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Abstract

The mutability of bacteriophages offers a particular advantage in the treatment of bacterial infections not afforded by other

antimicrobial therapies. When phage-resistant bacteria emerge, mutation may generate phage capable of exploiting and thus limiting

population expansion among these emergent types. However, while mutation potentially generates beneficial variants, it also contributes

to a genetic load of deleterious mutations. Here, we model the influence of varying phage mutation rate on the efficacy of phage therapy.

All else being equal, phage types with historical mutation rates of approximately 0.1 deleterious mutations per genome per generation

offer a reasonable balance between beneficial mutational diversity and deleterious mutational load. We determine that increasing phage

inoculum density can undesirably increase the peak density of a mutant bacterial class by limiting the in situ production of mutant phage

variants. For phage populations with minimal genetic load, engineering mutation rate increases beyond the mutation–selection balance

optimum may provide even greater protection against emergent bacterial types, but only with very weak selective coefficients for de novo

deleterious mutations (below �0.01). Increases to the mutation rate beyond the optimal value at mutation–selection balance may

therefore prove generally undesirable.

r 2007 Elsevier Ltd. All rights reserved.

Keywords: Phage therapy; Mutation rate; Mutational load; Bacteriophage; Host range
1. Introduction

Phage therapy—the therapeutic application of bacterio-
phage to control bacterial infections—has recently sparked
interest as a potential alternative or complement to more
traditional antibiotic therapy. Phage therapy dates back to
1919, when d’Herelle (1926) first treated an outbreak of
avian typhosis among farmed chickens. However, the
approach was largely abandoned by Western science
following the advent of clinical antibiotic treatment
(Ho, 2001; Summers, 2001). The subsequent emergence of
multi-drug resistant bacterial infections has provoked a
resurgence in phage therapy (Thacker, 2003), with recent
literature reviewing historical research (Alisky et al., 1998;
Carlton, 1999; Chanishvili et al., 2001; Duckworth and
Gulig, 2002; Ho, 2001; Sulakvelidze and Morris, 2001;
Summers, 2001) and providing new theoretical and
experimental results (Bull et al., 2002; Danelishvili et al.,
e front matter r 2007 Elsevier Ltd. All rights reserved.
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2006; Kasman et al., 2002; Levin and Bull, 1996; Matsuda
et al., 2005; Merril et al., 1996; Payne and Jansen, 2001;
Payne et al., 2000; Smith et al., 1987; Wagenaar et al., 2005;
Watanabe et al., 2007; Weld et al., 2004; Xie et al., 2005).
Though phage and antibiotic therapy share the common

objective of rapidly eradicating infective bacteria, several
features distinguish these approaches. Phages are replicat-
ing biological entities capable of exponential population
growth, whereas antibiotics cannot replicate in vivo.
Phages also tend to infect a relatively limited range of
bacterial hosts, unlike the broader killing spectrum
obtained with most antibiotics. These and other attributes
yield potential advantages and disadvantages to treatments
employing phage or antibiotics. For example, the narrow
killing spectrum afforded by phage permits selective
elimination of infective bacteria without disrupting the
remainder of the natural gut flora. However, the restrictive
host range of many phages requires identification of the
infectious bacterium and an appropriate phage—a poten-
tially time-consuming process. Phage and antibiotics may
thus function best as complementary, or even combined
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treatment options, rather than absolute alternatives
(Schoolnik et al., 2004).

Phage mutation provides another potential advantage
not afforded by antibiotics. Actively replicating phage
give rise to mutants that may successfully eliminate
emergent bacterial types resistant to the phage population
initially administered. Experimental manipulation of
phage polymerases and accessory proteins even permits
direct modification of phage mutation rates (Bebenek
et al., 2002; Dressman et al., 1997; Kroutil et al., 1998;
Kunkel et al., 1994). Antibiotics, on the other hand, are
static molecules incapable of selectively responding to
resistant bacteria in vivo. Levin and Bull (2004) highlighted
the potential advantage of phage mutations to phage
therapy, offering a simulation of how mutant phage
might limit resistant bacteria. However, no study to date
has thoroughly explored the impact of various phage
mutation rates on the efficacy of therapeutic phage
treatment.

The variation afforded to populations through muta-
tions acts as a double-edged sword. On the one hand,
mutations provide the raw material (variation) for adapta-
tion to changing conditions. For phage populations, host
range mutations can provide the opportunity to exploit
otherwise resistant bacterial hosts. On the other hand, most
mutations of meaningful effect are deleterious and there-
fore depress the mean fitness of a population by increasing
mutational load (Haldane, 1937). Any particular mutation
rate thus strikes a balance between the advantages of
evolutionary flexibility and the costs of deleterious muta-
tional load (Haldane, 1937; Wright, 1932).

