiotic concentrations in their environment. In this section,
we assess the antibiotic effect on both strains living in direct competition, and we explore
two antibiotic scenarios, namely: when the antibiotic effect is not dependent on the repli-
cation rate of the target bacteria (« r = 0, equation 7), and when it is dependent on replica-
tion rate (« r = 1).

FIG 2 Growth dynamics of Pf2 and Pf1 strains in the absence of antibiotics. (A) Bacterial density at
equilibrium versus metabolic cost. A metabolic cost of zero corresponds to a Pf2 strain. Other nonzero values
are only relevant for a Pf1 strain. (B) A plot of the predicted bacterial densities of Pf1 (solid curves) and Pf2
(dashed curves) bacteria versus time following the introduction of 100 Pf2 bacteria into a Pf1 population at
equilibrium. We consider three different metabolic costs for Pf1 strains.
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When the antibiotic effect is not dependent on replication rate (« r = 0), the population
growth rate of Pf2 strains remains higher than the growth rate of Pf1 strains across the
range of antibiotic concentrations (Fig. 3A). In this scenario, the Pf1 strain bears the ener-
getic cost of phage production, while both strains benefit from the lower effective antibi-
otic concentrations due to phage sequestration of antibiotic molecules. As a conse-
quence, the Pf2 strain outcompetes the Pf1 strain at any antibiotic concentration that
does not extirpate both strains.

We also investigated whether competitive exclusion of Pf1 strains coexisting with
Pf2 strains in the same infection sites can be prevented when antibiotics target specif-
ically bacterial replication pathways (« r = 1). In such a case, the benefit of phages’ pro-
tective biofilm is still equally shared between Pf1 and Pf2 strains. However, the ener-
getic cost u of phage production (equation 2), sustained by Pf1 strains only, might be
partially compensated by the strain-specific reduced sensitivity to antibiotics due to
Pf1 lower reproductive rate (equation 7). Simulations showed that up to 10� MIC, the
Pf2 strain continues to have a lower death rate than the Pf1 strain. However, Pf1’s
lower replication rate leads to a relative advantage compared to Pf2 strains at higher
antibiotic concentrations (Fig. 3B). The difference in death rate between Pf2 and Pf1
bacteria at these elevated antibiotic concentrations increases as the metabolic cost of
phage production, u , increases (Fig. 3C). The reduced reproductive rate of Pf1 bacteria
caused by phage production thus provides an additional mechanism for tolerance
against antibiotics with replication-related targets. However, this additional benefit is

FIG 3 Growth dynamics of Pf2 and Pf1 strains in direct competition during antibiotic treatment. (A) Plot of the net death rate of
Pf1 and Pf2 bacteria when the killing rate of the antibiotic is not dependent on the replication rate. (B) Plot of the net death
rate of Pf1 and Pf2 bacteria when the killing rate of the antibiotic is dependent on the replication rate. (C) Effect of phage
production on the net death rate for different costs of phage production (u ). This effect is the difference between the growth of
Pf1 and Pf2 strains. (D) Pf1 density over Pf2 density for three different concentrations of antibiotics (0.1�, 5�, and 20� MIC),
administered twice a day, for 5 days. Each point corresponds to the median concentration over the last day of treatment, for a
random parameter set, which was sampled from a uniform distribution in log space bounded by the parameter ranges in Table 1.
The 1:1 line is given by the red line. The percentage of runs resulting in higher Pf1 density or Pf2 density or the extinction of
both strains is shown in the top left corner, in that order.

Filamentous Phages and Antibiotic Treatment of Pa

May/June 2021 Volume 6 Issue 3 e00193-21 msystems.asm.org 5

https://msystems.asm.org


usually insufficient to compensate for the reduction in replication rate and, ultimately,
to reverse the outcome of competition between Pf1 and Pf2 strains before both
strains go extinct. For 100 random parameter sets (sampled within the ranges given in
Table 1), none result in a higher density of Pf1 than of Pf2 over the last day of antibi-
otic treatment, for antibiotic doses of 0.1� and 5� MIC (Fig. 3D). At an antibiotic dose
of 20� MIC, 3 out of 100 parameter sets result in Pf1 having a higher density than
Pf2. No parameter sets result in the extinction of Pf2, but not of Pf1. Therefore, in our
model, Pf2 outcompetes Pf1 under direct competition in more than 90% of the cases
even when replication-targeting antibiotics are used.

Antibiotic treatment of nonoverlapping infection sites (indirect competition).
(i) The Pf+ strain is more likely to outcompete the Pf2 strain at intermediate an-
tibiotic concentrations (203 MIC). In the case of nonoverlapping bacterial strains (indi-
rect competition), phages are absent in Pf2 strain environments, and thus, there is no
change in the effective antibiotic concentration experienced by Pf2 strains. In Pf1 bacte-
rial infection sites, in contrast, phages can sequester some amount of the antibiotics,
essentially lowering the local concentration of antibiotics acting on Pf1 bacteria.

At low antibiotic concentrations (doses of 0.1� MIC), the Pf2 strain maintains a
higher density than the Pf1 strain over the last day of treatment, for 84% of parameter
sets (Fig. 4A). Both strains maintain a high density over 5 days (Fig. 4B and C). For doses
of 20� MIC per day, the Pf1 strain outcompetes the Pf2 strain for 32% of parameter
sets and is outcompeted for 27% of parameter sets (Fig. 4D). This difference in propor-
tion was significant (X2 = 5.11; P = 0.024; confidence interval [CI], 0.047 6 0.041). Both
Pf1 and Pf2 strains go extinct in the remaining 42% of runs. At this intermediate anti-
biotic concentration, there is more variation between runs, with some parameter sets
leading to rapid extinction, while others lead to slow declines over multiple days or
oscillate under the antibiotic-free density (Fig. 4E and F). Finally, the proportion of runs
that result in the extinction of both strains increases to 60% when the antibiotic con-
centration increases to 30 xMIC (Fig. 4G to I). At this concentration, Pf1 strains prevail
as frequently as Pf2 strains (20% each; X2 = 0.078, P = 0.78, CI, 20.0426 0.030).

(ii) The fitness of the Pf+ strain relative to the Pf2 strain is determined by dif-
ferent parameters at different antibiotic concentrations. We performed a partial
rank coefficient analysis to determine which parameters had the strongest relation-
ships with Pf1 density, Pf2 density, and the ratio of Pf1 to Pf2 (see Fig. S1 and

TABLE 1Model parameters

Symbol Meaning Value(s)a Unit Reference(s) or source
H Hill coefficient 0.622.5 (0.8) 69, 71, 72
rmax Maximum growth rate 0.521.5 (1) hour21 73
u Metabolic cost of phage production 0.0520.5 (0.2) 74, 75
K Carrying capacity 108 CFU/milliliter 76
C Maximum killing rate 2215 (12) hour21 69, 71, 77
« r Growth rate dependence of kill rate 0.120.9 (0.5) 78, 79
gr Growth rate for kill rate at half of its maximum 0.0520.5 (0.2) hour21 78
f Antibiotic sequestration factor 1052107 (106) particle V21 Text S1
w Antibiotic mol wt (468� 106) microgram/mole
Kd Binding dissociation factor 101321015 (1014) particle Text S1
« k Density dependence of A50 0.121 (1) 80
k0 Antibiotic concn for kill rate at half of its max (A50) (3.7) microgram/milliliter 71
j Density-dependent maximum increase in A50 2220 (10) microgram/milliliter 80
gk Density for A50 at half of its maximum 1062107 (5� 106) CFU/milliliter 80
d B Basal mortality rate 0.02520.25 (0.05) hour21

Amax Peak antibiotic concn in sputum 0.012100 microgram/milliliter 81
d a Antibiotic decay rate 0.0520.5 (0.1) hour21 44
l Phage production rate 0.1210 (1) hour21 38
d V Phage decay rate 0.0121 (0.1) hour21 82
aWe provide the range of possible values we consider in our sensitivity analysis and give the exact value we use for tobramycin and Pa in parenthesis. These are the values
we use by default.
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Table S1 in the supplemental material). When including antibiotic concentration as a
variable, its effect dominated that of the other parameters. We thus calculated correla-
tion coefficients for three different antibiotic concentrations per dose: 0.1� MIC, 5�
MIC, and 20� MIC.

