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Lytic phages obscure the cost of antibiotic
resistance in Escherichia coli
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Introduction

The long-term persistence of antibiotic-resistant bacteria depends on their fithess relative to other
genotypes in the absence of drugs. Outside the laboratory, viruses that parasitize bacteria (phages)
are ubiquitous, but costs of antibiotic resistance are typically studied in phage-free experimental
conditions. We used a mathematical model and experiments with Escherichia colito show that lytic
phages strongly affect the incidence of antibiotic resistance in drug-free conditions. Under phage
parasitism, the likelihood that antibiotic-resistant genetic backgrounds spread depends on their
initial frequency, mutation rate and intrinsic growth rate relative to drug-susceptible genotypes,
because these parameters determine relative rates of phage-resistance evolution on different
genetic backgrounds. Moreover, the average cost of antibiotic resistance in terms of intrinsic growth
in the antibiotic-free experimental environment was small relative to the benefits of an increased
mutation rate in the presence of phages. This is consistent with our theoretical work indicating that,
under phage selection, typical costs of antibiotic resistance can be outweighed by realistic
increases in mutability if drug resistance and hypermutability are genetically linked, as is frequently
observed in clinical isolates. This suggests the long-term distribution of antibiotic resistance
depends on the relative rates at which different lineages adapt to other types of selection, which in
the case of phage parasitism is probably extremely common, as well as costs of resistance inferred
by classical in vitro methods.
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Koskella, 2013; Levin et al.,, 2013). Therefore,

Antibiotic resistance is increasingly problematic for
treatment of infectious diseases (Levy and Marshall,
2004; Bergstrom and Feldgarden, 2008). Resistance
evolves rapidly and can persist long after antibiotic
usage stops (Andersson and Hughes, 2011). Persis-
tence in drug-free conditions is predicted to depend
on fitness relative to sensitive genotypes (Andersson
and Levin, 1999; Andersson and Hughes, 2010), and
in many cases resistance is costly (Bjorkman and
Andersson, 2000; Reynolds, 2000; Gagneux et al.,
2006; Andersson and Hughes, 2010). However,
viruses that parasitize bacteria (phages) are
excluded from typical experiments on antibiotic
resistance, despite being ubiquitous outside the
laboratory (Briissow and Hendrix, 2002; Breitbart
et al., 2003). Phage populations are diverse
(Weinbauer, 2004), spatially structured (Sutherland
et al., 2004; Webb et al., 2004; Abedon and Culler,
2007), dynamic (Hennes and Simon, 1995; Chibani-
Chennoufi et al, 2004) and undergo continual
adaptation to their bacterial hosts (Vos et al., 2009;
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exposure to novel lytic phages will be common in
natural and pathogenic populations. Furthermore,
there is renewed interest in using phages to treat
bacterial infections of humans or animals (Levin and
Bull, 2004; Abedon et al., 2011), particularly where
drug treatment has failed because of resistance
(Chanishvili et al., 2001).

Understanding the impact of phages is particu-
larly relevant for genetically mixed populations
containing antibiotic-resistant and -sensitive geno-
types. This is often the case in pathogenic popula-
tions (Foweraker et al., 2005; Fothergill et al., 2010;
Workentine et al., 2013) because of spatial hetero-
geneity of drug concentrations (Baquero and Negri,
1997), historical exposure to antibiotics followed
by immigration or mutation (Seppéld et al., 1997;
Scanvic-Hameg et al., 2002) or the inherently high
genetic diversity in chronic infections (Oliver et al.,
2000, 2004). Natural populations are also genetically
diverse in terms of drug resistance (D’Costa et al.,
2006; Martinez, 2009). How does phage parasitism
influence the frequencies of antibiotic-resistant and
-sensitive genotypes in such scenarios? Evolution-
ary theory predicts that parasitism can modify
selection on costly alleles (Howard and Lively,
1994; West et al., 1999), but experimental evidence
is mixed (Haag et al., 2003; Cooper et al., 2005;
Buckling et al., 2006). Phages may directly alter
the relative growth rates of antibiotic-resistant and
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-sensitive populations because more rapidly repli-
cating lineages are more commonly infected (‘killing
the winner’; Thingstad and Lignell, 1997;
Weinbauer and Rassoulzadegan, 2004) or because
of direct interactions between antibiotic resistance
and phage replication (Constantinou et al., 1986;
Hammer et al., 1987; Schmitt et al., 1995; Escobar-
Pdramo et al., 2012). Alternatively, if phage-resis-
tance mutations are common and their selective
benefit is large, frequencies of different lineages over
time may depend primarily on the relative rates at
which they acquire phage resistance. This will be
determined by their relative mutation supply rates
(product of population size and mutation rate) that
may in turn be influenced by antibiotic resistance.
Therefore, phages potentially modify selection
on resistance elements through ecological and/or
evolutionary effects.