Here, we examine quantitatively the influence of phage
mutation rate in the context of phage therapy. We present
a mathematical model that accounts for the emergence of
bacteria resistant to the inoculated phage population, as
well as mutant phage capable of exploiting this emergent
bacterial type. Our results point to particular phage
mutation rate values that maximize the therapeutic effect
of potential host range mutations within the phage
population, while minimizing the deleterious consequences
of mutational load.

2. Theory and methods

2.1. General model and assumptions

Our model of bacteria and bacteriophage dynamics
extends previous phage therapy models to include bacterial
mutations in phage susceptibility and phage mutations in
host range. We modify population dynamic equations from
Levin and Bull (1996) by ignoring the effects of immune
response and antibiotics. We assume free mixing of
bacteria and phage with density-independent bacterial
growth and no passive mortality (although we shall later
relax this assumption). We fix phage burst size (b) at 100,
adsorption rate (d) at 2� 10�9ml h�1, and bacterial growth
rate (c) at 1 h�1. These parameter values roughly agree
with those employed in other phage therapy models (Levin
and Bull, 1996; Payne and Jansen, 2001; Weld et al., 2004).
Mean phage fitness, w̄i, exercises its effect directly on phage
reproduction, and a phage population free of deleterious
mutations has a fitness of unity on its appropriate bacterial
host. In order to focus directly on mutational effects, we
ignore latent period (the time lag between phage adsorp-
tion and release of phage progeny) and keep model
parameters constant across mutational classes and condi-
tions (but see Weld et al., 2004).
An initial bacterial population (B0) and phage popula-

tion (P0) give rise to the emergent classes B1 and P1 via
mutation. We represent the densities of bacterial class Bi

and phage class Pi at time t as the italicized terms Bi and Pi,
respectively, with initial densities Bi(0) and Pi(0). Bacteria
mutate between classes at rate mB, and we take no specific
account of their mutational load. We set a phage genomic
deleterious mutation rate of mP. Host range mutations
result in a shift between phage classes, with a ratio g of host
range mutations per deleterious mutation. Initial densities
of the emergent populations reflect these mutation rates:
B1(0) ¼ mBB0(0) and P1(0) ¼ mPgP0(0). Phage of class P0

only infect bacteria of class B0, failing to attach to B1

bacteria. P1 phage experience an expanded host range,
infecting B0 and B1 bacteria with equal efficiency. Initial
mutation of B0 bacteria to B1 thus affords resistance
to the initial P0 phage type, and phage mutation from P0 to
P1 permits exploitation of the emergent B1 bacterial
population.
Given the above assumptions, the following time-

differential equations describe rates of change in the
bacterial and phage populations:

dB0

dt
¼ cB0ð1� mBÞ þ cB1mB � dB0ðP0 þ P1Þ, (1)

dB1

dt
¼ cB1ð1� mBÞ þ cB0mB � dB1P1, (2)

dP0

dt
¼ dw̄0B0P0bþ dw̄1ðB0 þ B1ÞP1bmPg, (3)

dP1

dt
¼ dw̄1ðB0 þ B1ÞP1bþ dw̄0B0P0bmPg. (4)

Following Levin and Bull (1996), our analysis shall focus
on the ability of phage to limit peak bacterial density as a
metric of the severity of bacterial infection.

2.2. Mutation–selection balance model

For populations evolving over long periods at a
particular mutation rate, an equilibrium load of deleterious
alleles arises at the point where introduction of alleles by
mutation matches their elimination via selection. Assuming
an equilibrium mutational load of alleles with multi-
plicative fitness effects across many loci in the phage
genome results in a phage fitness of proportion e�mP of that
of a non-mutating phage (Haldane, 1937; Johnson, 1999;



ARTICLE IN PRESS
D.T. Kysela, P.E. Turner / Journal of Theoretical Biology 249 (2007) 411–421 413
Kimura and Maruyama, 1966). At mutation–selection
equilibrium, a constant mean fitness thus applies to each
phage population:

w̄0 ¼ w̄1 ¼ e�mP . (5)

Substituting Eq. (5) into Eqs. (3) and (4) permits
interpretation of the population dynamic model at
mutation–selection balance.

