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Sub-minimum inhibiting concentrations (sub-MICs) of antibiotics frequently

occur in natural environments owing to wide-spread antibiotic leakage by

human action. Even though the concentrations are very low, these sub-MICs

have recently been shown to alter bacterial populations by selecting for anti-

biotic resistance and increasing the rate of adaptive evolution. However,

studies are lacking on how these effects reverberate into key ecological

interactions, such as bacteria–phage interactions. Previously, co-selection of

bacteria by phages and antibiotic concentrations exceeding MICs has been

hypothesized to decrease the rate of resistance evolution because of fitness

costs associated with resistance mutations. By contrast, here we show that

sub-MICs of the antibiotic streptomycin (Sm) increased the rate of phage resist-

ance evolution, as well as causing extinction of the phage. Notably, Sm and the

phage in combination also enhanced the evolution of Sm resistance compared

with Sm alone. These observations demonstrate the potential of sub-MICs of

antibiotics to impact key ecological interactions in microbial communities

with evolutionary outcomes that can radically differ from those associated

with high concentrations. Our findings also contribute to the understanding

of ecological and evolutionary factors essential for the management of the

antibiotic resistance problem.

This article is part of the themed issue ‘Human influences on evolution,

and the ecological and societal consequences’.
1. Introduction
The increasing occurrence of antibiotic resistant bacteria has ushered in a global

crisis in public health and agriculture, both of which depend on the use of anti-

biotics as antibacterial agents [1–3]. The misuse of antibiotics and their leakage

into the environment constitute a prime example of how human activities

change the selection landscape of natural populations (this and other examples

are discussed at length in several articles in this issue, e.g. [4–6]). Previously, anti-

biotic resistance in bacteria has been primarily assessed by determining minimum

inhibitory concentrations (MICs) of antibiotics that inhibit the visual growth of

bacteria after overnight culture. However, it has recently been proposed that

concentrations of antibiotics below MICs (sub-MICs), found in many natural

environments mainly owing to their extensive use in food production, play an

important role in increased antibiotic resistance evolution [7–10]. In addition,

investigations have thus far revealed a number of other ecological and evolution-

ary effects that sub-MICs of antibiotics have on bacteria. These include elevated

rates of mutagenesis [11–16], horizontal gene transfer [17,18] and recombination

[19], as well as effects antibiotics cause as signalling molecules in quorum sensing

[20], biofilm formation [21] and virulence [22,23]. However, studies are lacking on
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whether and how these effects of sub-MICs of antibiotics

on bacterial populations alter important evolutionary and

ecological interactions in multispecies communities.

A key ecological interaction in microbial communities is

the interaction between bacteria and lytic phages (i.e. viral

parasites) that are highly abundant in natural communities

[24]. In addition to being a major cause of bacterial mortality,

phages cause selection pressure that acts as a fundamental

driver of bacterial evolution, especially through coevolutio-

nary dynamics [25,26]. Phage resistance has been shown to

be commonly associated with a fitness cost seen as lowered

competitive ability [27–29]. Likewise, antibiotic resistance

mutations frequently cause a reduction in bacterial fitness in

the absence of antibiotics [7,30–32]. These factors have

prompted the hypothesis that fitness costs associated with

resistance against both phage and antibiotic decrease the rate

of antibiotic/phage resistance evolution under co-selection

[33–40]. However, sub-MICs of antibiotics might affect the

overall rate of adaptive evolution—through increasing

mutation rates or causing competition between mutations for

resistance against phage or antibiotics—as well as basic

physiological and morphological properties of bacteria, all of

which can alter the outcome of bacteria–phage interactions.

For example, it has recently been demonstrated that in the pres-

ence of phages, the growth ability cost of antibiotic resistance is

small compared with the benefits of an increased mutation rate

[41]. These dynamics might especially apply to sub-MIC

antibiotic selection that is strongly associated with low-fit-

ness-cost antibiotic resistance mutations and commonly

results in an increased mutation rate [8]. A heightened

mutation rate coupled with low-fitness-cost antibiotic resist-

ance mutations might also alleviate the ecological effect of

lytic phages that initially strongly reduce bacterial population

size, allowing bacterial populations to recover more rapidly

compared with phage-alone environments. In this scenario,

instead of an adaptive trade-off resulting in decreased resist-

ance evolution, resistance may actually evolve more rapidly.