To investigate this, we used experiments with
Escherichia coli coupled with a mathematical model
of a population of bacteria exposed to phages. To
model the appearance of phage-resistance muta-
tions, we used stochastic processes (Parzen, 1999)
that have been used elsewhere to determine the
probability of a population under strong selection
being rescued from extinction by mutation
(Alexander and Bonhoeffer, 2012; Martin et al.,
2013; Tazzyman and Bonhoeffer, 2014). Our model
and assumptions are as follows. The initial popula-
tion is assumed to be phage sensitive, and conse-
quently declines exponentially in size upon
exposure to phage. There are two genetic back-
grounds in the population: antibiotic resistant and
antibiotic sensitive. We model the appearance of
phage-resistance mutations on a given genetic back-
ground as a Poisson process (Parzen, 1999, section
4.2) with a rate determined by population size and
mutation rate. We use a nonhomogenous birth—
death process to incorporate the probability that a
given phage-resistance mutation will not go extinct
because of stochastic fluctuations while it is rare
(Parzen, 1999, section 7.5), and this probability is
itself influenced by the cost of antibiotic resistance
in terms of intrinsic bacterial growth rate. We
focussed on the case where one of the two genetic
backgrounds fixes via genetic hitchhiking with a
phage-resistance mutation (Maynard Smith and
Haigh, 1974; Barton, 2000), and analysed the
influence of costs of antibiotic resistance, mutation
rates and initial genotype frequencies on the condi-
tional probability that the antibiotic-resistant back-
ground fixes.

In experiments, we tested the effects of two
phages on genotype frequencies and phage resis-
tance in populations containing antibiotic-sensitive
E. coli and genotypes with defined resistance
mutations against ciprofloxacin, rifampicin or strep-
tomycin. E. coli and associated phages are common
in mammalian gastrointestinal tracts and antibiotic
resistance is increasingly problematic in pathogenic
strains (Kaper et al., 2004; Tenaillon et al., 2010).
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Our model indicates that costs of antibiotic resis-
tance, genomic mutation rate and initial genotype
frequencies can all influence the outcome of phage
selection; we tested these factors experimentally
using a metapopulation approach (following average
changes in genotype frequencies across many sub-
populations, or demes, in metapopulations exposed
to different phage treatments), a mutator genotype
with defective DNA mismatch repair and by chan-
ging the starting ratio of competing genotypes
respectively. Finally, to test the robustness of our
findings over different ecological conditions, we
initiated competitions at different phage-to-bacteria
ratios, including different antibiotic-resistant
mutants, and over an extended timescale.

Materials and methods

Model

We consider two diallelic loci, one coding for
antibiotic resistance (denoted a for the antibiotic-
sensitive allele, and A for the antibiotic-resistant
allele), and the other coding for phage resistance
(p for phage sensitive, and P for phage resistant). We
therefore have four possible genotypes: ap, Ap, aP
and AP. We denote the number of ap individuals at
time t by X[t], and the number of Ap individuals at
time t by Y[t]. The initial population is of size N,
and contains only phage-sensitive individuals,
hence X[0]+ Y[0]=N,. An initial proportion ¢ of
the population is antibiotic-resistant, and hence
X[0]=(1 - ¢@)N, and Y[0] = ¢@N,.

We do not model phage population dynamics
explicitly, instead focussing on a scenario where
infectious phages are present in sufficient numbers
to increase death rates of p individuals, making
phage-resistance allele P beneficial. Our experi-
mental data indicate this is true over a range of
initial phage population densities (Supplementary
Figure S1).

We denote the per-capita birth rate of ap indivi-
duals by b, and the per-capita birth rate of Ap
individuals by b(1—c). The term c reflects the cost of
antibiotic resistance in the absence of antibiotics
(0<c < 1, consistent with our experimental data
and typical observations from the literature, as
discussed below). The per-capita death rate of both
ap and Ap individuals is denoted d. At time t=0,
phages become present. Because both genotypes are
phage susceptible at t=0, b<d and the numbers of
both genotypes decline. The populations are initi-
ally large, and hence we model their size determi-
nistically,

X[t] = (1~ ¢)Noel”~ ",
Y[t] = ¢pNoeld 9~ .

We model the (initially nonexistent) populations of
aP and AP individuals using branching processes,
and thus we assume that the sizes of these
populations are independent from one another.



In particular, the survival or otherwise of small
populations of these genotypes are dependent on
their own birth and death rates and nothing else.