We now wish to determine the peak density of individual
bacterial populations. Each bacterial class experiences a
period of exponential expansion and collapse, supporting
the expansion of its corresponding phage population
during a defined period (see Results and discussion).
During each such period, the alternate bacterial population
density remains low, due either to insufficient time
for population expansion from a lower starting density
(B1 during B0 expansion) or to eradication by previous
phage predation (B0 during B1 expansion). Accordingly,
when integrating strictly over these periods, we can
effectively ignore the influence of the alternate bacterial
population on the populations of interest. We therefore
combine the rate equations for Bi and Pi, neglecting those
terms involving the alternate bacterial population, to
obtain the separable equation:

ðde�mPbÞdBi �
c
Pi

� d
� �

dPi. (6)

Integrating up to the time ðt̂iÞ of peak bacterial density ðB̂iÞ,
one obtains

B̂i �
ðc=dÞ ln Piðt̂iÞ=PiðinitÞ

� �
� Piðt̂iÞ þ PiðinitÞ

be�mP
þ BiðinitÞ

(7)

with Biðt̂jÞ and Piðt̂jÞ indicating densities of bacterial and
phage populations i at peak density of bacterial population
j. The term B̂i provides a simplified notation for Biðt̂iÞ, the
peak density of bacterial population i. t ¼ init denotes the
start of the interval of interest. In calculating B̂0, init

indicates the time of inoculation. For B̂1, init denotes the
time point immediately after elimination of the initial
bacterial class via phage predation. Setting the derivative of
bacterial population density in Eqs. (1) and (2) equal to
zero gives the phage density at peak density of the
corresponding bacterial class, denoted by Piðt̂iÞ:

P0ðt̂0Þ �
c
d
ð1� mBÞ þ

B1ðt̂0ÞmB

B̂0

� �
� P1ðt̂0Þ (8)

P1ðt̂1Þ �
c
d
ð1� mBÞ þ

B0ðt̂1ÞmB

B̂1

� �
(9)

Again noting the low density of the alternate bacterial
population, and that P0bP1 at peak density of the B0

population and mB51, we obtain the simple approximation

Piðt̂iÞ �
c
d

(10)
For Piðt̂iÞ in Eq. (7)

B̂i �
c

de�mPb
ln

c
dPiðinitÞ

� �
� 1þ

dPiðinitÞ

c

� �
þ BiðinitÞ.

(11)

In typical phage therapy studies, Piðt̂iÞ greatly exceeds
the phage inoculum density. Under such conditions, where
c=dbPiðinitÞ and peak bacterial density vastly exceeds
initial density, we can eliminate small terms and reduce Eq.
(11):

B̂i �
c

de�mPb
ln

c
dPiðinitÞ

� �
� 1

� �
. (12)

This solution thus demonstrates the peak bacterial
concentration’s sensitivity to phage inoculum and insensi-
tivity to initial bacterial density observed in numerical
simulations by Levin and Bull (1996). Conversely, when
c=dpPið0Þ, the corresponding bacterial population de-
clines immediately, resulting in ‘‘passive therapy’’. In such
a scenario, setting the derivative of Eq. (1) or (2) equal to
zero no longer provides an accurate solution for B̂i (the
initial derivative is negative), but, quite simply, B̂i ¼ Bið0Þ.
While initial P0 phage inoculum allows us to solve for

B̂0, determining the initial density of P1 in order to solve
for B̂1 is less straightforward. Since an obvious time lag
exists between the collapse of B0 and the expansion of B1

(see Results and discussion), we take the results following
the B0 population collapse as inputs to our model of B1

population dynamics. We integrate Eq. (6) to obtain the
density of the initial phage class over the period of B0

population expansion and collapse:

P0 �
c
d
ln

P0

P0ð0Þ

� �
þ P0ð0Þ � e�mPbðB0 � B0ð0ÞÞ, (13)

which we then solve by numerical methods. We are
specifically interested in the value of P0 at the time of B0

population collapse, which we denote by �t. Since our
continuous model prevents absolute elimination, we define
�t to occur when B0 drops below unity. Noting that B0

effectively declines to zero at �t, we find that

P0ð�tÞ �
c
d
ln

P0ð�tÞ

P0ð0Þ

� �
þ P0ð0Þ � e�mPbðB0ð0ÞÞ. (14)

When c=dbP0ð0Þ (i.e., therapy is not passive),
P0ð�tÞbP0ð0Þ due to in situ phage reproduction. Also
considering the large value of the reciprocal d�1 (typical
adsorption rates are on the order of 10�8–10�9ml h�1;
Levin et al., 1977; Weld et al., 2004), the first term on the
right-hand side of Eq. (14) yields much larger values than
the remaining terms, resulting in the following approxima-
tion for the non-passive therapy scenario:

P0ð�tÞ �
c
d
ln

P0ð�tÞ

P0ð0Þ

� �
. (15)