Here, we employed an experimental evolution approach

to study the effect of sub-MICs of streptomycin (Sm) on inter-

actions between the bacterium Pseudomonas fluorescens and its

lytic phage F2. Our prediction was that resistance evolution

would decrease under co-selection by Sm and phage owing

to fitness costs associated with resistance against either agent.

Surprisingly, we found instead increased resistance evolution

under co-selection, as well as indications that this may be

associated with increased mutation rate. Together our findings

demonstrate that sub-MICs of antibiotics can strongly impact

bacteria–phage interaction, and that the ecological and evol-

utionary effects may be different from those expected under

selection by high antibiotic concentrations.
2. Material and methods
(a) Strains and culture conditions
As the bacterial host species, we used Pseudomonas fluorescens
SBW25 [42], and as the viral parasite, the lytic bacteriophage

SBW25F2 [43]. We followed standard protocols for microcosm

experiments with bacteria–phage systems [43–49]. The culture

medium for bacteria contained M9 salts and King’s B (KB) nutri-

ents at a 5% concentration compared with full-strength medium

(concentrations used: 1 g peptone number 3 and 0.5 ml of 85% gly-

cerol in 1 l of dH2O). The medium was used at a diluted
concentration (5%) for experimental conditions to more closely

resemble the resource levels found in natural environments

compared with full-strength medium highly enriched with

nutrients. All media and microcosm vials were sterilized by auto-

claving prior to use and were kept at 288C (+0.18C) during the

experiments.

(b) Effect of sub-minimum inhibiting concentrations of
streptomycin on phage resistance evolution

To test the effect of sub-MICs of Sm on phage resistance evol-

ution, we conducted a 66-day microcosm experiment,

representing approximately 380 P. fluorescens generations. We

had a full factorial experimental design with two treatments.

First, an antibiotic treatment, 0, 0.2 and 2 mg ml– 1 Sm treatments

(0.2 and 2 mg ml– 1 represent roughly 1% and 10% of MIC,

respectively), and second, a phage treatment (phage present/

absent). All treatments were started from a single colony of

P. fluorescens (cultured overnight in KB). The initial Pseudomonas
density was approximately 107 colony forming units (CFU) ml– 1

and phage density approximately 105 plaque forming units

(PFU) ml– 1. All treatments were replicated three times in 25 ml

glass vials containing 6 ml KB. Every 48 h, 1% (60 ml) of each cul-

ture was transferred to a new vial containing fresh KB. Bacterial

and phage abundances were estimated with a previously

described optical density based method [44] and plaque assay

(from freeze-stored samples) [50], respectively. The ancestral bac-

terium was used in the plaque assay, because even in the case of

evolution in the phage, more than 95% of phages retain the abil-

ity to infect the ancestral bacterium in this system [50,51], causing

a potential underestimation of phage density to be negligible. A

0.5 ml subsample was frozen with 0.5 ml of 30% glycerol and

kept at –808C for later analysis.

We isolated 16 bacterial clones per population from freeze-

stored samples, and estimated their phage resistance using a

modified version of a streak test commonly used in bacteria–

phage studies (e.g. [46,52–54]). We first cultured each thawed

clone overnight in KB (in 96-well plates, each well containing

one clone) and then used a 96-well pin replicator [55] to replicate

approximately 10 ml samples to a large (150 mm) Petri dish con-

taining PPY (20 g proteose peptone and 2.5 g yeast extract in 1 l

deionized H2O) agar and a thin layer of soft agar with ancestral

phage at a high density. The ability to form visible colonies (indi-

cating resistance) was evaluated for each clone after 24 h.

All samples were also transferred to plates without the phage

to control for the presence of bacteria. In addition, we evaluated

the evolution of Sm resistance using an MIC strip test (protocol

in the electronic supplementary material). Briefly, bacteria (20

clonal cultures from each experimental population at day 66 of

the experiment) cultured overnight in liquid medium were

spread-plated on an agar plate, an MIC test strip was placed

on the plate, and the MIC value was determined upon culturing

based on visual inhibition of bacterial growth.