Individuals with genotype ap mutate at rate p into
phage-resistant aP individuals. When the lineage
descending from a new phage-resistant mutant
remains small, there is some probability that it will
go extinct because of stochastic fluctuations in
population size. We account for this by concentrat-
ing on the appearance of rescue mutations, rather
than simply phage-resistance mutations. Rescue
mutations are defined as those phage-resistance
mutations that lead to a lineage that does not go
extinct. We treat the appearance of rescue mutants of
genotype aP as a nonhomogenous Poisson process
with intensity r.lt]=uX[tlp.s[t] at time t, where
parlt] is the survival probability of a lineage of aP
individuals descending from a single individual at
time t (that is, the fixation probability for a new
phage-resistant mutant on an a background)
(Alexander and Bonhoeffer, 2012; Parzen, 1999
section 4.2, Tazzyman and Bonhoeffer, 2014). The
probability-generating function for the number of
rescue mutations that have arisen at time t on an a
background is then

(z=1) [ uX[u]par[uldu
iz, tj=e 0 ,
and hence the probability that no rescue mutations
appear, and the antibiotic-sensitive a background
goes extinct, is lim;_,, [0, t]. Then, the probability
of rescue for the a allele is P, = 1 — lim; . Y0, t].
It remains to estimate p,p[t]. We use a birth—death
approach (Parzen, 1999; Alexander and Bonhoeffer,
2012 section 7.5, Tazzyman and Bonhoeffer, 2014). If
we define the birth rate of aP individuals as B, and
their death rate as D, and suppose B> D, then

h=1-7
Papr - Bv

for all t (see Supplementary Materials for full
details). Then

)
Individuals with genotype Ap mutate at rate v to
become AP. Supposing that AP individuals pay the
same cost of antibiotic resistance as aP individuals,
and consequently have birth rate B(1—c) and death
rate D, we follow the same procedure as above. The
probability-generating function for the number of
rescue mutations that have arisen at time f on an A
background is
t
(z=1) [oY[ulpap[u]du
lpA [Zv t] =e 0 s

the survival probability paplt] is
D
B(1—¢)’
Thus, increasing costs of antibiotic resistance
increase the likelihood that a given phage-resistance

papltl =1—
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mutation on an antibiotic resistant background is
lost when rare, consistent with classic models
showing that linked deleterious mutations can
reduce the fixation probability of beneficial
mutations (Peck, 1994; Barton, 1995). As
Py =1-limy . 4[0,t], our estimate P, for the
rescue probability of the A background is

véNg 1__D
Py=1- e(b(l—c)—d) B-0)

In the scenario where a single genetic background
emerges from phage-mediated selection (that is, that
either the a or the A allele is driven to fixation by
hitchhiking with a P rescue allele), we denote by Q
the conditional probability that the antibiotic-resis-
tant A allele fixes, given that fixation of either A or a
occurs, and have

Pa(1—P,)

Q= Pa(1—P,)+Py(1—Py)"

Organisms and growth conditions

We used E. coli K12 MG1655 at 37°C for all
experiments. Antibiotic-resistant mutants were
isolated through a single round of selection by plating
independent cultures on agar supplemented with
antibiotics as described previously (Hall, 2013).
Resistance mutations were identified by sequencing
gyrA (encoding DNA gyrase) for ciprofloxacin, rpoB
(encoding the p-subunit of RNA polymerase) for
rifampicin and rpsL (encoding ribosomal protein
S12) for streptomycin. For competitions lasting 24 h,
we used the following mutants in addition to the wild
type: gyrA D87G (Cip®), rpoB S512F (Rif*) (Hall, 2013)
and rpsL K43N (Str®) (Angst and Hall, 2013). HK578
is a double-stranded DNA Siphovirid phage; T4 is
Myovirid. Every bacterial genotype was initially
susceptible to lysis by both phages.

Pairwise competitions

We used the same basic protocol for pairwise
competitions as previous studies on costs of resis-
tance (Reynolds, 2000; Gagneux et al., 2006;
Trindade et al., 2009) and experimental evolution
in general (Lenski ef al., 1991). Selection coefficients
(s) were estimated in competitions with a phenoty-
pically marked wild-type genotype, E. coli K12
MG1655 Aara, that is otherwise isogenic but dis-
tinguished by red colonies on tetrazolium arabinose
(TA) agar (Trindade et al., 2009). For each competi-
tion, we grew independent cultures of both compe-
titors, before mixing them 1:1 v:v and diluting
100-fold into 1 ml liquid Lysogeny Broth (~ 107 cells),
then incubating with orbital shaking for 24h. We
estimated initial and final genotype frequencies by
plating on TA agar, and calculated s=In(Rgnw/Rinitial),
where Rg,a and Ri.ua are genotype ratios (Lenski
et al., 1991; Travisano and Lenski, 1996; Lopez-Pascua
and Buckling, 2008; Gomez and Buckling, 2013;
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Zhang, 2014), corrected by the cost of the Aara marker
(Trindade et al., 2009). This gives the difference in
Malthusian growth parameters per day compared with
the antibiotic-sensitive wild type grown in phage-free
conditions. Unless otherwise stated, competitions
were replicated independently six times. We repli-
cated the entire experiment in the presence of each
phage, adding ~ 107 particles HK578 or T4 at the start
of the 24 h competition. Statistical analyses were done
in Rv2.11.1 (R Development Core Team, 2010); further
details are given below and in online Supplementary
Information.

