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Abstract

Bacteria live in dynamic systems where selection pressures can alter rapidly, forcing
adaptation to the prevailing conditions. In particular, bacteriophages and antibiotics of
anthropogenic origin are major bacterial stressors in many environments. We previously
observed that populations of the bacterium Pseudomonas fluorescens SBW25 exposed to the
Iytic bacteriophage SBW25®2 and a non-inhibitive concentration of the antibiotic
streptomycin (co-selection) achieved higher levels of phage resistance compared to
populations exposed to the phage alone. In addition, the phage became extinct under co-
selection while remaining present in the phage alone environment. Further, phenotypic tests
indicated that these observations might be associated with increased mutation rate under co-
selection. In this study, we examined the genetic causes behind these phenotypes by whole-
genome sequencing clones isolated from the end of the experiments. We were able to identify
genetic factors likely responsible for streptomycin resistance, phage resistance and
hypermutable (mutator) phenotypes. This constitutes genomic evidence in support of the
observation that while the presence of phage did not affect antibiotic resistance, the presence
of antibiotic affected phage resistance. We had previously hypothesized an association
between mutators and elevated levels of phage resistance under co-selection. However, our
evidence regarding the mechanism was inconclusive, since although with phage mutators
were only found under co-selection, additional genomic evidence was lacking and phage
resistance was also observed in non-mutators under co-selection. More generally, our study
provides novel insights into evolution between univariate and multivariate selection (here two

stressors), as well as the potential role of hypermutability in natural communities.
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Introduction

Microbial communities are dynamic systems, which are often exposed to different biotic and
abiotic stressors. Bacterial populations have been shown to be well adapted to their local
conditions (Belotte et al. 2003; Martiny et al. 2006; Zumsteg et al. 2013; Koskella & Vos
2015; Kraemer & Kassen 2015) and are able to adapt rapidly to novel conditions (Beaumont
et al. 2009; Brooks et al. 2011; Ketola & Hiltunen 2014). Among the most prominent
examples of local adaptation in microbial communities are the evolution of antibiotic
resistance and adaptation to the interaction with bacteriophages. Adaptation to antibiotics has
been observed in natural communities and in laboratory studies, both for clinically relevant
concentrations and for below minimum inhibitory concentrations (sub-MIC) (Hermsen et al.
2012; Andersson & Hughes 2014; Laehnemann et al. 2014). Similarly, previous work has
shown that bacterial populations evolve resistance against their local phage populations in
time and space (Buckling & Rainey 2002; Brockhurst et al. 2007; Koskella & Brockhurst

2014).

Exposing (microbial) populations to the same environmental stressor often leads to the same
phenotypic adaptation. For example, all replicated bacterial populations of the species
Pseudomonas fluorescens (strain SBW25) that coevolved with a dsDNA lytic phage (®2)
showed phage resistance combined with decreased competitive fitness when grown in the
absence of phage (Scanlan et al. 2015). Similarly, most experimental populations of the
bacterial species Escherichia coli (strain MC4100) exposed to different antibiotics
(doxycycline, ciprofloxacin, erythromycin, and amikacin) evolved high levels of resistance,
growing at rates similar to drug-free environments, within approx. 170 generations
(Hegreness et al. 2008). The repeatability of evolution in these and other studies with

bacterial populations (co)evolving in the presence of phage or antibiotics has allowed
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identifying several genes involved in resistance against these two stressors as well as other
associated mutations (Davies & Davies 2010; Labrie et al. 2010; Andersson & Hughes 2012).
For example, mutations in genes associated with lipopolysaccharides (LPS), cell envelope
biogenesis and the outer membrane have been previously associated with altered LPS length
and resistance phenotypes of Pseudomonas fluorescens SBW25 against the phage ®2

(Scanlan et al. 2015).

Co-selection by two or more stressors potentially modifies selection for resistance to
antibiotics or phage, and thus local adaptation. This has previously been shown
phenotypically for bacterial populations exposed to antibiotics and phages (Escobar-Paramo
et al. 2012; Knezevic et al. 2013; Coulter et al. 2014), phage and protozoan predation
(Friman & Buckling 2013; Zhang et al. 2014; Orméala-Odegrip et al. 2015), phage and
resource limitation (Harrison et al. 2013; Lopez Pascua et al. 2014; Gomez et al. 2015), or
antibiotics and heavy metals (Seiler & Berendonk 2012; Gullberg et al. 2014; Zhou et al.
2015). Results are equivocal, as co-selection has been found to amplify selection strength and
increase rates of adaptation (eventually resulting in diversification into different lineages
(Seiler & Berendonk 2012; Gullberg et al. 2014)), as well as to decrease rates of adaptation
(Zhang & Buckling 2012) or to alter the mode of evolutionary (Friman et al. 2016) or
coevolutionary dynamics (Lopez Pascua et al. 2014). One reason for these different outcomes
is that various, non-exclusive population genetic and ecological mechanisms could drive
adaptive changes. For example, potential evolutionary and energetic constraints can lead to
trade-offs and lower the efficacy of selection (Torres-Barceld et al. 2014; Orméala-Odegrip et
al. 2015). Similarly, clonal interference, different directions of selection and reduced
population sizes can alter the evolutionary potential and trajectory of populations (see e.g.