Because B0 bacteria are effectively eliminated well before
expansion of the B1 population (see Results and discus-
sion), expansion of the P0 phage population effectively
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terminates with the B0 collapse. Additions to the P1 phage
class over this interval occur through mutation from P0

and infection of B0 bacteria by P1 phage. As above, in
determining B̂i, we ignore the influence of the minor B1

population over this interval, combining the remaining
terms in Eqs. (3) and (4) to obtain the separable equation:

ðdw̄1B0P1bþ dw̄0B0P0bmpgÞdP0

� ðdw̄0B0P0bþ dw̄1B0P1bmpgÞdP1. ð16Þ

Because P15P0 over this interval and we consider only low
mutation rates between phage classes (gp10�5), we can
eliminate the small term containing the product P1g to
obtain the following approximation:

ðdw̄1B0P1bþ dw̄0B0P0bmpgÞdP0 � ðdw̄0B0P0bÞdP1. (17)

Since the phage populations share a common mutational
load at mutation–selection balance, we can equate w̄0 and
w̄1. Eliminating common terms from Eq. (17), multiplying
both the sides by the integrating factor P0

�1, and integrating
provide a useful approximation for P1 over the interval of
B0 population expansion and collapse:

P1 � P0 mPg ln
P0

P0ð0Þ

� �
þ

P1ð0Þ

P0ð0Þ

� �
. (18)

Substituting the numerical value of P0ð�tÞ determined by
Eq. (14) for P0 solves for P1 following the B0 bacterial
population crash and before the emergence of the B1

population:

P1ð�tÞ � P0ð�tÞ mPg ln
P0ð�tÞ

P0ð0Þ

� �
þ

P1ð0Þ

P0ð0Þ

� �
. (19)

This solution accounts for P1 phage from three sources:
introduction at the time of inoculation (P1(0)), infection of
the B0 population by P1 phage, and mutations occurring
during expansion of the initial phage class, P0. We thus
treat P1ð�tÞ as P1(init) in solving B̂1 using Eq. (11).

We explored the impact of mutation rate under the
mutation–selection balance model using numerical integra-
tion and approximate analytical solutions from the above
equations. Numerical solutions resulted from integration in
Mathematica (Wolfram Research, Inc., 2005) of the time-
differential model of Eqs. (1)–(4), substituting Eq. (5) for
phage fitness. Approximate analytical solutions for B̂i

utilized Eq. (11), substituting Eq. (19) for initial phage
density in the case of B̂1. The FindMinimum function in
Mathematica (Wolfram Research, Inc., 2005) identified
minimum values for B̂1 across mutation rates and g values.

2.3. Multiple emergent population classes

To determine the behavior of the model when extended
to multiple mutational classes, we consider generalized
population dynamic equations:

dBi

dt
¼ cBið1� mBÞ þ cBi�1mB � dBi

X
jXi

Pj

 !
, (20)
dPi

dt
¼ dw̄i

X
jpi

Bj

 !
Pibþ dw̄i�1

X
koi

Bk

 !
Pi�1bmPg. (21)

For simplicity, these equations consider only sequential
mutation from each phage and bacterial population
to a subsequent mutational class, without back mutation
to the previous class. We observed the behavior of this
extended model by numerical integration using Mathema-
tica (Wolfram Research, Inc., 2005).

2.4. Phage mortality

We explore the influence of phage mortality, encom-
passing any sources of phage elimination, by incorporating
a constant elimination rate parameter, l. The phage
population dynamic equations (3) and (4) are thus
extended to include an extra term representing phage loss:

dP0

dt
¼ dw̄0B0P0bþ dw̄1ðB0 þ B1ÞP1bmPg� lP0, (22)

dP1

dt
¼ dw̄1ðB0 þ B1ÞP1bþ dw̄0B0P0bmPg� lP1. (23)

Eqs. (1) and (2), describing bacterial population dynamics,
remain unchanged, representing a lack of passive bacterial
mortality in this model. The inclusion of the phage
mortality dynamic prohibits the analytical approach
explored in the previous section. We therefore explored
the system behavior by numerical integration using
Mathematica (Wolfram Research, Inc., 2005) and by
stochastic simulations (see below).

2.5. Simulations

To examine the behavior of our system in a stochastic
setting, we simulated bacteria and phage populations
interacting according to the dynamics defined by our
model in Eqs. (1)–(4). Phage infection events occurred
according to a random binomial sample with probability
determined by population densities and the adsorption rate
d, as in Eqs. (1) and (2). Elimination of individual phage
followed a random binomial sampling process with
probability determined by the loss rate parameter, l, as
in Eqs. (22) and (23). All simulations used a total system
volume of 1 l.
The simulation program binned phage into 1001 discrete

relative fitness classes ranging from 0 to 1, or 2001 fitness
classes from 0 to 2 when allowing beneficial mutations, with
relative fitness of 1 for the mutation-free genotype.
Mutations between classes (for bacteria and phage) and
deleterious mutations (for phage) were generated by
random sampling from a Poisson distribution at rates
defined by the model parameters. For the mixed mutational
effect model (see Results and discussion), mutations were
first randomly assigned lethal, beneficial, or non-lethal
deleterious effect based on the relative frequency of
each class. Non-lethal deleterious mutations were further
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assigned a magnitude by randomly sampling a four-
category approximation of a negative binomial distribution.