Resistance testing

At the end of each competition, we streaked five
independent colonies of each competitor against
both phages on agar plates, excepting cases where
bacteria went extinct or one genotype fixed, in
which case we streaked five colonies of the ‘win-
ning’ genotype. This was done by drying a line of
20pl phage onto an agar plate before streaking
bacteria across it with a sterile toothpick and scoring
isolates as resistant if there was no evidence of
inhibition by phages after 24h of incubation
(Buckling et al., 2006; Brockhurst et al., 2007). For
a given population we calculated resistance to the
phage they were exposed to as the proportion of
colony isolates that were resistant. In some cases a
mucoid phenotype was observed (sticky, raised
colonies on agar plates: Supplementary Figure S2).
We tested for cross-resistance to T5 (Siphoviridae),
T6 (Myoviridae) and XA (Siphoviridae) for nine
mucoid colonies isolated from independent popula-
tions and the wild type.

Cost of antibiotic resistance in metapopulations

Phage-resistance evolution results in stochastic
changes in genotype frequencies in individual
populations (see below). Therefore, sufficient statis-
tical power to infer any effect of antibiotic resistance
on the likelihood that a given genetic background
increases or decreases in frequency can only be
obtained with a vast number of experimental
replicates. To circumvent this problem we used
a metapopulation approach (Supplementary
Figure S3). For a given metapopulation, 96 inde-
pendent cultures of each competitor were grown
overnight, before being mixed 1:1 v:v, giving 96
independent mixed cultures (demes), and diluted
100-fold into Lysogeny Broth and exposed to phages
or phosphate-buffered saline as above. We quanti-
fied the average frequency of each bacterial genotype
across the entire metapopulation at the start and end
of the assay by pooling samples of all demes and
plating them on TA agar (Supplementary Figure S3).
We ran four metapopulations for each combination
of bacterial genotypes in each phage treatment
(none, HK578 or T4), amounting to 4608 demes in
total. The 16 metapopulations in each phage

The ISME Journal

treatment were initiated with aliquots from the
same 16 independent starting metapopulations
(where each starting metapopulation constitutes 96
independent demes before dilution and 24 h growth
with or without phages). We analysed these data by
a linear mixed effects model with bacterial genotype
and phage treatment as factors and starting replicate
as a random effect.

Varying initial genotype frequencies

In some scenarios the cost of antibiotic resistance
will cause antibiotic-resistant genetic backgrounds
to decline in frequency. To determine whether the
fate of an antibiotic-resistant background depended
on its initial frequency upon exposure to phages, we
tested whether the outcome of competitions
between one antibiotic-resistant genotype (Rif¥)
and antibiotic-sensitive Aara was influenced by
their initial frequencies in different phage treat-
ments. We did competitions as above, except that
the initial genotype ratio was either 1:4 or 4:1 v:v,
and with eight replicate microcosms at each combi-
nation of phage and frequency.

Mutator competitions

The mutator we used is isogenic to wild type except
for an insertion APmutS::kan::araC::ParaBAD::mutS
that represses mutS in the absence of arabinose. This
disrupts the methyl-directed mismatch repair path-
way, impairing DNA repair (Oliver et al., 2002; Li
et al., 2003) and increasing mutation rate ~50-fold.
We assayed the selection coefficient for the mutator
by competitions against Aara in the presence of
HK578, T4 or no phage as above.

Long-term competitions

We included additional resistant genotypes rpoB
D516G (Rif®), gyrA S83L (Cip®) and rpsL K88R (Str®),
and the wild type, giving seven genotypes in total.
We competed each genotype against Aara with and
without each phage in triplicate, diluting cultures
100-fold into fresh medium every 24h for eight
transfers (~54 bacterial generations). We measured
optical density (ODgg,) before each transfer to
estimate population densities and followed geno-
type frequencies by plating on TA agar after 1, 2, 4, 6
and 8 transfers. We tested for resistance to phages by
streaking assays after 1 and 8 transfers.

Results

Model results

The probability that neither, one or both of the two
bacterial types evolve phage resistance and survive
phage selection depends on bacterial mutation rate
(v and u) at a given population size. Specifically,
when vap, a selective sweep is most likely



at intermediate mutation rates (Supplementary
Figure S4). In this scenario, phages strongly influ-
ence the relative frequencies of drug-resistant and
drug-sensitive bacteria, and our results below show
this was the most common outcome in experiments
with E. coli, consistent with other bacteria-phage
experiments (Morgan et al., 2012). In such cases the
probability Q that the A antibiotic-resistance allele
fixes depends on three main factors: the initial
frequency of antibiotic resistance ¢, the ratio v/ of
the mutation rates of antibiotic-resistant and anti-
biotic-sensitive types (‘mutational ratio’) and the
cost of antibiotic resistance c.