At the low antibiotic concentration of 0.1� MIC, the metabolic cost of phage production
u and bacterial death rates d B were negatively correlated with the ratio of Pf1 to Pf2 den-
sity (Fig. S1 and Table S1). The two strongest positive correlations were smaller in magnitude
but still significant and were observed with the maximum growth rate and the maximum

FIG 4 Growth dynamics of Pf2 and Pf1 strains in direct competition during antibiotic treatment. (A) Pf1 density over Pf2
density for 0.1� MIC administered twice a day, for 5 days. Each point corresponds to the median concentrations over the last day
of treatment, for a random parameter set, sampled uniformly from ranges given in Table 1. The percentage of runs resulting in
higher Pf1 density or Pf2 density or the extinction of both strains is given in the top left corner, in that order. (B) Pf1 density
over time for 0.1� MIC, administered twice a day, for 5 days. Each gray line corresponds to one random parameter set. (C)
Associated Pf2 density over time. Corresponding plots are shown in panels D, E, and F and G, H, and I for 20� MIC and 30� MIC,
respectively.
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antibiotic killing rate. Together, this points to low net growth rate and low antibiotic effec-
tiveness making a Pf1 strain uncompetitive compared to a Pf2 strain. Phage-related param-
eters did not have significant effects at this concentration.

The metabolic cost continued to be highly negatively correlated with Pf1 relative
fitness at concentrations of 5� and 20� MIC (Fig. S1). At these higher concentrations,
a low metabolic cost allows for the fitness of the Pf1 strain to be higher than the
fitness of the Pf2 strain, on average (Fig. 5A and Table S2). Unlike at smaller concentra-
tions, antibiotic sequestration by phages, and phage decay were significantly corre-
lated with Pf1 competitiveness (Fig. S1, Table S1, and Table S2). High antibiotic
sequestration and low phage decay lead to a high relative Pf1 fitness at concentra-
tions of 5� MIC (Fig. 5B and C and Table S2).

In addition to metabolic cost and antibiotic sequestration, phage production and
antibiotic decay were both positively correlated with Pf1 relative fitness when 5� MIC
was used (Fig. S1 and Table S1). Up to 20% more runs are dominated by Pf1 strains
than by Pf2 strains, with the highest proportion found for low decay rates (Fig. 5D).
The range of antibiotic concentrations that leads to the highest Pf1 relative fitness
increases as the antibiotic decay rate increases (Fig. 5D and Table S2). Finally, the maxi-
mum killing rate of the antibiotic also has a significant positive impact on the ratio of
Pf1 to Pf2 density (Fig. S1). As antibiotic concentration increases, the killing rate lead-
ing to the highest average Pf1 fitness dominated runs decreases (Fig. 5E and
Table S2). The highest advantage for Pf1 compared to Pf2 occurs for antibiotics with
high killing rates at intermediate concentrations (Fig. 5). Unlike for direct competition,
increasing degrees of replication-dependent antibiotics have a small negative effect
on the relative fitness of Pf1 (Fig. 5F and Table S2). However, replication dependence
becomes more beneficial to Pf1 as antibiotic concentration increases (Table S2).

FIG 5 Sensitivity analysis for six key parameters (see Fig. S1 in the supplemental material). Color represents the difference between the proportion of runs
for which the density of the Pf1 strain exceeds that of the Pf2 strain over the last day and the proportion of runs for which the opposite occurs. For
example, a value of 0 indicates that as many runs were dominated by Pf1 as by Pf2 strains. The density used for each run is the median density over the
last day of antibiotic treatment. (A) Metabolic cost. (B) Antibiotic sequestration. (C) Phage decay rate. (D) Antibiotic decay rate. (E) Antibiotic maximum
killing rate. (F) Replication dependence of antibiotics.
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(iii) High initial bacterial density is necessary for phages to provide nonnegli-
gible benefits. Pf1 relative fitness slowly increases as the initial bacterial concentra-
tion (before the start of the antibiotic treatment) increases, with a sharp increase at
densities close to the carrying capacity of 108 CFU/ml (Fig. 6A). This increase is strong-
est for antibiotic concentrations around 10� MIC. A combination of high initial
densities and intermediate antibiotic concentrations is necessary for initial phage con-
centrations to provide adequate protection to a Pf1 strain. In our model, phages at
densities of 109 PFU/ml (corresponding to bacterial densities of approximately 108

CFU/ml) sequester 80% of antibiotics at a concentration of 1� MIC, but this measure
drops sharply as phage density decreases (Fig. 6B).

DISCUSSION

Although most bacteriophages have traditionally been thought to have only para-
sitic relationships with their bacterial hosts, the discovery of commensalistic and even
mutualistic phage-bacterium relations suggests that a deeper understanding of phage
biology is clinically important. In particular, filamentous phages have been found to
affect the fitness of their hosts in a variety of ways, often increasing their virulence (43).
With the discovery that filamentous phages of Pa lead to more resistant biofilms and
protection against many antibiotics, we set out to use a mathematical approach to
investigate how antibiotic sequestration by Pf phages impact the fitness of Pa in differ-
ent antibiotic environments. Namely, we wanted to understand whether certain bacte-
rial or antibiotic characteristics may be contributing to the emergence and resilience of
Pf1 Pa infections. These findings could also prove informative for other bacteria such
as Escherichia coli, Klebsiella pneumoniae, Neisseria meningitidis, Neisseria gonorrhoeae,
and many Vibrio species, which are also infected by filamentous phages (30, 49–53),
and are relevant to the clinical world.

We found that in the absence of antibiotics, Pf2 bacterial strains outcompeted Pf1
strains, as expected given the energetic cost of phage production. This outcome is
well-known in ecology as the principle of competitive exclusion for species exploiting
the same resources, also known as Gause’s law (54). This is consistent with the low Pf
phage prevalence in pediatric patients with CF, many of whom have received relatively
limited antibiotic treatments (7). In direct competition, assuming that Pf2 strains can-
not be infected by phages, Pf1 strains are unable to outcompete Pf2 strains in most

FIG 6 Effect of initial conditions on Pa survival and antibiotic sequestration. (A) Effect of the initial bacterial density. Difference between the
proportion of runs for which the density of the Pf1 strain exceeds that of the Pf2 strain, and the proportion of runs for which the opposite
occurs. For example, a value of 0 indicates that as many runs were dominated by Pf1 strains as by Pf2 strains. The density used for each
run is the median density over the last day of antibiotic treatment. (B) Percentage of antibiotic sequestered over a range of starting
antibiotic concentrations and phage concentration when f is 106.
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simulations, because Pf1 strains sustain the energetic cost of phage production but
share the benefits evenly with Pf2 strains. A low percentage of parameter combina-
tions resulted in a higher Pf1 than Pf2 density when high concentrations of antibiot-
ics with replication-related targets were used. Under these conditions, the metabolic
cost associated with phage production provides some protection against antibiotics.
However, it is unlikely that such a limited fraction of the parameter space could drive
the increase in Pf1 strains in patients with CF.

Overall, our model suggests that Pf1 strains can consistently outcompete Pf2 strains
only when Pf1 strains do not overlap in the same infection sites with Pf2 strains and
thus, while bearing the cost of phage production, they do not share the benefit with Pf2
strains. A recent report demonstrated that Pf1 bacteria grown in vitro may encase them-
selves within bundles of phage, thus providing a shielding mechanism against antibiotics
(29). It is unclear, however, if this behavior occurs in clinical settings or if Pf1 bacteria can
protect Pf2 bacteria against antibiotics within a mixed-strain infection. It is conceivable
that Pf1 strains may be able to outcompete Pf2 strains due to this highly localized
phage presence. Our model simplifies these questions by using strict definitions of direct
and indirect competition. Further studies are necessary to understand these coculture
biofilms, particularly in clinically relevant settings.