For simulations with phage populations beginning at
mutation–selection balance, we first generated stationary
fitness distributions by simulating extended reproduction in
an infinite resource environment. Starting from a popula-
tion free of deleterious mutations, we permitted mutation
accumulation until mean fitness change per generation
declined below 0.02% of the expected mutational load (i.e.,
0:0002 � e�mP). Initial phage populations were then seeded
according to the stationary distribution corresponding to
the same mutation rate and distribution of mutational
effects.

All simulations were programmed in C++ and compiled
using GNU g++ 4.0. Source code is available from the
authors on request.

3. Results and discussion

3.1. Mutation–selection balance

Under the mutation–selection balance model, initial
expansion and subsequent phage-mediated collapse occur
in the first bacterial population (B0), followed by a similar
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mutation rates effectively increase the ‘‘inoculum’’ densities
of the respective populations. For example, a higher phage
mutation rate results in more mutant (P1) phage produc-
tion from initial (P0) phage population growth, thereby
reducing the peak density ðB̂1Þ of the emergent bacterial
population (Fig. 2).

As phage deleterious mutation rate (mP) increases much
beyond 0.1 mutations per genome per generation, peak
population density in both B0 and B1 increases substan-
tially (Figs. 1(d) and 2). At these high mutation rates, the
increased mutant phage density still tends to reduce the
emergent bacterial population, but this effect is over-
whelmed by low phage fitness resulting from excessive
mutational load. This negative fitness effect of mutation
manifests itself at all mutation rates, as evidenced by the
monotonic increase in the peak density of the initial
bacterial population with increased mutation rate (Fig. 2).

We simulated the behavior of the mutation–selection
balance model in a stochastic setting for comparison with
our analytical results. Simulation outcomes demonstrate
somewhat greater variance in B̂1 at the lowest mutation
rates examined, particularly with low proportions of host
range mutations, g (Fig. 2). This pattern reflects random
fluctuations in the relatively low number of P1 phage
produced during the expansion of the P0 phage population
at low values of the host range mutation rate gmP.
Nonetheless, the results confirm our analytical solutions
under the mutation–selection balance scenario, demon-
strating a similar relationship between phage mutation rate
and peak bacterial densities.

Thus, a tradeoff occurs at intermediate mutation rates:
as phage mutation rate increases, peak density increases for
the initial bacterial class and decreases for the emergent
class. This tradeoff disappears at very high mutation rates
as peak density increases for both bacterial classes with
further increases in phage mutation rate (Fig. 2). This
threshold mutation rate, which minimizes emergent bacter-
ial peak density ðB̂1Þ, increases slightly as the ratio of
beneficial to deleterious mutations (g) increases, from 0.096
to 0.198 mutations per phage genome per generation for g
of 10�6 and 10�4, respectively. This shift in mutational
threshold results because higher proportions of beneficial
mutations mitigate the mutational load more effectively.
Nonetheless, we emphasize that, even across a broad range
of g values, the minimal peak density of the emergent
bacterial population occurs across a relatively limited range
of phage mutation rates.
The results above consider only one initial and one

mutant class for both phage and bacteria. Several empirical
studies identify multiple rounds of bacterial mutation to
resistance and subsequent phage host range expansion to
include the mutant types (Buckling and Rainey, 2002;
Lenski and Levin, 1985; Mizoguchi et al., 2003). We
therefore extended the mutation–selection balance model
to include multiple mutant phage and bacterial classes. In
this scenario, subsequent bacterial mutants emerge sequen-
tially from previous classes, resulting in a repeated pattern
of bacterial population expansion and collapse, separated
in time (data not shown). Minimum peak bacterial
densities occur at the same mutation rate observed in the
two-class model (Fig. 3). The similarity of this result to the
two-class case demonstrates that the tradeoff between
variability and mutational load remains quantitatively
consistent even with extended co-evolution.