For fixed values of mutational ratio v/u and cost of
antibiotic resistance c, as initial frequency of anti-
biotic-resistant genotypes increases, so does the
probability that antibiotic resistance fixes (Figure 1).
This is because the more antibiotic resistant indivi-
duals there are, the more likely that a phage-
resistance rescue mutation will occur on an anti-
biotic-resistant genetic background. The relationship
between ¢ and Q is nonlinear (Figure 1). To see why,
consider the case where there are n rescue mutation
events in total. All else being equal, each mutation
has a probability ¢ of being on an antibiotic-resistant
background, and (1—¢) of being on a wild-type
background. The probability that all of them are on
an antibiotic-resistant background is then ¢,
whereas the probability that all of them are on a

1.0

0.8

0.6

Increased
mutational ratio,

—
Increased cost,

0.4

0.2

Q, probability antibiotic resistance allele fixes

0.0

0.0 0.2 0.4 0.6 0.8 1.0
o, initial frequency of antibiotic resistance allele

Figure 1 The probability Q that all individuals are genotype AP
following strong selection for phage resistance (given that one
lineage fixes) as a function of the initial proportion of antibiotic-
resistant bacteria ¢. The heavy black line shows the case with no
cost of antibiotic resistance and equal mutation rates for both
genotypes. Increasing the mutation rate of the antibiotic-resistant
type increases its probability of fixing (left-hand curve), whereas
increasing the cost of antibiotic resistance decreases its prob-
ability of fixing (right-hand curve). Parameter values: N, =107,
u=10"7° B=1, D=0.1, b=1, d=1.2 (all three curves); c=0,
v=2.4x10"7% (left-hand curve), c=0, v=10""° (central bold
curve) and ¢=0.25, v=10"""° (right-hand curve).
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wild-type background is (1—¢)". Thus, the prob-
ability that antibiotic resistance fixes, given that n
rescue mutations occur, is ¢" /( "+ (1 — ¢)"). If n>1,
this probability will be greater than ¢ for values of
¢ >, and less than ¢ for values of ¢ <%. Because
this nonlinearity results from cases where more than
one rescue mutation occurs, it will decrease with
smaller mutation rates v and g (Supplementary
Figure S5) at a given population size.

Given a fixed initial frequency ¢ and cost of
antibiotic resistance ¢, increasing the mutational
ratio v/p increases the probability that the antibiotic-
resistant-type fixes (Figure 1), because it increases
the mutation supply rate on this genetic back-
ground, making phage-resistance mutations more
probable.

Given a fixed initial frequency ¢ and mutational
ratio v/u, increasing the cost of antibiotic resistance ¢
decreases the probability that the antibiotic-resistant
type fixes (Figure 1), because the cost of antibiotic
resistance makes the population of antibiotic-resis-
tant types decline more rapidly, and consequently
there is less opportunity to produce a phage-resistant
mutant. In addition, larger costs of antibiotic resis-
tance increase the probability that phage-resistance
mutations on antibiotic-resistant genetic back-
grounds are lost because of stochastic processes
before they can spread and become rescue mutations.

The negative effects of an increased cost of
antibiotic resistance ¢ can be exactly cancelled out
by an increased mutational ratio v/u, with the
resultant Q-value being the same function of ¢ as
in the case where ¢=0 and v/u=1. The exact (v/u)
value that cancels a given c-value depends on birth
and death rates b, d, B and D, as well as on ¢ (see
Supplementary Materials). For small increases of c,
including those observed in our experiments below
in the absence of phages, the increase in v/u required
increases linearly with increasing costs (Figure 2).
This suggests that even a small increase in muta-
tional ratio v/u will offset the deleterious effects of a
cost of antibiotic resistance c. Therefore, if anti-
biotic-resistant genotypes are hypermutable, the
likelihood that antibiotic resistance spreads during
a phage-mediated selective sweep is relatively high.

Phages cause rapid changes in E. coli genotype
frequencies

In the absence of phages, selection coefficients varied
among different genotypes (analysis of variance:
F3 ,0=233.88, P<0.0001, Figure 3a), and resistance
against each antibiotic was costly (P<0.01 for each
genotype compared with wild type by #-tests). In the
presence of phage T4 or HK578 (Figures 3b and c),
selection coefficients were not affected by antibiotic-
resistance mutations on average (Kruskal-Wallis
tests: HK578: %*=0.08, d.f.=3, P=0.99; T4:
y?>=2.70, d.f. =3, P=0.44), but the variance among
replicate competitions was greater than in the
absence of phages (paired t-tests comparing variance
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of s for all genotypes in the presence and absence of
each phage: P<0.02 for both phage treatments). This
was frequently associated with fixation of one of the
two genetic backgrounds (Table 1) that was approxi-
mately equally likely for antibiotic-resistant and -
sensitive bacteria (Table 1; ¢ tests for HK578 and T4:
P=0.44 and 1).