Interestingly, Pf1 strains are not able to dominate in all indirect competition sce-
narios. Intermediate concentrations of antibiotic (5� to 25� MIC) are critical for Pf1
strains to significantly outcompete Pf2 strains. These concentrations correspond to
the regimen at which antibiotic sequestration by phages lowers the effective antibiotic
concentration—thus lowering the death rate of Pf1 bacteria—enough to compensate
for the higher energetic cost of phage production. Under these circumstances, Pf1
bacterial density exceed that of Pf2 bacteria. Below these antibiotic concentrations,
the marginal benefit of a reduction in antibiotic effective concentration accrued thanks
to the protective effect of the phage biofilm is unable to compensate for the cost of
phage production, and thus Pf1 density remains lower than that of Pf2 strain. At high
antibiotic doses, the ability of phages to sequester antibiotic is overwhelmed, and
infections with both Pf1 and Pf2 are eventually cleared. This is consistent with the
clinical evidence that shows Pf1 strain infections are associated with chronic infections
(7) that have presumably been treated with inhaled antibiotics. Once a patient with CF
has failed eradication, chronic inhaled antipseudomonal therapy is initiated with
inhaled tobramycin, or alternatively aztreonam. While the sputum antibiotic levels
achieved with inhaled antibiotics are reported as well above MIC (55, 56), it is plausible
that some areas of infected lung tissue do not reach such high levels. CF is an obstruc-
tive pulmonary disease which is characterized by areas of heterogeneous ventilation
(57, 58). There are likely distal areas of the lung with poor ventilation that do not see
the same delivery of inhaled antibiotics (59), thus creating an environment with con-
centrations of antibiotics that favor the survival and dominance of Pf1 strains. The
continuous use of antibiotics at sublethal concentrations may thus be partially respon-
sible for driving infections toward a Pf1 dominated state. In particular, our model sug-
gests that the use of antibiotics with high killing rates and low decay rates is more
likely to lead to high fitness for Pf1 strains. If possible, the ideal treatment for avoiding
Pf1 bacterial infections would use antibiotics that cannot be sequestered by phages,
such as ciprofloxacin (7, 60). In addition, treating infections early would allow antibiot-
ics to act before phage density is high enough to lead to significant sequestration of
antibiotics. We focused here on antibiotics delivered via inhalation as part of medical
treatment. However, antibiotic substances can also be secreted by bacteria to prevent
interspecies competition (48, 61). Our results thus inform our understanding of bacte-
rial competition in a wide range of contexts, as well as in the clinical setting on which
we focused in this work.

In this model, we described the effects of antibiotic sequestration by Pf phages
on biofilm-embedded bacteria under antibiotic stress. Our results suggest that an-
tibiotic sequestration by Pf could drive an increase in Pf1 strains, under the
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regular use of antibiotics that is characteristic of treatment in CF. However, there
are many additional factors that will need to be considered in order to understand
the full effect of phages on bacterial communities in the lung. First, we have not
accounted for how the presence of phages may change other properties of the
infection site that affect Pa survival. For example, Pf phages may impact the rheo-
logical properties of the infection environment, the adhesivity of the biofilm, the
transport of nutrients and antibiotics, as well as any immune response. In turn,
these properties can affect the physiological state of bacteria, and phage produc-
tion (62). In addition, following previous modeling efforts (38, 63), we assumed
that bacterial growth can be described by a simple logistic model, a hypothesis
that, although realistic, still needs to be validated through empirical studies. Also,
we did not include the dynamics of colonization from different localized lung sec-
tions that could lead to more complicated source-sink dynamics of the strain
types or competition-colonization trade-offs. Finally, we simulated bacterial dy-
namics over days, whereas changes in bacterial communities in the lung occur
over multiple years. Long-term processes such as the evolution of antibiotic re-
sistance and spatial movement within the lung are likely to influence the distribu-
tion of Pf1 strains and be relevant to treatment design for CF. For these reasons,
the results of our modeling study should not be taken as prescriptive. Rather, the
aim of our work was to explore, under plausible hypotheses and realistic values of
model parameters, the competitive dynamics of Pf2 and Pf1 strains under antibi-
otic treatment. As the scientific understanding of the additional factors and proc-
esses driving the dynamics of Pf2 and Pf1 strains improves with new laboratory
and clinical research, it will be possible to include them in quantitative models of
bacterial infection under antibiotic treatment and increase their explanatory and
predictive power.

Conclusion. Filamentous phages have increasingly been recognized as important
players in the development of chronic infections through their effect on antibiotics, im-
munity, and biofilm formation. In particular, Pf1 bacterial infections in patients with CF
are associated with chronic infection and a larger decrease in lung function during
exacerbation. Our simulations showed that the fitness of Pf1 strains is highest when
antibiotic sequestration by phages is high but localized and when a constant interme-
diate concentration of antibiotics is maintained in the lungs. This suggests that the fre-
quent antibiotic treatments often used in CF care could contribute to the increased
prevalence of Pf1 strains in patients with CF. Our model suggests that high sequestra-
tion, high antibiotic killing rate, and low antibiotic decay rates particularly favor Pf1
strains. Of note, phages have additional effects on bacteria and the human immune
system that are still poorly understood and could not be captured in our model. A bet-
ter understanding of the ecology of phages in the human body will be an essential
step for developing more successful treatment strategies for bacterial infections.

MATERIALS ANDMETHODS
General framework. We envisioned two alternative (i.e., mutually exclusive) types of interaction

between Pf1 and Pf2 strains: (i) direct competition in a mixed population of Pf2 and Pf1 bacterial
strains coexisting in the same location (e.g., in direct contact and within the same portion of the lung air-
way) and (ii) no direct interaction with Pf2 and Pf1 strains coexisting in the same patient but estab-
lished in different (i.e., nonoverlapping) locations, e.g., spatially separated infection sites in the lungs
(Fig. 1A)—hereafter referred to also as indirect competition. While Pf2 and Pf1 strains do not interact
directly, their relative growth rates and abundances affect their probability of transmission to nonin-
fected areas of the lungs.

In direct competition, both Pf2 and Pf1 strains must compete for the same nutrients and space. As
filamentous phages are generally highly specific (64, 65), we assumed that the Pf2 strain cannot be
infected by phages produced by the Pf1 strain. However, under antibiotic treatment, the Pf2 strain can
benefit from the protective biofilm of filamentous phages produced by the Pf1 strain coexisting in the
same location.

In indirect competition, there is no interstrain competition for nutrients and space, and we assumed
that, under antibiotic treatment, the Pf2 strain does not benefit from the protective effect of phages
produced elsewhere by the Pf1 strain.
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Model description. (i) Bacterial growth. In the absence of antibiotics, bacteria Bi (in CFU/milliliter)
from each strain i = Pf1 or Pf2, replicate at a density-dependent rate U(Btot) and die at the per-capita
rate d B:

dBi

dt
¼ U Btotð ÞBi 2 dBBi (1)

We choose to model bacterial growth directly with a logistic equation rather than a Gompertz equa-
tion or a mechanistic approach with nutrients, as it only requires estimating the maximum growth rate
and carrying capacity. This model and its variants are used regularly to describe bacterial growth (38, 63,
66, 67). We thus model the per-capita replication rate U(Btot) as a decreasing logistic function of the total
bacterial concentration in the local biofilm Btot:

U Btotð Þ ¼ rmax 12
Btot

K

� �
12 uð Þ (2)

where rmax is the absolute maximum replication rate, K is the bacterial density at which the per-capita
reproductive rate U(Btot) is equal to zero, and u is the reduction in the per-capita replication rate caused
by the metabolic cost of phage production in Pf1 bacterial strains only (u is equal to zero for Pf2
strains). When both strains are competing directly for space and resources, the total bacterial concentra-
tion Btot is the sum of their concentrations, namely: Btot = B1 1 B2. When competing indirectly, Btot is set
equal to the local concentration of bacteria, i.e., either the concentration of the Pf1 strain or the Pf2
strain.

(ii) Phage production. Filamentous phages V (PFU/milliliter) are produced by Pf1 bacteria at a con-
stant rate l and decay at a rate d V:

dV
dt

¼ lB1 2 dVV (3)

Both l and d V were numerically optimized (see “Parametrization”) to obtain viral densities an order
of magnitude larger than bacterial densities, consistent with literature reports of Pa infections (7).

(iii) Antibiotic treatment. We consider a range of antibiotic regimens, with different antibiotic con-
centrations per dose, administered twice a day. We assume each dose of antibiotics leads to an instanta-
neous peak Amax in the sputum. All concentrations discussed in this work represent concentrations in
the sputum, which can differ in nontrivial ways from the original concentration administered orally.
After administration, antibiotics are removed from the system via both degradation of the drug and
clearance due to natural flow through the body. Here, we assumed that their concentration follows first
order kinetics (68), i.e., it decays at a constant rate d A until the next treatment:

dA
dt

¼ 2dAA (4)

We thus impose a cyclic pattern to antibiotic concentrations, and as a result, to bacterial density and
phages as well (Fig. 1B to D).