3.2. Influence of mutational effect at mutation–selection

balance

Returning to the two-class model at mutation–selection
balance, we examined mutations with different distributions
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of fitness effects using stochastic simulations (data not
shown). In particular, we compared populations encounter-
ing two types of uniform mutational effects: low cost (1%
fitness reduction) and moderate cost (10% fitness reduc-
tion). We also considered a distribution with large, mixed
effects similar to observations of Sanjuán et al. (2004). In
this case, exponentially distributed non-lethal mutations
with a 25% mean fitness reduction (mean selection
coefficient s̄ ¼ �0:25) accounted for 45% of deleterious
mutations, with lethal mutations accounting for the
remaining 55% (s ¼ �1). In all the cases, we first generated
stationary fitness distributions at mutation–selection balance
via extended reproduction. These then served as the starting
fitness distributions for inoculating phage populations in
phage therapy simulations.

None of these mutational distributions influences the
outcome observed in Fig. 2, which shows simulation results
only from the mixed distribution (data not shown). This
result confirms previous conclusions indicating that the
magnitude of deleterious mutational load at mutation–se-
lection balance depends strictly on the mutation rate and
not on mutational effect (Haldane, 1937; Johnson, 1999;
Kimura and Maruyama, 1966). We therefore restrict
further simulation results to the mixed model of mutational
effects, except in the case of populations beginning out of
equilibrium (see below). However, results obtained at
mutation–selection balance apply regardless of the shape
and magnitude of the underlying deleterious mutation
distribution.

3.3. Inoculation density

While in situ mutation provides new phage genotypes for
controlling resistant bacterial types, we also expect muta-
tional variants to occur among the inoculating phage
population. We might therefore anticipate that increasing
the inoculum density would help to limit the size of the
emergent bacterial population (B1) by introducing a larger
pool of mutant phage, effectively increasing the inoculum
density of the emergent phage class (P1).

Contrary to this argument, for most realistic inoculum
densities, the peak density of the emergent bacterial
population actually increases with larger phage inoculum
density (Fig. 4). Consideration of Eqs. (11) and (19) reveals
the problem: higher inoculum densities result in lower
emergent phage class densities (P1) following the collapse
of the initial bacterial population. Specifically, when the
initial phage population limits its bacterial host population
to a lower peak density, the phage population experiences
less opportunity for reproduction. The final density of the
initial phage population ðP0ð�tÞÞ therefore decreases, as does
the final input into the emergent phage class via mutation
during reproductive events. Thus, the effective ‘‘inoculum’’
of the P1 phage class decreases, permitting a higher peak
density of the emergent bacterial population. A tradeoff
thus occurs between the peak density of the initial bacterial
class ðB̂0Þ and that of the emergent class ðB̂1Þ: higher
inoculum densities tend to reduce B̂0 (as previously
concluded by Levin and Bull, 1996) while also increasing
B̂1 (Fig. 4).
For very high inoculation densities, a reversal in this

pattern occurs as the peak density of the emergent bacterial
class declines with higher initial phage density (Fig. 4).
At this point, sufficient densities of the emergent phage
class in the inoculum compensate for the lack of in situ
reproduction. These densities generally exceed those
employed experimentally (Geier et al., 1973; Merril et al.,
1996; Smith and Huggins, 1982). If such large inoculations
proved feasible, passive treatment of the initial bacterial
class and effective control of the emergent class could both
occur without a performance tradeoff.

3.4. Phage mortality

Our initial model assumes no passive phage loss; once
produced, phage remain in the system indefinitely. How-
ever, phage titers often decline rapidly in the inoculated
host, particularly due to phagocytosis by the host immune
system (Geier et al., 1973). Extended evolution in the
therapeutic environment can greatly extend phage persis-
tence, thereby maintaining high phage titers during the
course of the treatment (Merril et al., 1996). Nonetheless,
we examined the interaction between the phage mortality
and the mutation rate for phage experiencing high rates of
elimination.
Although phage mortality tends to reduce the effective-

ness of phage in limiting peak densities of both the initial
and the emergent bacterial classes, the influence of
mutation remains essentially the same as in the absence
of phage elimination (Fig. 5). The phage mutation rate
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resulting in the lowest density of the emergent bacterial
population does decrease slightly to just below 10�1 for the
high loss rate (50%h�1) depicted in Fig. 5, while the
difference becomes less pronounced as the loss rate
decreases (data not shown). In this sense, phage loss
represents an additional ‘‘load’’ on the population beyond
the fitness cost of deleterious mutation. Thus, a slight
reduction occurs in the critical mutation rate at which the
negative consequences of load outweigh the advantages
afforded by increased mutational variability.