Phage parasitism reduced final population den-
sity by ~98% (T4) and 94% (HK578) on average
compared with phage-free populations, imposing
strong selection for phage resistance that we
detected in 16 out of 18 populations exposed to

HK578 and 16 out of 20 exposed to T4, excluding
microcosms where bacteria went extinct. In several
cases, resistance was linked to a mucoid colony
phenotype (Table 1 and Supplementary Figure S1)
that is known to be associated with phage resistance
(Labrie et al., 2010). Mucoidy evolved on antibiotic-
resistant and -sensitive genetic backgrounds and
conferred cross-resistance to HK578 and T4 as well
as T5, T6 and A, all of which infect the wild type.
Thus, changes in genotype frequencies were pre-
dictable from the presence of drug-resistance alleles
in the absence of phages or antibiotics, consistent
with a cost of resistance in terms of intrinsic growth
(Figure 3a). In phage treatments, the presence of

50 drug-resistance alleles offered no predictive power
45 over the final frequencies of different genetic back-
grounds at this level of replication. Instead, one or
40 the other genetic background in each population
tended to acquire phage resistance during the
35 experiment and rapidly increase in frequency
= (Figures 3b and ¢ and Table 1).
S 30
o
[ 25 Phage-infected metapopulations
2 4 Favourable to To increase our statistical power to detect any effect
5 resistant type of antibiotic-resistance alleles on the likelihood that
= 15 a given genetic background spreads under phage
selection, we quantified changes in the average
10 frequency of antibiotic-resistant bacteria across
Favourable metapopulations, each consisting of 96 independent
5 to wilditype demes. The variance among replicate metapopula-
tions was much smaller than among individual
0 X : :
0 041 02 03 04 05 06 07 08 09 1 microcosms above (Figures 4b and ¢ compared with

Cost of resistance, ¢

Figure 2 Parameter space with cost of antibiotic resistance c
against mutational ratio v/u. The effect of different values of ¢ and
v/ for the probability of fixation of antibiotic resistance under
phage selection is shown for initial frequency ¢ =0.5. Combina-
tions of parameters in the white section increase the probability
that the antibiotic-resistant type fixes, whereas those in the grey
area decrease it. On the black curve the probability of fixation is
identical to the case where ¢=0 and v/u=1. In reality, the cost of
antibiotic resistance is likely to be small, whereas if resistant
types are hypermutable, the mutational ratio may be large.

Figures 3b and c) and Str® bacteria had a lower
average selection coefficient compared with other
antibiotic-resistant bacteria and the wild type,
although overall variation among different genetic
backgrounds was not statistically significant
(F3,,=2.43, P=0.12) and was not significantly
altered by phages (genotype x phage interaction:
Fe 2.=1.87, P=0.13). Thus, any effects of antibiotic
resistance alleles were very small (approximately
proportional to the cost of antibiotic resistance in

a b c
6 - 6 - 6 -
4 8 o 4 Q ° °
£ 4 491 B8 o o 1 o 8
S 2 2 — 24 —
[}
(e} — —
© 04f+-y--O - - - o S 0 S
S % € -8 o - 9 [¢] o
= o) — =
S 2 2 2 -
B 4 ] 44 © -4 8 ©
]
o lS) C]
-6 -6 -6 8 °©
T T T T T T T T T T T T
cipf  Riff st owT cip®  Riff  st® wT cipf  Riff  stf owr
Genotype

Figure 3 Selection coefficients in (a) phage-free conditions or the presence of phage (b) HK578 or (c) T4. Circles represent individual
competitions and bars show means for genotypes resistant to one of three antibiotics (ciprofloxacin, rifampicin and streptomycin) or the
wild type (WT) competed against a marked ancestral strain (Aara). Selection coefficients are shown per day; a per-generation estimate can
be obtained in phage-free conditions by dividing by 6.88, the average number of doublings observed in these conditions.
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the absence of phages) relative to the benefits of = frequency when initially common and declined
phage resistance in individual populations. when initially rare (Welch’s t,,=10.67, P<0.0001,

Figure 5b). With T4, resistant bacteria declined

when rare, but increased in frequency in only two
Positive frequency-dependent selection populations when initially common, and there was
Initial genotype frequency did not influence the cost ~ no average difference in s depending on frequency
of antibiotic resistance in the absence of phages (Welch’s t;,=0.40, P=0.70, Figure 5c). Thus,
(Welch’s t,,=0.73, P=0.48, Figure 5a). With HK578, high initial frequency increased the likelihood of
there was strong evidence of positive frequency  fixation in the presence of one of the two phages,
dependence: drug-resistant bacteria increased in  consistent with our model. For the other phage,

Table 1 Effect of phages on bacterial population size and phage resistance

Treatment (n= 24) N, (mean+s.d.) Extinctions Fixations (Aara/comp) Resistance (mean * s.d.) Mucoidy
No phages 1.2x10°+4.1 x 10® 0 0 0 0
HK578 1.8 x 107 £2.7 x 107 6 6/9 0.91+0.26 11
T4 7.5 x 107+ 1.1 x 10° 4 5/5 0.58+£0.40 4