We used fluctuation analysis, as described previously [56,57],

to estimate the effect of experimental sub-MICs of Sm on bacterial

phage resistance mutation rate. The analysis was conducted in six

microcosms containing 40 ml of liquid PPY medium per Sm

concentration (0, 0.2, or 2 mg ml–1 Sm). Each microcosm was

inoculated with 100–1000 cells of ancestral P. fluorescens and cul-

tured for 24 h at 288C with constant shaking at 120 r.p.m. To

estimate total cell density, a dilution series was plated on PPY

agar plates. To estimate the number of phage resistance mutants,

a dilution series was plated on PPY agar plates containing a thin

layer of soft agar with phage at a high density. Colony counts

were performed after culturing for 24 h at 288C, and the pro-

portion of phage resistance mutants per microcosm was used to

assess the mutation rate in each treatment using FALCOR [58]

(see §2d below).
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(c) Effect of phage and sub-minimum inhibiting
concentrations of streptomycin on antibiotic
resistance evolution

Because antibiotic resistance data in the 66-day experiment

exhibited high variance between replicates (electronic sup-

plementary material), we conducted an additional 12-day

experiment to more accurately (with higher replication) test the

effect of the phage and a sub-MIC of Sm on the evolution of anti-

biotic resistance. We had a full factorial experimental design with

phage absent, phage present, no Sm and 2 mg ml– 1 Sm treat-

ments. Because our observations in the 66-day experiment

showed similar results for the 0.2 and 2 mg ml– 1 Sm treatments,

the intermediate concentration 0.2 mg ml– 1 Sm was left out from

this additional experiment. All treatments were replicated four

times in 48 wells in a 96-well plate, containing 200 ml of KB.

Replicate populations of P. fluorescens were started by obtaining

four individual colonies from plated bacterial stock culture,

inoculating the colonies into KB and culturing overnight with

constant shaking at 50 rpm. Every 48 h, 5% (10 ml) of each culture

was transferred to a new well plate containing fresh KB using a

pin replicator. During each transfer, well plates were frozen with

100 ml of 30% glycerol and kept at 2208C for later analysis.

To analyse antibiotic resistance, frozen samples were repli-

cated on a PPY agar plate containing 25 mg ml– 1 Sm. Antibiotic

resistance was determined as the presence of bacterial growth

after culturing plates for 48 h. It must be noted that in this exper-

iment our aim was to determine the presence of antibiotic

resistant genotypes in the population in the form of presence/

absence data rather than determining the more precise degree

of antibiotic resistance at the clonal level as performed in the

66-day long experiment. In addition, the presence of phage and

phage resistance were determined on days 2, 8 and 12. The pres-

ence of phage was determined by replicating frozen samples on a

96-well plate containing the P. fluorescens ancestor strain in 100 ml

of KB. After overnight culture, allowing rapid phage replication

in the wells where the phage was initially present, the bacteria

were killed with 10 ml of chloroform. Well plates were then repli-

cated on a PPY agar plate containing a thin layer of soft agar with

ancestral P. fluorescens at a high density using a 96-pin replicator

that transfers a 10 ml inoculum of phage culture. The presence of

phage in samples was determined as the presence of a plaque

after culturing plates for 24 h. Phage resistance was analysed

by a similar method by replicating the bacteria on plates contain-

ing thin layer of soft agar with high density of the ancestor phage

and a formation of a colony after 24 h indicates a presence of

phage resistant genotypes in the population.