To describe the effects of antibiotics on the bacterial infection, we built upon, and extended, the
original model developed by Levin and Udekwu (44). Specifically, the effect of antibiotics in the system
is accounted for by modifying equation 1 as follows:

dBi

dt
¼ U Btotð ÞBi 2 dB Bi 2W A;B;Vð ÞBi (5)

where W(A, B, V) is the per-capita reduction in bacterial growth rate or, equivalently, the increase in mor-
tality rate as a consequence of antibiotics at concentration A, bacterial density B, and phage density V—
hereafter referred to as the antibiotic killing rate. W(A, B, V) is here described by a Hill function (69), i.e.,
an increasing function of the effective antibiotic concentration Aeff(A, V) that levels off to c U Btotð Þð Þ, the
maximum killing rate due to antibiotics:

W A;B;Vð Þ ¼ c U Btotð Þð Þ

11
A50ðBÞ

Aeff ðA;VÞ
� �H (6)

where A50(B) is the antibiotic concentration leading to half c U Btotð Þð Þ, and H, the Hill parameter, is pro-
portional to the steepness of the function at Aeff = A50 (44).

The effective maximum killing rate c U Btotð Þð Þ of the antibiotic is a function of the absolute maxi-
mum killing rate C and the effect of bacterial replication rate on the antibiotic efficacy (44):

c U Btotð Þð Þ ¼ C 12 « rð Þ1 « rC
U Btotð Þ

U Btotð Þ1gr

� �
(7)

The parameter « r, bounded between 0 and 1, describes the degree to which a particular antibiotic’s
efficacy depends on the growth rate, i.e., it does not depend upon bacterial reproductive rate UðBtotÞ
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when « r = 0, it depends entirely upon bacterial reproductive rate when « r = 1. The parameter gr repre-
sents the growth rate at which the rate of killing is half of its maximum when « r = 1.

The effective antibiotic concentration is determined by the concentration of antibiotics that are not
sequestered by phages. Following Hulme and Trevethick (70), to describe the extent of sequestration,
we use the equilibrium expression for ligand-receptor binding as binding dynamics occur at a much
faster scale than bacterial killing:

Aeff ðA;VÞ ¼ A2
w Am 1 fV1Kdð Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Am 1 fV1Kdð Þ2 2 4AmfV

q� �

2NA
(8)

where f represents the number of antibiotic binding sites per phage (also referred to as antibiotic
sequestration factor), Kd the equilibrium dissociation constant, and Am the antibiotic concentration in
molecules per milliliter. w and NA stand for the molecular weight of the antibiotic and Avogadro’s num-
ber, respectively, and are used for the conversion from microgram per milliliter to molecule per milliliter:

Am ¼ ANA

w
(9)

The effective A50—the antibiotic concentration leading to half of the maximum killing rate—is here
assumed to be an increasing and saturating function of bacterial density Btot (44), namely:

A50ðBÞ ¼ k0 1 « kj
Btot

Btot 1gk

� �
(10)

Accordingly, A50 ranges between k0 at low bacterial densities and k0 1 j at high bacterial density,
where j is the maximum additional antibiotic concentration that can be tolerated at high densities,gk is
the bacterial density at which A50 increases by half of its maximum amount and « k is a switch parameter
set to 0 if A50 is assumed to be independent from bacterial density and to 1 otherwise.

Parametrization. The equations in this model are general and can be applied to a variety of envi-
ronments, bacteria, and antibiotics. Here, we parametrized our model to represent the growing condi-
tions of Pa in CF lungs under tobramycin treatment, an antibiotic often used to treat Pa infections
(Table 1). We chose a value in the middle of the range observed in the literature for most parameters
relating to bacterial growth and phage production. We used parameter values from studies of Pa when-
ever available, but the ranges given in Table 1 apply to many bacterial species. For parameters describ-
ing the action of antibiotics, we give the range observed across a wide variety of antibiotics, as well as
the particular value we used for tobramycin. Finally, we used numerical simulations to estimate the val-
ues of parameters whose value is not found in the literature (see Text S1 in the supplemental material).
We performed a global sensitivity analysis to explore how bacterial density responds to variation in pa-
rameters around the fixed values used in our model (see Fig. S1 and Table S1 in the supplemental mate-
rial). In this work, we were concerned with the effect of phage production on fitness, and we considered
in our analysis a wide range of values for relevant parameters (metabolic cost and antibiotic sequestra-
tion constant). Time is measured in hours.

Analysis. All the simulations were performed using MATLAB. Growth rates were obtained directly
from the equations above. We calculated the MIC by setting equation 5 to zero and solving for the anti-
biotic concentration, for parameters shown in parentheses in Table 1. Because of the deterministic na-
ture of this model, this value represents the antibiotic concentration at which no growth occurs in all
populations represented by those parameters. The MIC used as the unit for the figures is calculated
from this single set of parameters (shown in Table 1) and kept fixed at the resulting value of 0.17mg/ml
for consistency. For example, changes in the metabolic cost from phage production would lead to
changes in MIC, but the fixed value of 0.17 (corresponding to a metabolic cost of 0) is used to scale all
graph axes.

For simulations, we used the differential equation solver ode45 to compute the bacterial density of
Pf1 and Pf2 strains over a minimum of 5 days, for various antibiotic concentrations per dose, adminis-
tered twice a day. We then used the log ratio of the median bacterial density for each strain in the last
day of each simulation as a metric for comparison across different antibiotic regimens. We assumed that
infection was cleared when the bacterium’s density dropped below the quasiextinction threshold of 1
CFU/ml.

To assess the sensitivity of the outcome to model parameters, we performed a partial rank correla-
tion coefficient analysis (PRCC) with Latin hypercube sampling (LHS) after log transformation of model
parameters over the ranges reported in Table 1. We generated 100 random parameter sets for the
results presented in Fig. 3, 5, and 6 and 1,000 random parameter sets for Fig. 4 and the partial rank cor-
relation coefficient analysis. For each of these parameter sets, we ran a simulation according to the
description above. We refer to each of these simulations as a “run” in the Results. A proportion test was
then used to compare the proportion of runs dominated by Pf1 and Pf2 bacteria for different antibiotic
concentrations. We further analyzed the effects of the six parameters (u , f , dv, dA, C, and « r) and bacte-
rial initial density on Pf1 relative fitness. We calculated the difference between the proportion of runs
dominated by Pf1 bacteria and the proportion dominated by Pf2 bacteria for a range of each parame-
ter and antibiotic concentration. We then fit a linear model with an interaction term between parameter
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and antibiotic concentration and a quadratic term for antibiotic concentration. Results are reported in
Table S2. We used R to perform the proportion test and model fitting.

Data availability. All code is available on GitHub at https://github.com/jpourtois/phage-antibiotics.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
TEXT S1, DOCX file, 0.02 MB.
FIG S1, TIF file, 0.5 MB.
TABLE S1, DOCX file, 0.02 MB.
TABLE S2, DOCX file, 0.01 MB.

ACKNOWLEDGMENTS
J.D.P. acknowledges support from the Stanford Graduate Fellowship. P.L.B. is supported

by grants from the Falk Medical Research Trust, R01 AI138981-01, R01 HL148184-01, grants
from Stanford Bio-X, SPARK, and the Cystic Fibrosis Foundation (CFF). E.B.B. is supported by
grants from the Francis Family Foundation and Cystic Fibrosis Foundation.

We also acknowledge Jonas D. van Belleghem for many helpful discussions and Ajai
A. Dandekar for his comments and suggestions during the writing period.

J.D.P. and P.L.B. conceived of the presented idea. J.D.P. designed the model and
performed the analysis. G.A.D.L. contributed to revise, update, and fine tune the modeling
section. All authors performed research with regard to model assumptions and parameter
values. All authors contributed to the graphics and writing of the manuscript.

REFERENCES
1. Høiby N, Ciofu O, Johansen HK, Song ZJ, Moser C, Jensen PØ, Molin S,

Givskov M, Tolker-Nielsen T, Bjarnsholt T. 2011. The clinical impact of bac-
terial biofilms. Int J Oral Sci 3:55–65. https://doi.org/10.4248/IJOS11026.