N4, gives the number of bacterial cells in 1 ml after 24 h. Extinctions and fixations give the number of microcosms where no bacteria were present
at the end of the competition (24 h) or where only one of the two competing genotypes was detected by plating, given for Aara and the opposing
competitor (comp). Resistance is the average proportion of colonies resistant to the focal phage. Mucoidy is the number of populations in which
mucoid phenotypes were detected.
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Figure 4 Selection coefficients in metapopulations with (a) no phages or (b, ¢) phage HK578 or T4. Each circle represents an entire
metapopulation of 96 demes. Bars show the average of four metapopulations for each genotype in each phage treatment.
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Figure 5 Competitions initiated at different genotype frequencies. The frequency of a Rif* genotype is shown over time for competitions
initiated at different frequencies relative to a drug-sensitive genotype with (a) no phages, (b) HK578 or (c) T4. Each line shows a single
population (n=8 in each group). In three HK578 and three T4 populations, bacteria were driven extinct by phages, and one or the other
genotype appeared to fix in 8 and 10 populations, respectively.
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antibiotic-sensitive bacteria fixed in some populations
despite low initial frequency.

Elevated mutation rate is beneficial under phage
selection

Our model predicts that genotypes producing
phage-resistance mutations more frequently are
more likely to survive under phage selection
(Figure 1). We tested this by competitions between
wild-type bacteria and a mutator. The selective
benefit of an elevated mutation rate was clearly
dependent on the presence of phages (Kruskal-
Wallis test: y*=7.89, d.f.=2, P=0.019; Figure 6).
Mutators had no selective advantage over the wild
type in the absence of phages over this timescale
(t;=0.002, P=0.99), but with HK578 or T4, muta-
tors fixed within 24 h in 4 out of 6 and 5 out of 6
microcosms, respectively. Mucoid phenotypes
emerged on the mutator background in eight of
these microcosms. As above, mucoid colonies were
not observed in any phage-free populations.

Effect of phages over longer timescales

Phages had the same qualitative effects as above
over the first few generations, causing rela-
tively rapid changes in genotype frequencies
(Supplementary Figures S6A-C). Over the entire
experiment, the effect of phages on bacterial popula-
tion size was maintained, despite being strongest
early on (Supplementary Figure S6D-F). Moreover,
phages caused fixation of one or the other genetic
background in a greater number of populations (no
phage: 5, HK578: 17, T4: 17; Pearson’s y*>=7.38,
d.f.=2, P=0.02; Supplementary Figure S7). Phages
did not significantly alter the average frequency of

Selection coefficient
o
:
|
|
@)
O

I I T
No phage HK578 T4

Phage treatment

Figure 6 Selective effect of an elevated mutation rate. Each bar
shows the average selection coefficient (£ s.e., n=6) for a mutator
genotype relative to the wild type in different phage treatments;
circles show individual populations.
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antibiotic-resistant bacteria at the end of the experi-
ment (mixed effects model with genotype as a
random effect: F, ,,=1.82, P=0.21; Supplementary
Figure S7). Thus, although phages had no net effect
on the average frequency of antibiotic-resistant
genotypes, in individual populations they had strong
demographic effects and usually caused either anti-
biotic-resistant or -sensitive genetic backgrounds to
approach fixation.

Discussion

In the absence of phages and antibiotics, drug-
resistance alleles are costly and tend to decline in
frequency over time. Upon exposure to a lytic virus,
phage-resistance mutations that occur stochastically
on different genetic backgrounds are highly bene-
ficial, indirectly favouring other alleles on the same
genome because of genetic hitchhiking (Maynard
Smith and Haigh, 1974; Barton, 2000), a process that
has been demonstrated in microbes in other contexts
(Morgan et al., 2012; Waite and Shou, 2012). Our
model and experiments suggest that the likelihood
of an antibiotic-resistant genetic background spread-
ing under phage selection depends on the cost of
antibiotic resistance in terms of intrinsic growth rate
(c), the initial frequencies of different genetic back-
grounds (¢) and the ratio of their genomic mutation
rates (v/p), because these parameters contribute
directly to the relative supply rates of phage-
resistance mutations. Our theoretical work suggests
that relatively small increases in mutability will
more than cancel out the negative effects of a cost of
antibiotic resistance on the likelihood that a given
genetic background fixes (Figure 2). Consistent with
this, the average cost of antibiotic resistance in
the absence of phages (s= —0.15 per generation,
s.d. =0.10, taking the number of generations in each
assay as 10g,(Ninal/Ninitia)) where N is the final or
initial population size; Lenski et al., 1991) was small
relative to the benefit of an elevated mutation rate in
the presence of phages (s=0.42 per generation
s.d. =0.08, conservatively assuming 6.64 doublings
following 100-fold dilution) in our experiments.
Thus, linkage to mutator alleles in the context of
phage-imposed selection is a potential explanation
for the persistence of some costly antibiotic-resis-
tance mechanisms in the absence of drugs.