(d) Data analysis
Statistical analyses for community experiment data were per-

formed with R v. 3.2.2 [59], using the lme4 package [60], and

SPSS Statistics v. 22 (IBM SPSS Statistics, Chicago, IL). For corre-

lations in the 66-day experiment between sub-MICs of Sm and

presence of phage and bacterial density, and between sub-MICs

of Sm and phage resistance, we used linear mixed models

(LMM), with the treatments (Sm, phage) as the fixed effect and

transfer within replicate as the random effect. Models with

and without the fixed effect were compared to determine the

significance of the correlations. Repeated measures ANOVA

(RMANOVA) was used to determine differences in the develop-

ment of Sm resistance in the 12-day experiment. The effect of

sub-MICs of Sm on phage resistance mutation rate was determined

with the Ma-Sandri-Sarkar Maximum-Likelihood Estimator (MSS-

MLE) using FALCOR [58]. Statistical analysis was performed,

based on natural log transformations of the number of mutations

per culture (m) and standard deviation estimates as explained pre-

viously [61], with ANOVA from sufficient statistics for groups
using the aovSufficient function in the HH package [62] in R. All

post hoc analyses were performed with Tukey honest significant

difference (HSD).
3. Results
(a) Effect of sub-minimum inhibiting concentrations of

streptomycin on ecological dynamics and phage
resistance evolution

In the 66-day experiment, bacterial density was highest at

0 mg ml– 1 Sm and lowest at 2 mg ml– 1 Sm (LMM: x2 ¼ 422.5,

d.f. ¼ 4, p , 0.001; Tukey HSD for all pairwise comparisons

p , 0.001, with the bacterial density order 0 . 0.2 .

2 mg ml– 1 Sm) (figure 1). We also found a significant corre-

lation between the phage and bacterial density (LMM x2 ¼

16.34, d.f. ¼ 1, p , 0.001), with reduced bacterial density in

the presence of phage. The phage became extinct by day 14

in the 2 mg ml– 1 Sm environment and by day 40 in the

0.2 mg ml–1 Sm environment while remaining present

throughout the experiment in the 0 mg ml– 1 Sm environment

(figure 1d–f ). In the 12-day experiment, the phage decreased

almost to extinction in the 2 mg ml– 1 Sm environment, with a

smaller decrease in the no Sm environment.

In the 66-day experiment, sub-MICs of Sm and phage

resistance were significantly correlated (LMM x2 ¼ 50.06,

d.f. ¼ 4, p , 0.001), so that phage resistance was higher in

the 0.2 mg ml–1 (Tukey HSD: p , 0.001) and 2 mg ml–1 Sm

environments (Tukey HSD: p ¼ 0.006) compared with no Sm,

and higher in the 0.2 mg ml–1 compared with the 2 mg ml–1

Sm environment (Tukey HSD: p ¼ 0.011) (figure 1g–i).
Further, in a separate experiment with the same P. fluorescens
stock culture, after overnight culture in experimental sub-MICs

of Sm, bacterial phage resistance mutation rates were

higher compared with no Sm selection (figure 2). The number

of mutation events (m) was higher for 0.2 mg ml–1 (m ¼
179 mutations ml–1; Tukey HSD: p , 0.001) and 2 mg ml–1 Sm

(m¼ 167 mutations ml–1; Tukey HSD: p , 0.001) compared to

no Sm (m¼ 121 mutations ml–1; ANOVA: F2,15 ¼ 21.4, p ,

0.001), while the Sm treatments did not differ from each other

(Tukey HSD: p ¼ 0.573).

(b) Effect of phage and sub-minimum inhibiting
concentrations of streptomycin on antibiotic
resistance evolution

In the 12-day experiment, the development of Sm resistance

in the Sm environment was enhanced by the presence

of the phage (RMANOVA Sm: F1,12 ¼ 198, p , 0.001;

RMANOVA phage: F1,12 ¼ 9.7 � 10– 5, p ¼ 0.992; RMANOVA

Sm � phage: F1,12 ¼ 16.1, p ¼ 0.002) (figure 3).
4. Discussion
In this study, we examined the effect of sub-MICs of Sm on

interactions between P. fluorescens and its lytic phage F2. We

also determined the effect of experimental Sm concentrations

on the rate of evolution of phage resistance. Our expectation

was that fitness costs associated with both phage resistance

and antibiotic resistance would result in decreased resistance

evolution. However, under co-selection by sub-MICs of Sm
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and phage, we unexpectedly observed elevated evolution of

resistance against the phage and Sm compared with individual

treatments, as well as extinction of the phage. Notably,
elevated resistance evolution was observed despite an associ-

ation between both Sm and phage with lowered bacterial

density. These results demonstrate that sub-MICs of Sm alter

bacteria–phage interaction and resistance evolution, with

ecological and evolutionary outcomes that differ from

those expected under selection by antibiotic concentrations

exceeding MICs.