2. Ramsey KA, Ranganathan S, Park J, Skoric B, Adams AM, Simpson SJ,
Robins-Browne RM, Franklin PJ, De Klerk NH, Sly PD, Stick SM, Hall GL.
2014. Early respiratory infection is associated with reduced spirometry in
children with cystic fibrosis. Am J Respir Crit Care Med 190:1111–1116.
https://doi.org/10.1164/rccm.201407-1277OC.

3. Rosenfeld M, Gibson RL, McNamara S, Emerson J, Burns JL, Castile R, Hiatt
P, McCoy K, Wilson CB, Inglis A, Smith A, Martin TR, Ramsey BW. 2001.
Early pulmonary infection, inflammation, and clinical outcomes in infants
with cystic fibrosis. Pediatr Pulmonol 32:356–366. https://doi.org/10
.1002/ppul.1144.

4. Nixon GM, Armstrong DS, Carzino R, Carlin JB, Olinsky A, Robertson CF,
Grimwood K. 2001. Clinical outcome after early Pseudomonas aeruginosa
infection in cystic fibrosis. J Pediatr 138:699–704. https://doi.org/10.1067/
mpd.2001.112897.

5. Emerson J, Rosenfeld M, McNamara S, Ramsey B, Gibson RL. 2002. Pseu-
domonas aeruginosa and other predictors of mortality and morbidity in
young children with cystic fibrosis. Pediatr Pulmonol 34:91–100. https://
doi.org/10.1002/ppul.10127.

6. FitzSimmons SC. 1994. The changing epidemiology of cystic fibrosis. Curr
Probl Pediatr 24:171–179. https://doi.org/10.1016/0045-9380(94)90034-5.

7. Burgener EB, Sweere JM, Bach MS, Secor PR, Haddock N, Jennings LK,
Marvig RL, Johansen HK, Rossi E, Cao X, Tian L, Nedelec L, Molin S, Bollyky
PL, Milla CE. 2019. Filamentous bacteriophages are associated with
chronic Pseudomonas lung infections and antibiotic resistance in cystic fi-
brosis. Sci Transl Med 11:eaau9748. https://doi.org/10.1126/scitranslmed
.aau9748.

8. Cystic Fibrosis Foundation. 2019. Cystic Fibrosis Foundation patient regis-
try annual data report. Cystic Fibrosis Foundation, Bethesda, MD.

9. Zhao G, Hochwalt PC, Usui ML, Underwood RA, Singh PK, James GA,
Stewart PS, Fleckman P, Olerud JE. 2010. Delayed wound healing in dia-
betic (db/db) mice with Pseudomonas aeruginosa biofilm challenge: a
model for the study of chronic wounds. Wound Repair Regen 18:467–477.
https://doi.org/10.1111/j.1524-475X.2010.00608.x.

10. Ramsey BW, Pepe MS, Quan JM, Otto KL, Montgomery AB, Williams-
Warren J, Vasiljev-K M, Borowitz D, Bowman CM, Marshall BC, Marshall S,
Smith AL, Cystic Fibrosis Inhaled Tobramycin Study Group. 1999. Intermit-
tent administration of inhaled tobramycin in patients with cystic fibrosis.
N Engl J Med 340:23–30. https://doi.org/10.1056/NEJM199901073400104.

11. Blanchard AC, Horton E, Stanojevic S, Taylor L, Waters V, Ratjen F. 2017.
Effectiveness of a stepwise Pseudomonas aeruginosa eradication proto-
col in children with cystic fibrosis. J Cyst Fibros 16:395–400. https://doi
.org/10.1016/j.jcf.2017.01.007.

12. Bjarnsholt T. 2013. The role of bacterial biofilms in chronic infections.
APMIS Suppl 121:1–51. https://doi.org/10.1111/apm.12099.

13. Høiby N, Bjarnsholt T, Givskov M, Molin S, Ciofu O. 2010. Antibiotic resist-
ance of bacterial biofilms. Int J Antimicrob Agents 35:322–332. https://doi
.org/10.1016/j.ijantimicag.2009.12.011.

14. Chiang WC, Nilsson M, Jensen PØ, Høiby N, Nielsen TE, Givskov M, Tolker-
Nielsen T. 2013. Extracellular DNA shields against aminoglycosides in Pseudo-
monas aeruginosa biofilms. Antimicrob Agents Chemother 57:2352–2361.
https://doi.org/10.1128/AAC.00001-13.

15. Ishida H, Ishida Y, Kurosaka Y, Otani T, Sato K, Kobayashi H. 1998. In vitro
and in vivo activities of levofloxacin against biofilm-producing Pseudo-
monas aeruginosa. Antimicrob Agents Chemother 42:1641–1645. https://
doi.org/10.1128/AAC.42.7.1641.

16. Høiby N, Krogh Johansen H, Moser C, Song Z, Ciofu O, Kharazmi A. 2001. Pseu-
domonas aeruginosa and the in vitro and in vivo biofilm mode of growth.
Microbes Infect 3:23235. https://doi.org/10.1016/s1286-4579(00)01349-6.

17. Meers P, Neville M, Malinin V, Scotto AW, Sardaryan G, Kurumunda R,
Mackinson C, James G, Fisher S, Perkins WR. 2008. Biofilm penetration,
triggered release and in vivo activity of inhaled liposomal amikacin in
chronic Pseudomonas aeruginosa lung infections. J Antimicrob Chemo-
ther 61:859–868. https://doi.org/10.1093/jac/dkn059.

18. Secor PR, Michaels LA, Smigiel KS, Rohani MG, Jennings LK, Hisert KB,
Arrigoni A, Braun KR, Birkland TP, Lai Y, Hallstrand TS, Bollyky PL, Singh
PK, Parks WC. 2017. Filamentous bacteriophage produced by Pseudomo-
nas aeruginosa alters the inflammatory response and promotes noninva-
sive infection in vivo. Infect Immun 85:e00648-16. https://doi.org/10
.1128/IAI.00648-16.

19. Secor PR, Burgener EB, Kinnersley M, Jennings LK, Roman-Cruz V,
Popescu M, Van Belleghem JD, Haddock N, Copeland C, Michaels LA, de
Vries CR, Chen Q, Pourtois J, Wheeler TJ, Milla CE, Bollyky PL. 2020. Pf bac-
teriophage and their impact on Pseudomonas virulence, mammalian im-
munity, and chronic infections. Front Immunol 11:244. https://doi.org/10
.3389/fimmu.2020.00244.

20. Rakonjac J, Bennett NJ, Spagnuolo J, Gagic D, Russel M. 2011. Filamentous
bacteriophage: biology, phage display and nanotechnology applications.
Curr Issues Mol Biol 13:51276.

Pourtois et al.

May/June 2021 Volume 6 Issue 3 e00193-21 msystems.asm.org 14

https://github.com/jpourtois/phage-antibiotics
https://doi.org/10.4248/IJOS11026
https://doi.org/10.1164/rccm.201407-1277OC
https://doi.org/10.1002/ppul.1144
https://doi.org/10.1002/ppul.1144
https://doi.org/10.1067/mpd.2001.112897
https://doi.org/10.1067/mpd.2001.112897
https://doi.org/10.1002/ppul.10127
https://doi.org/10.1002/ppul.10127
https://doi.org/10.1016/0045-9380(94)90034-5
https://doi.org/10.1126/scitranslmed.aau9748
https://doi.org/10.1126/scitranslmed.aau9748
https://doi.org/10.1111/j.1524-475X.2010.00608.x
https://doi.org/10.1056/NEJM199901073400104
https://doi.org/10.1016/j.jcf.2017.01.007
https://doi.org/10.1016/j.jcf.2017.01.007
https://doi.org/10.1111/apm.12099
https://doi.org/10.1016/j.ijantimicag.2009.12.011
https://doi.org/10.1016/j.ijantimicag.2009.12.011
https://doi.org/10.1128/AAC.00001-13
https://doi.org/10.1128/AAC.42.7.1641
https://doi.org/10.1128/AAC.42.7.1641
https://doi.org/10.1016/s1286-4579(00)01349-6
https://doi.org/10.1093/jac/dkn059
https://doi.org/10.1128/IAI.00648-16
https://doi.org/10.1128/IAI.00648-16
https://doi.org/10.3389/fimmu.2020.00244
https://doi.org/10.3389/fimmu.2020.00244
https://msystems.asm.org


21. Rice SA, Tan CH, Mikkelsen PJ, Kung V, Woo J, Tay M, Hauser A,
McDougald D, Webb JS, Kjelleberg S. 2009. The biofilm life cycle and viru-
lence of Pseudomonas aeruginosa are dependent on a filamentous pro-
phage. ISME J 3:271–282. https://doi.org/10.1038/ismej.2008.109.