The inclusion of phage mortality in the model also
introduces periodic cycling in the mutant bacterial and
phage population densities (Volterra, 1926). One potential
drawback to increasing phage mutation rate involves a
corresponding increase in the frequency of population
expansion and collapse cycles. Higher phage mutation rate
results in decreased peak bacterial density, thereby
sustaining less phage reproduction during each bacterial
population expansion. As the bacterial population declines,
fewer phage remain to scavenge residual bacteria, resulting
in a higher effective bacterial ‘‘inoculum’’ for the following
population expansion: earlier bacterial re-emergence and
thus increased cycling frequency results (data not shown).
Such effects prove unimportant in situations where phage
completely eradicate mutant bacteria following the first
population expansion, but the outcome depends on the
model parameter values. In particular, high phage mortal-
ity rates will favor bacterial persistence between cycles, as
rapid elimination of phage hinders eradication of residual
bacteria (data not shown).

3.5. Novel mutation rate

For phage therapy applications, elevating the phage
mutation rate might prove desirable in order to promote
the capacity of mutant phage to limit emergent bacteria
that are resistant to the initial phage type. Indeed, it
appears possible to achieve elevated phage mutation rates
by introducing a low-fidelity DNA polymerase (Bebenek
et al., 2002; Dressman et al., 1997; Kroutil et al., 1998;
Kunkel et al., 1994), even from distantly related phage
types (Dressman et al., 1997; Wang et al., 1995).
In such cases with a novel, elevated mutation rate, phage

populations may begin out of mutation–selection balance,
then approach the equilibrium mutational load as popula-
tion expansion proceeds. This approach to equilibrium
proceeds asymptotically over a number of generations,
with the rate of approach dependent on the magnitude and
the distribution of deleterious mutations (Johnson, 1999).
Historical mutation rates below 0.005 mutations per
genome per generation typical of double-stranded DNA
phages (Drake, 1991) should result in a miniscule muta-
tional load according to Eq. (5). For simplicity, we
therefore examined scenarios with no mutational load in
the initial phage population.
Phage populations beginning without mutational load

continue to limit peak bacterial density effectively at higher
mutation rates than observed above for populations at
mutation–selection balance (Fig. 6). Since these elevated
mutation rates result in higher ‘‘inoculum’’ densities of the
emergent phage class, peak densities of the mutant
bacterial class can be reduced even further than in the
mutation–selection balance scenario above (Figs. 2 and 6;
note that g ¼ 10�5 in Fig. 6). Higher fitness costs of
individual deleterious mutations hasten the approach of
phage fitness to the equilibrium value e�mP (Johnson, 1999),
as evidenced by poorer phage performance (i.e., higher
peak bacterial densities) at similar mutation rates as
mutational fitness effect increases (Fig. 6).
Given this observed impact of mutational effect on

the efficacy of highly elevated mutation rates, it becomes
particularly important to determine the empirical
character of de novo mutations. Many estimates of the
average effect of deleterious mutation yield selective
coefficients roughly in the range of 10�2–10�1 across a
broad taxonomic range of organisms (Burch and
Chao, 2004; Elena and Moya, 1999; Lynch et al., 1999;
Schultz et al., 1999; Vassilieva et al., 2000). At the low end
of this range of mutational effects (s ¼ 10�2), phage
performance improves against the emergent bacterial
population for increases in phage mutation rates up to
approximately one deleterious mutation per phage genome
per generation.
Despite the potential advantages of increased mutation

rates when deleterious mutations cause relatively minor
fitness effects, the studies cited above rely on offspring
survival for estimating fitness, failing to account for lethal
mutations that could greatly increase the average muta-
tional effect. A study of mutational effects in vesicular
stomatitis virus (VSV) by Sanjuán et al. (2004) permitted
observation of lethal mutations; as discussed above, their
analysis arrived at a de novo mutational distribution with
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a high proportion of lethal mutations, with a mean relative
fitness cost of �65% among the combined pool of lethal
and non-lethal deleterious mutations. When applied to our
simulations, this distribution results in an extremely rapid
approach to mutation–selection balance, with the outcome
differing little from phage populations initiated at equili-
brium (Fig. 6).

The inclusion of beneficial mutations occurring at a
frequency of 5% relative to the deleterious mutation rate,
as observed in the VSV study (Sanjuán et al., 2004), fails to
slow the approach to equilibrium noticeably (Fig. 6). Note
that, for consistency, we still define mP solely according to
deleterious mutation rate rather than overall mutation rate,
which would include neutral and beneficial mutations. In
terms of results from Sanjuán et al. (2004), overall
mutation rate is 1.45 times our deleterious mutation rate,
which includes only their ‘‘lethal’’ and ‘‘deleterious’’
mutation categories.
Our reliance on the mutation effect distribution observed

for VSV highlights a clear need for detailed mutational
study in other organisms. In particular, the high mutation
rate observed for the RNA-based VSV, estimated at 1.2
deleterious mutations per genome per generation (Elena
and Moya, 1999), may result in a mutation profile
fundamentally distinct from DNA-based viruses, with
typical mutation rate estimates below 0.005 mutations
per genome and generation (Drake, 1991; Drake et al.,
1998). Interestingly, evolution at high mutation rates
should tend to increase mutational robustness (Montville
et al., 2005; Wilke et al., 2001), thereby reducing the effect
of new mutations. If other organisms prove equally or even
more susceptible to deleterious mutational effects than
VSV, the rapid approach to the equilibrium genetic load
observed above could apply generally, limiting the ther-
apeutic value of further increases in the mutation rate
beyond the optimum at mutation–selection balance.