Several lines of evidence suggest that the role of the phage

and Sm, when applied together, in promoting resistance evol-

ution and phage extinction may be associated with elevated

mutability, although further studies are needed to character-

ize the molecular factors underlying our observations. First,

we experimentally demonstrated that sub-MICs of Sm

almost doubled the rate of phage resistance mutations com-

pared with no Sm. Because pleiotropy was not detected

between Sm and phage resistance (see control experiment

for pleiotropy in the electronic supplementary material), we

assume that this observation indicates an elevated mutation

rate under our experimental conditions. Second, Sm is a

known mutagen. Sm acts by binding to the small subunit

of the bacterial ribosome, leading to mistranslation and ulti-

mately, at sufficient concentrations, inhibition of protein

synthesis and translational errors caused by sub-MICs of

Sm have been associated with increased mutagenesis in

Escherichia coli [63–65]. Third, we observed phage extinction
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under sub-MIC Sm selection. A high frequency of hypermu-

table genotypes (mutators) in a bacterial population, in the

same bacteria–phage system employed here, has previously

been associated with phage extinction [56]. Among the

most common genetic factors causing hypermutability are

loss-of-function mutations in the mutS and mutL genes

involved in the methyl-directed mismatch repair system

(MMR) that participates in the repair of newly synthesized

DNA [41,56]. Fourth, the phage used in this study has pre-

viously been shown to select for mutator host strains

[56,66–68]. Finally, according to a recent study by Tazzyman

& Hall, in the presence of phage, even a slight increase in

mutability can compensate for the growth rate cost of anti-

biotic resistance, and this especially applies with low-

fitness-cost antibiotic resistance mutations [41], which are

strongly associated with sub-MIC selection [7].

Previous studies suggest that Sm might inhibit certain

phages, providing a potential explanation for phage extinction

in the presence of Sm [69–71]. However, under the Sm concen-

trations used in this study, the phage initially increased to a

high density and did not begin to decline until the host evolved

resistance against the phage (figure 1). Although the possibility

of an inhibitory effect of Sm against the phage cannot be com-

pletely ruled out, these results indicate that phage extinction

under co-selection was the outcome of evolution in the host
caused by the phage and/or Sm rather than direct inhibition

by Sm.

Importantly, the results contradict previous experimen-

tal evidence that has demonstrated decreased resistance

evolution as a consequence of combined phage–antibiotic

treatment [37,68,72,73]. Given that faster emergence of resistant

bacteria is a very undesirable outcome for novel treatment

options, it seems necessary to evaluate resistance evolution

on a case-by-case basis with each bacteria–phage–antibiotic

combination, or, perhaps more generally, identify those anti-

biotics that are likely to promote resistance evolution via their

mechanisms of action within the bacterial cell. The relevance

of our findings is highlighted by the presence of sub-MICs

within antibiotic concentration gradients that occur in human

beings and animals subject to antibiotic treatment [7].
5. Knowledge gaps and future directions
Our findings demonstrate the potential of sub-MICs of anti-

biotics, commonly present in human-impacted environments,

to radically alter the trajectory of bacterial evolution. While it

is difficult to evaluate the relevance of such obscured selection

pressures in environmental reservoirs, antibiotics may still

generate vicious feedback cycles in those areas where both

potential for antibiotic resistance evolution and antibiotics are

present. Furthermore, evolution of antibiotic resistance has

been traditionally studied in simplified single-species settings

but we also need to incorporate knowledge on species

interactions into the picture so that we can more comprehen-

sively understand what drives antibiotic resistance evolution

in complex natural communities. Neglecting ecological and

evolutionary community dynamics and their interaction with

sub-MICs results in an over-simplified view of antibiotic resist-

ance evolution in natural communities, which can have

important ramifications for the management of the antibiotic

resistance crisis. Finally, as microbial communities are the

bases of practically all food webs, altering these communities

can have indirect cumulative effects at higher trophic levels

in ecosystems.
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