22. Roux S, Krupovic M, Daly RA, Borges AL, Nayfach S, Schulz F, Sharrar A,
Matheus Carnevali PB, Cheng JF, Ivanova NN, Bondy-Denomy J, Wrighton
KC, Woyke T, Visel A, Kyrpides NC, Eloe-Fadrosh EA. 2019. Cryptic inovi-
ruses revealed as pervasive in bacteria and archaea across Earth’s biomes.
Nat Microbiol 4:1895–1906. https://doi.org/10.1038/s41564-019-0510-x.

23. Knezevic P, Voet M, Lavigne R. 2015. Prevalence of Pf1-like (pro)phage
genetic elements among Pseudomonas aeruginosa isolates. Virology
483:64–71. https://doi.org/10.1016/j.virol.2015.04.008.

24. Sweere JM, Van Belleghem JD, Ishak H, Bach MS, Popescu M, Sunkari V,
Kaber G, Manasherob R, Suh GA, Cao X, De Vries CR, Lam DN, Marshall PL,
Birukova M, Katznelson E, Lazzareschi DV, Balaji S, Keswani SG, Hawn TR,
Secor PR, Bollyky PL. 2019. Bacteriophage trigger antiviral immunity and
prevent clearance of bacterial infection. Science 363:eaat9691. https://doi
.org/10.1126/science.aat9691.

25. Burgener EB, Yacob AA, Bollyky P, Milla CE. 2017. Pf bacteriophage (Pf) in
Pseudomonas aeruginosa (Pa) biofilms is associated with increased elas-
tase in the sputum of patients with cystic fibrosis (CF). J Cyst Fibros 16:
S90. https://doi.org/10.1016/S1569-1993(17)30463-0.

26. Secor PR, Sweere JM, Michaels LA, Malkovskiy AV, Lazzareschi D,
Katznelson E, Rajadas J, Birnbaum ME, Arrigoni A, Braun KR, Evanko SP,
Stevens DA, Kaminsky W, Singh PK, Parks WC, Bollyky PL. 2015. Filamen-
tous bacteriophage promote biofilm assembly and function. Cell Host
Microbe 18:549–559. https://doi.org/10.1016/j.chom.2015.10.013.

27. Penner JC, Ferreira JAG, Secor PR, Sweere JM, Birukova MK, Joubert LM,
Haagensen JAJ, Garcia O, Malkovskiy AV, Kaber G, Nazik H, Manasherob R,
Spormann AM, Clemons KV, Stevens DA, Bollyky PL. 2016. Pf4 bacterio-
phage produced by Pseudomonas aeruginosa inhibits Aspergillus fumi-
gatus metabolism via iron sequestration. Microbiology (Reading)
162:1583–1594. https://doi.org/10.1099/mic.0.000344.

28. Secor PR, Jennings LK, Michaels LA, Sweere JM, Singh PK, Parks WC,
Bollyky PL. 2016. Biofilm assembly becomes crystal clear – filamentous
bacteriophage organize the Pseudomonas aeruginosa biofilm matrix into
a liquid crystal. Microb Cell 3:49–52. https://doi.org/10.15698/mic2016.01
.475.

29. Tarafder AK, von Kügelgen A, Mellul AJ, Schulze U, Aarts DGAL, Bharat
TAM. 2020. Phage liquid crystalline droplets form occlusive sheaths that
encapsulate and protect infectious rod-shaped bacteria. Proc Natl Acad
Sci U S A 117:4724–4731. https://doi.org/10.1073/pnas.1917726117.

30. Dogic Z, Fraden S. 2006. Ordered phases of filamentous viruses. Curr Opin
Colloid Interface Sci 11:47–55. https://doi.org/10.1016/j.cocis.2005.10
.004.

31. Fiel SB. 2014. Aerosolized antibiotics in cystic fibrosis: an update. Expert Rev
Respir Med 8:3052314. https://doi.org/10.1586/17476348.2014.896205.

32. Bach MS, de Vries CR, Sweere JM, Popescu M, Van Belleghem JD, Kaber G,
Burgener EB, Liu D, Tran Q-L, Dharmaraj T, Birukova M, Sunkari V, Balaji S,
Keswani S, Banaei N, Khona DK, Nedelec L, Sen CK, Chandra V, Secor PR,
Suh GA, Bollyky PL. 2020. Filamentous bacteriophage delay healing of
Pseudomonas-infected wounds. bioRxiv https://doi.org/10.1101/2020.03
.10.985663.

33. Whiteley M, Bangera MG, Bumgarner RE, Parsek MR, Teitzel GM, Lory S,
Greenberg EP. 2001. Gene expression in Pseudomonas aeruginosa bio-
films. Nature 413:860–864. https://doi.org/10.1038/35101627.

34. Webb JS, Lau M, Kjelleberg S. 2004. Bacteriophage and phenotypic varia-
tion in Pseudomonas aeruginosa biofilm development. J Bacteriol
186:8066–8073. https://doi.org/10.1128/JB.186.23.8066-8073.2004.

35. Cornforth DM, Diggle FL, Melvin JA, Bomberger JM, Whiteley M. 2020.
Quantitative framework for model evaluation in microbiology research
using Pseudomonas aeruginosa and cystic fibrosis infection as a test
case. mBio 11:e03042-19. https://doi.org/10.1128/mBio.03042-19.

36. Volkova VV, Lu Z, Besser T, Gröhn YT. 2014. Modeling the infection dy-
namics of bacteriophages in enteric Escherichia coli: estimating the con-
tribution of transduction to antimicrobial gene spread. Appl Environ
Microbiol 80:4350–4362. https://doi.org/10.1128/AEM.00446-14.

37. Vidurupola SW. 2018. Analysis of deterministic and stochastic mathematical
models with resistant bacteria and bacteria debris for bacteriophage dy-
namics. Appl Math Comput 316:215–228. https://doi.org/10.1016/j.amc
.2017.08.022.

38. Clifton SM, Kim T, Chandrashekhar JH, O’Toole GA, Rapti Z, Whitaker RJ.
2019. Lying in wait: modeling the control of bacterial infections via

antibiotic-induced proviruses. mSystems 4:e00221-19. https://doi.org/10
.1128/mSystems.00221-19.

39. Cairns BJ, Timms AR, Jansen VAA, Connerton IF, Payne RJH. 2009. Quanti-
tative models of in vitro bacteriophage–host dynamics and their applica-
tion to phage therapy. PLoS Pathog 5:e1000253. https://doi.org/10.1371/
journal.ppat.1000253.

40. Rodriguez-Gonzalez RA, Leung CY, Chan BK, Turner PE, Weitz JS. 2020.
Quantitative models of phage-antibiotic combination therapy. mSystems
5:e00756-19. https://doi.org/10.1128/mSystems.00756-19.

41. Conrad D, Haynes M, Salamon P, Rainey PB, Youle M, Rohwer F. 2013.
Cystic fibrosis therapy: a community ecology perspective. Am J Respir
Cell Mol Biol 48:150–156. https://doi.org/10.1165/rcmb.2012-0059PS.

42. Kiedrowski MR, Bomberger JM. 2018. Viral-bacterial co-infections in the
cystic fibrosis respiratory tract. Front Immunol 9:3067. https://doi.org/10
.3389/fimmu.2018.03067.

43. Mai-Prochnow A, Hui JGK, Kjelleberg S, Rakonjac J, McDougald D, Rice SA.
2015. Big things in small packages: the genetics of filamentous phage
and effects on fitness of their host. FEMS Microbiol Rev 39:465–487.
https://doi.org/10.1093/femsre/fuu007.

44. Levin BR, Udekwu KI. 2010. Population dynamics of antibiotic treatment:
a mathematical model and hypotheses for time-kill and continuous-cul-
ture experiments. Antimicrob Agents Chemother 54:3414–3426. https://
doi.org/10.1128/AAC.00381-10.

45. Mogayzel PJ, Naureckas ET, Robinson KA, Mueller G, Hadjiliadis D, Hoag
JB, Lubsch L, Hazle L, Sabadosa K, Marshall B, the Pulmonary Clinical Prac-
tice Guidelines Committee. 2013. Cystic fibrosis pulmonary guidelines:
chronic medications for maintenance of lung health. Am J Respir Crit
Care Med 187:680–689. https://doi.org/10.1164/rccm.201207-1160OE.