3.6. Implications for phage therapy design

Our results offer suggestions for the initial selection and
engineering of phages applied therapeutically. First, for
phages at mutation–selection balance, we observe optimal
performance at historical mutation rates around 10�1

deleterious mutations per genome per generation. Phages
with extremely high mutation rates may perform poorly in
a phage therapy context due to excessive deleterious
mutational load. Certain RNA-based phages with muta-
tion rates in excess of 0.1 mutations per genome per
generation (de la Peña et al., 2000; Domingo et al., 1978;
Drake, 1993; Drake and Holland, 1999) may therefore
represent poor phage therapy candidates, although muta-
tion rates in some RNA phages may lie just below this
threshold (Burch and Chao, 2004). Conversely, phages
with much lower mutation rates gain little reduction in the
mutational load, but fail to limit the mutant bacterial types
as effectively as their moderately mutable counterparts. We
caution that these conclusions are derived specifically from
mutation rate considerations; other factors, such as phage
virulence and burst size, will influence therapeutic efficacy
(Levin and Bull, 1996) and may vary substantially between
phage types.
Second, increases in phage mutation rate can help to

minimize further the peak density of the emergent bacterial
types. Mutational load effects take time to accumulate in
populations with low historical load, extending the useful
range of phage mutation rates beyond values observed in
the mutation–selection balance scenario. However, the
magnitude of this advantage depends on the fitness effects
of deleterious mutations, requiring selection coefficients
that may prove unrealistically low. As such, engineered
increases in the mutation rate up to 0.1 deleterious
mutations per genome and generation appear advanta-
geous, while further increases may prove undesirable.
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Our model presents convenient simplifications of mutant
phenotypes that fail to reflect certain biological details. We
assume that phage-resistant bacterial mutants maintain
population dynamics similar to the initial bacterial class. In
fact, the competitive ability of phage-resistant types can
decline in chemostat experiments (Bohannan and Lenski,
2000; Lenski and Levin, 1985). Similarly, phage perfor-
mance may vary across the range of bacterial hosts (Duffy
et al., 2006). Extension of the model to reflect variable
interaction dynamics (e.g., variable adsorption rates)
between classes (Weitz et al., 2005) might provide
therapeutically relevant insights.

In certain cases, bacteria appear to develop absolute
resistance that phage mutation cannot overcome (Bohan-
nan and Lenski, 1997, 1999; Lenski and Levin, 1985). The
benefits of mutation observed in our analyses would then
disappear. However, details of phage resistance and host
range mutations remain unknown for many bacterial
pathogens and their corresponding phages. Given this
uncertainty and the relatively minor mutational load for
mutation rates below 10�1 deleterious mutations per
genome per generation, the potential advantages merit
the application of a moderately mutable phage type.

In the cases where phages target virulence factors, phage
resistance can attenuate bacterial virulence (Smith and
Huggins, 1982). Indeed, the selection of the phage known a
priori to target virulence factors provides a rational phage
therapy design choice to sidestep the problem of bacterial
mutation (Levin and Bull, 2004). As with host range,
virulence and competitive ability of phage-resistant bacter-
ia remain poorly understood in most cases. We therefore
reiterate the advantage of intermediate phage mutation
rates in the absence of such details.
4. Conclusions

Our results provide the first quantitative analysis
of the impact of the phage mutation rate on phage therapy.
We have determined that mutation rates of approximately
10�1 deleterious mutations per phage genome per genera-
tion provide a desirable balance between beneficial
variation and deleterious mutational load at mutation–se-
lection balance. Further mutation rate increases in
populations with little historical load offer an advantage
only in the case of extremely small mutational effect.
We have also found that increasing phage inoculum
densities can actually reduce therapeutic efficacy
against the emergent bacterial types by reducing the
density of the mutant phage, despite advantages in
eliminating the initial bacterial type. Thorough under-
standing of phage interactions with bacterial fitness,
particularly with respect to virulence factors, can limit
the threats posed to phage therapy by bacterial mutation.
However, our model offers quantitative guidelines for
rational phage therapy design in the absence of complete
information.
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