This is potentially relevant outside the laboratory
given that mutator bacteria are common in clinical
settings, particularly in chronic infections (Oliver
et al.,, 2000; Denamur et al.,, 2002), and are
frequently associated with antibiotic resistance
(Giraud et al., 2002; Baquero et al., 2005; Macia
et al., 2005). Crucially, the mutator phenotype of
clinical isolates, including E. coli, is frequently
because of mutations in mismatch repair genes
including mutS (LeClerc et al., 1996; Chopra et al.,
2003; Li et al., 2003; Jolivet-Gougeon et al., 2011),
the same mechanism as in our experiments. Mutator



genotypes typically have mutation rates orders of
magnitude higher than nonmutators (LeClerc et al.,
1996; Chopra et al., 2003; Macia et al., 2005), but
costs of antibiotic resistance measured in vitro or
in vivo are usually <50% (Bjorkman et al., 2000;
Sander et al., 2002; Gagneux et al., 2006). We
therefore suggest that hypermutable drug-resistant
genetic backgrounds will typically lie in the white
region of Figure 2. We note that hitchhiking effects
may be disrupted by recombination (Barton, 2000),
and that mutator advantage under parasitism also
depends on ecological factors such as the structure of
the abiotic environment (Gémez and Buckling, 2013).
Nevertheless, our finding that an elevated mutation
rate is advantageous under phage selection is also
consistent with evidence that Pseudomonas fluor-
escens mutators are favoured during coevolution
with phage ®2 (P4l et al., 2007; O’Brien et al., 2013).

The cost of antibiotic resistance as inferred by
classical in vitro methods can also influence the
likelihood of fixing under phage selection. This is
for two reasons. First, reduced population growth
rate lowers the supply rate of phage-resistance
mutations. This is equivalent to the effect of
genotype frequency (¢), and in our metapopulation
experiments could result from reduced population
growth and in turn a reduced supply of phage-
resistance mutations relative to the wild type, both
before and during exposure to phages, although any
such effects in our experimental system were weak.
Second, in our model a phage-resistance mutation
on a slower-growing genetic background is more
likely to be lost before it can spread and become a
rescue mutation. Further experiments would be
required to demonstrate conclusively that stochastic
loss of beneficial mutations is more likely for slow-
growing genotypes. We also note that this effect is
expected to be relatively weak when the selective
effects of beneficial alleles are relatively large
(Johnson and Barton, 2002), as they are here.

Phage resistance was frequently associated with
mucoidy. Phage-resistant mucoid mutants have been
observed previously in E. coli and other bacteria
(Hancock and Reeves, 1975; Mizoguchi et al., 2003;
Scanlan and Buckling, 2012). Mucoidy is caused by
mutations that increase production of extracellular
polysaccharides (Sapelli and Goebel, 1964;
Lieberman and Markovitz, 1970). In our experi-
ments, mucoidy conferred cross-resistance to
HK578, T4, T5, T6 and A, and therefore appears to
be a general adaptive response to phage parasitism
(Labrie et al., 2010).

In other scenarios, such as infection by nonlytic
filamentous phages, the selective benefit of phage
resistance may be smaller compared with the cost of
antibiotic resistance than it was here. In addition,
some antibiotic-resistance mechanisms may inter-
fere with phage replication (Constantinou et al.,
1986; Hammer et al., 1987; Schmitt et al., 1995;
Jalasvuori et al., 2011; Escobar-Péramo et al., 2012),
meaning that genotype frequencies and relative
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likelihoods of evolving phage resistance are influ-
enced by differential susceptibilities to infection.
The cost associated with phage resistance may also
vary depending on the presence of antibiotic-
resistance alleles (Zhang, 2014). This could be
incorporated into our modelling framework by
including a parameter for the cost of phage resis-
tance on different genetic backgrounds; here we
excluded the cost of phage resistance because we are
interested in scenarios where infectious phages are
present, and therefore the benefits of phage-resis-
tance mutations vastly outweigh their cost in terms
of intrinsic growth rate. Despite this, a cost of phage
resistance may partially explain the sustained
effects of phages on population density in our
long-term experiment that is promising for phage
therapy. In some scenarios, phages may even
prevent antibiotic-resistance evolution from occur-
ring in the first place, such as when phages and
antibiotics are applied simultaneously (Zhang and
Buckling, 2012). Again, an expanded modelling
framework could incorporate this by beginning with
only ap genotypes and including mutation to A,
with specific death rates in the presence of anti-
biotics. We suggest, therefore, that in applying
phages therapeutically (Briissow, 2005; Abedon
et al., 2011), careful study of interactions between
resistance mechanisms will be beneficial.
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