46. Moskowitz SM, Silva SJ, Mayer-Hamblett N, Pasta DJ, Mink DR, Mabie JA,
Konstan MW, Wagener JS. 2008. Shifting patterns of inhaled antibiotic
use in cystic fibrosis. Pediatr Pulmonol 43:874–881. https://doi.org/10
.1002/ppul.20873.

47. Castellani C, Duff AJA, Bell SC, Heijerman HGM, Munck A, Ratjen F, Sermet-
Gaudelus I, Southern KW, Barben J, Flume PA, Hodková P, Kashirskaya N,
Kirszenbaum MN, Madge S, Oxley H, Plant B, Schwarzenberg SJ, Smyth AR,
Taccetti G, Wagner TOF, Wolfe SP, Drevinek P. 2018. ECFS best practice
guidelines: the 2018 revision. J Cyst Fibros 17:1532178. https://doi.org/10
.1016/j.jcf.2018.02.006.

48. Raina JB, Tapiolas D, Motti CA, Foret S, Seemann T, Tebben J, Willis BL,
Bourne DG. 2016. Isolation of an antimicrobial compound produced by
bacteria associated with reef-building corals. PeerJ 4:e2275. https://doi
.org/10.7717/peerj.2275.

49. Mauritzen JJ, Castillo D, Tan D, Lo Svenningsen S, Middelboe M. 2020.
Beyond cholera: characterization of zot-encoding filamentous phages in
the marine fish pathogen Vibrio anguillarum. Viruses 12:730. https://doi
.org/10.3390/v12070730.

50. Weynberg KD, Voolstra CR, Neave MJ, Buerger P, Van Oppen MJH. 2015.
From cholera to corals: viruses as drivers of virulence in a major coral bac-
terial pathogen. Sci Rep 5:17889. https://doi.org/10.1038/srep17889.

51. Shapiro JW, Putonti C. 2020. UPU phages, a new group of filamentous
phages found in several members of Enterobacteriales. Virus Evol 6:
veaa030. https://doi.org/10.1093/ve/veaa030.

52. Kawai M, Uchiyama I, Kobayashi I. 2005. Genome comparison in silico in
Neisseria suggests integration of filamentous bacteriophages by their
own transposase. DNA Res 12:389–401. https://doi.org/10.1093/dnares/
dsi021.

53. Meyer J, Brissac T, Frapy E, Omer H, Euphrasie D, Bonavita A, Nassif X, Bille
E. 2016. Characterization of MDAФ, a temperate filamentous bacterio-
phage of Neisseria meningitidis. Microbiology (Reading) 162:268–282.
https://doi.org/10.1099/mic.0.000215.

54. Gause GF. 1971. The struggle for existence: a classic of mathematical biol-
ogy and ecology. Dover Publications, Mineola, NY.

55. Geller DE, Rosenfeld M, Waltz DA, Wilmott RW. 2003. Efficiency of pulmo-
nary administration of tobramycin solution for inhalation in cystic fibrosis
using an improved drug delivery system. Chest 123:28–36. https://doi
.org/10.1378/chest.123.1.28.

56. Ruddy J, Emerson J, Moss R, Genatossio A, McNamara S, Burns JL,
Anderson G, Rosenfeld M. 2013. Sputum tobramycin concentrations in
cystic fibrosis patients with repeated administration of inhaled tobramy-
cin. J Aerosol Med Pulm Drug Deliv 26:69–75. https://doi.org/10.1089/
jamp.2011.0942.

57. Darquenne C. 2012. Aerosol deposition in health and disease. J Aerosol
Med Pulm Drug Deliv 25:1402147. https://doi.org/10.1089/jamp.2011
.0916.

Filamentous Phages and Antibiotic Treatment of Pa

May/June 2021 Volume 6 Issue 3 e00193-21 msystems.asm.org 15

https://doi.org/10.1038/ismej.2008.109
https://doi.org/10.1038/s41564-019-0510-x
https://doi.org/10.1016/j.virol.2015.04.008
https://doi.org/10.1126/science.aat9691
https://doi.org/10.1126/science.aat9691
https://doi.org/10.1016/S1569-1993(17)30463-0
https://doi.org/10.1016/j.chom.2015.10.013
https://doi.org/10.1099/mic.0.000344
https://doi.org/10.15698/mic2016.01.475
https://doi.org/10.15698/mic2016.01.475
https://doi.org/10.1073/pnas.1917726117
https://doi.org/10.1016/j.cocis.2005.10.004
https://doi.org/10.1016/j.cocis.2005.10.004
https://doi.org/10.1586/17476348.2014.896205
https://doi.org/10.1101/2020.03.10.985663
https://doi.org/10.1101/2020.03.10.985663
https://doi.org/10.1038/35101627
https://doi.org/10.1128/JB.186.23.8066-8073.2004
https://doi.org/10.1128/mBio.03042-19
https://doi.org/10.1128/AEM.00446-14
https://doi.org/10.1016/j.amc.2017.08.022
https://doi.org/10.1016/j.amc.2017.08.022
https://doi.org/10.1128/mSystems.00221-19
https://doi.org/10.1128/mSystems.00221-19
https://doi.org/10.1371/journal.ppat.1000253
https://doi.org/10.1371/journal.ppat.1000253
https://doi.org/10.1128/mSystems.00756-19
https://doi.org/10.1165/rcmb.2012-0059PS
https://doi.org/10.3389/fimmu.2018.03067
https://doi.org/10.3389/fimmu.2018.03067
https://doi.org/10.1093/femsre/fuu007
https://doi.org/10.1128/AAC.00381-10
https://doi.org/10.1128/AAC.00381-10
https://doi.org/10.1164/rccm.201207-1160OE
https://doi.org/10.1002/ppul.20873
https://doi.org/10.1002/ppul.20873
https://doi.org/10.1016/j.jcf.2018.02.006
https://doi.org/10.1016/j.jcf.2018.02.006
https://doi.org/10.7717/peerj.2275
https://doi.org/10.7717/peerj.2275
https://doi.org/10.3390/v12070730
https://doi.org/10.3390/v12070730
https://doi.org/10.1038/srep17889
https://doi.org/10.1093/ve/veaa030
https://doi.org/10.1093/dnares/dsi021
https://doi.org/10.1093/dnares/dsi021
https://doi.org/10.1099/mic.0.000215
https://doi.org/10.1378/chest.123.1.28
https://doi.org/10.1378/chest.123.1.28
https://doi.org/10.1089/jamp.2011.0942
https://doi.org/10.1089/jamp.2011.0942
https://doi.org/10.1089/jamp.2011.0916
https://doi.org/10.1089/jamp.2011.0916
https://msystems.asm.org


58. Wang YB, Watts AB, Peters JI, Williams RO. 2014. The impact of pulmonary
diseases on the fate of inhaled medicines 2 a review. Int J Pharm
461:1122128. https://doi.org/10.1016/j.ijpharm.2013.11.042.

59. Bos AC, Van Holsbeke C, De Backer JW, Van Westreenen M, Janssens HM,
Vos WG, Tiddens HAWM. 2015. Patient-specific modeling of regional anti-
biotic concentration levels in airways of patients with cystic fibrosis: are
we dosing high enough? PLoS One 10:e0118454. https://doi.org/10.1371/
journal.pone.0118454.

60. Tseng BS, Zhang W, Harrison JJ, Quach TP, Song JL, Penterman J, Singh
PK, Chopp DL, Packman AI, Parsek MR. 2013. The extracellular matrix pro-
tects Pseudomonas aeruginosa biofilms by limiting the penetration of
tobramycin. Environ Microbiol 15:2865–2878. https://doi.org/10.1111/
1462-2920.12155.

61. García-Bayona L, Comstock LE. 2018. Bacterial antagonism in host-associ-
ated microbial communities. Science 361:eaat2456. https://doi.org/10
.1126/science.aat2456.

62. Choua M, Bonachela JA. 2019. Ecological and evolutionary consequences
of viral plasticity. Am Nat 193:346–358. https://doi.org/10.1086/701668.

63. Peleg M, Corradini MG, Normand MD. 2007. The logistic (Verhulst) model
for sigmoid microbial growth curves revisited. Food Res Int 40:808–818.
https://doi.org/10.1016/j.foodres.2007.01.012.

64. Koskella B, Meaden S. 2013. Understanding bacteriophage specificity in
natural microbial communities. Viruses 5:806–823. https://doi.org/10
.3390/v5030806.

65. Flores CO, Meyer JR, Valverde S, Farr L, Weitz JS. 2011. Statistical structure
of host-phage interactions. Proc Natl Acad Sci U S A 108:E288–E297.
https://doi.org/10.1073/pnas.1101595108.

66. Gu X, Sun Y, Tu K, Dong Q, Pan L. 2016. Predicting the growth situation of
Pseudomonas aeruginosa on agar plates and meat stuffs using gas sen-
sors. Sci Rep 6:38721. https://doi.org/10.1038/srep38721.

67. Fujikawa H, Kai A, Morozumi S. 2003. A new logistic model for bacterial
growth. J Food Hyg Soc Jpn 44:155–160. https://doi.org/10.3358/shokueishi
.44.155.

68. Ternent L, Dyson RJ, Krachler AM, Jabbari S. 2015. Bacterial fitness shapes
the population dynamics of antibiotic-resistant and -susceptible bacteria
in a model of combined antibiotic and anti-virulence treatment. J Theor
Biol 372:1–11. https://doi.org/10.1016/j.jtbi.2015.02.011.

69. Regoes RR, Wiuff C, Zappala RM, Garner KN, Baquero F, Levin BR. 2004. Phar-
macodynamic functions: a multiparameter approach to the design of antibi-
otic treatment regimens. Antimicrob Agents Chemother 48:3670–3676.
https://doi.org/10.1128/AAC.48.10.3670-3676.2004.

70. Hulme EC, Trevethick MA. 2010. Ligand binding assays at equilibrium: val-
idation and interpretation. Br J Pharmacol 161:121921237. https://doi
.org/10.1111/j.1476-5381.2009.00604.x.

71. Rees VE, Bulitta JB, Oliver A, Nation RL, Landersdorfer CB. 2019. Evalua-
tion of tobramycin and ciprofloxacin as a synergistic combination
against hypermutable Pseudomonas aeruginosa strains via mechanism-

based modelling. Pharmaceutics 11:470. https://doi.org/10.3390/
pharmaceutics11090470.

72. Fosso MY, Zhu H, Green KD, Garneau-Tsodikova S, Fredrick K. 2015. Tobra-
mycin variants with enhanced ribosome-targeting activity. ChemBio-
Chem 16:1565–1570. https://doi.org/10.1002/cbic.201500256.

73. Yang L, Haagensen JAJ, Jelsbak L, Johansen HK, Sternberg C, Høiby N,
Molin S. 2008. In situ growth rates and biofilm development of Pseudo-
monas aeruginosa populations in chronic lung infections. J Bacteriol
190:2767–2776. https://doi.org/10.1128/JB.01581-07.

74. Kuo TT, Tan MS, Su MT, Yang MK. 1991. Complete nucleotide sequence of
filamentous phage Cf1c from Xanthomonas campestris pv. citri. Nucleic
Acids Res 19:2498. https://doi.org/10.1093/nar/19.9.2498.

75. Jian H, Xiong L, Xu G, Xiao X. 2016. Filamentous phage SW1 is active and
influences the transcriptome of the host at high-pressure and low-tem-
perature. Environ Microbiol Rep 8:358–362. https://doi.org/10.1111/1758
-2229.12388.

76. Stressmann FA, Rogers GB, Marsh P, Lilley AK, Daniels TWV, Carroll MP,
Hoffman LR, Jones G, Allen CE, Patel N, Forbes B, Tuck A, Bruce KD. 2011.
Does bacterial density in cystic fibrosis sputum increase prior to pulmo-
nary exacerbation? J Cyst Fibros 10:357–365. https://doi.org/10.1016/j.jcf
.2011.05.002.

77. Yadav R, Rogers KE, Bergen PJ, Bulitta JB, Kirkpatrick CMJ, Wallis SC,
Paterson DL, Nation RL, Lipman J, Roberts JA, Landersdorfer B. 2018. Opti-
mization and evaluation of piperacillin-tobramycin combination dosage
regimens against Pseudomonas aeruginosa for patients with altered
pharmacokinetics via the hollow-fiber infection model and mechanism-
based modeling. Antimicrob Agents Chemother 62:e00078-18. https://
doi.org/10.1128/AAC.00078-18.

78. Evans DJ, Brown MRW, Allison DG, Gilbert P. 1990. Susceptibility of bacte-
rial biofilms to tobramycin: role of specific growth rate and phase in the
division cycle. J Antimicrob Chemother 25:585–591. https://doi.org/10
.1093/jac/25.4.585.

79. Eng RHK, Padberg FT, Smith SM, Tan EN, Cherubin CE. 1991. Bactericidal
effects of antibiotics on slowly growing and nongrowing bacteria. Antimi-
crob Agents Chemother 35:1824–1828. https://doi.org/10.1128/aac.35.9
.1824.

80. Udekwu KI, Parrish N, Ankomah P, Baquero F, Levin BR. 2009. Functional
relationship between bacterial cell density and the efficacy of antibiotics.
J Antimicrob Chemother 63:745–757. https://doi.org/10.1093/jac/dkn554.

81. Mukhopadhyay S, Staddon GE, Eastman C, Palmer M, Davies ER, Carswell
F. 1994. The quantitative distribution of nebulized antibiotic in the lung
in cystic fibrosis. Respir Med 88:203–211. https://doi.org/10.1016/s0954
-6111(05)80348-8.

82. Heldal M, Bratbak G. 1991. Production and decay of viruses in aquatic
environments. Mar Ecol Prog Ser 72:205–212. https://doi.org/10.3354/
meps072205.

Pourtois et al.

May/June 2021 Volume 6 Issue 3 e00193-21 msystems.asm.org 16

https://doi.org/10.1016/j.ijpharm.2013.11.042
https://doi.org/10.1371/journal.pone.0118454
https://doi.org/10.1371/journal.pone.0118454
https://doi.org/10.1111/1462-2920.12155
https://doi.org/10.1111/1462-2920.12155
https://doi.org/10.1126/science.aat2456
https://doi.org/10.1126/science.aat2456
https://doi.org/10.1086/701668
https://doi.org/10.1016/j.foodres.2007.01.012
https://doi.org/10.3390/v5030806
https://doi.org/10.3390/v5030806
https://doi.org/10.1073/pnas.1101595108
https://doi.org/10.1038/srep38721
https://doi.org/10.3358/shokueishi.44.155
https://doi.org/10.3358/shokueishi.44.155
https://doi.org/10.1016/j.jtbi.2015.02.011
https://doi.org/10.1128/AAC.48.10.3670-3676.2004
https://doi.org/10.1111/j.1476-5381.2009.00604.x
https://doi.org/10.1111/j.1476-5381.2009.00604.x
https://doi.org/10.3390/pharmaceutics11090470
https://doi.org/10.3390/pharmaceutics11090470
https://doi.org/10.1002/cbic.201500256
https://doi.org/10.1128/JB.01581-07
https://doi.org/10.1093/nar/19.9.2498
https://doi.org/10.1111/1758-2229.12388
https://doi.org/10.1111/1758-2229.12388
https://doi.org/10.1016/j.jcf.2011.05.002
https://doi.org/10.1016/j.jcf.2011.05.002
https://doi.org/10.1128/AAC.00078-18
https://doi.org/10.1128/AAC.00078-18
https://doi.org/10.1093/jac/25.4.585
https://doi.org/10.1093/jac/25.4.585
https://doi.org/10.1128/aac.35.9.1824
https://doi.org/10.1128/aac.35.9.1824
https://doi.org/10.1093/jac/dkn554
https://doi.org/10.1016/s0954-6111(05)80348-8
https://doi.org/10.1016/s0954-6111(05)80348-8
https://doi.org/10.3354/meps072205
https://doi.org/10.3354/meps072205
https://msystems.asm.org

	RESULTS
	Fitness of Pf+ and Pf− strains in the absence of antibiotic treatment.
	Antibiotic treatment under direct competition between Pf+ and Pf− strains.
	Antibiotic treatment of nonoverlapping infection sites (indirect competition).

	DISCUSSION
	Conclusion.

	MATERIALS AND METHODS
	General framework.
	Model description.
	Parametrization.
	Analysis.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