Hughes & Andersson 2015).
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Hypermutability can play an important role in bacterial populations and communities
adapting to stressors by increasing rates of adaptation. Hypermutability has been described
for bacterial populations exposed to antibiotic stress (Ren et al. 1999; Nagel et al. 2011;
Andersson & Hughes 2012) or in the presence of phage (Pal et al. 2007; Morgan et al. 2010)
and is thought to provide a (short-term) advantage for populations adapting rapidly to a new
stressor or environment as many mutations can be sampled over a short timescale (Taddei et
al. 1997). Hypermutability has also been shown to be important in co-selective environments
with phage and antibiotics by outweighing associated costs of antibiotic resistance

(Tazzyman & Hall 2015).

Whereas co-selection by two or more stressors has been studied on the phenotype level,
adaptive changes have rarely been followed on the genomic level and compared to
environments with only one stressor present. Based on the above-mentioned population
genetic and ecological mechanisms, we expect, however, to find differences between
populations evolving with one or two stressors. We would, for example, expect to see a
smaller number of mutations at high frequencies (or fixed) in the co-selection environment
due to clonal interference and lower efficacy of selection. Furthermore, changes in directional
selection could result in unique sets of mutations in the co-selection environment that are not
found in single stressor environments. Another prediction is that co-selection could lead to
disruptive selection and that the same sets of genes are found as in populations exposed to
only one of the stressors, but not within the same genotypes. Stronger selection could also
drive population sizes to low numbers, affecting mutation supply, drift and/or fixation times

and probability. Finally, these predictions might change when hypermutability evolves.
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In a recent study, we tested adaptation of populations of the bacterium Pseudomonas
fluorescens SBW25 (Rainey & Bailey 1996) grown with and without the antibiotic
streptomycin at sub-MIC levels (approx. 1% or 10% of MIC) and the lytic bacteriophage
SBW®2 (Buckling & Rainey 2002) in a factorial design (Cairns et al. 2016). Specifically, we
asked whether and how phenotypic adaptation differed between populations exposed to a
single or two stressors simultaneously and explored the role of hypermutability in this context.
We found that populations evolved resistance against phage and streptomycin over the course
of the experiment. Interestingly, in a 66-day experiment, we found that sub-MICs of
streptomycin increased the rate of phage resistance evolution, and in a separate 12-day
experiment with higher replication, that streptomycin and the phage interactively enhanced
the evolution of streptomycin resistance. One result of increased phage resistance in the
presence of streptomycin was the extinction of phage by half-way through the experiment.
We still consider these environments as co-selected, as the major adaptations against the
stressors occurred early on during the experiment. Furthermore, the elevated levels of phage
resistance compared to the phage only environment are even more startling when considering
that the phage had gone extinct from these populations early on. Our analysis at the
phenotype level showed also that experimental streptomycin concentrations increased
bacterial mutation rate in some populations, suggesting that higher phage resistance and
antibiotic resistance when exposed to two stressors in combination might have been driven by
hypermutability. Here we now present results from whole-genome resequencing of ten clones
from each population from the end of the 66-day experiment. This approach enabled us to
identify genes potentially involved in adaptation to the different stressors in isolation and in
combination. We found several potential streptomycin and phage resistance mutations as well
as only a few differences in the genomic changes in populations exposed to one or two

stressors.
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Materials and methods

Evolutionary experiment

As the bacterial host, we used Pseudomonas fluorescens SBW25 (Rainey & Bailey 1996),
and as the viral parasite, the lytic bacteriophage SBW®2 (Buckling & Rainey 2002). We
followed standard protocols for microcosm experiments with bacteria-phage systems (Rainey
& Travisano 1998; Buckling & Rainey 2002; Brockhurst et al. 2007; Hiltunen & Becks
2014). A detailed description of the experimental methods and results are presented in Cairns
et al. (2016). To test the effect of sub-MICs of streptomycin on phage resistance evolution,
we conducted a 66-day microcosm experiment, representing approx. 380 P. fluorescens
generations. We had a full factorial experimental design where bacterial populations adapted
to antibiotics (0, 0.2, 2 pg ml™) in the absence or presence of phages. All treatments were
started from a single colony of P. fluorescens and replicated three times in 25 ml glass vials
containing 6 ml KB (5% nutrient concentration). Every 48 hours, 1% (60 ul) of each culture

was transferred to a new vial containing fresh KB.

After the microcosm experiment, we isolated 20 bacterial clones from each population by
diluting the samples and plating them on proteose peptone yeast extract (PPY) culture
medium (20 g proteose peptone and 2.5 g yeast extract in 1 | deionized H,0). We tested the
minimum inhibiting concentration (MIC) of streptomycin and phage resistance for every
clone following the methodology described in detail in Cairns et al. (2016). Briefly, to
determine phage resistance, each clone was cultured overnight in PPY medium in a 96 well
plate that was pin replicated on a PPY plate containing a top soft agar layer with the ancestral
phage at high density. Phage resistance or sensitivity was determined after culturing
overnight as the presence or absence of bacterial grown, respectively. To determine the MIC

of streptomycin, a 100 pl inoculum from an overnight culture (PPY medium) was spread-
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plated on a PPY agar plate, followed by placing of an MIC test strip on the plate. The MIC
value was read from the test strip after overnight culture. All clones were stored at —80 °C for

sequencing.

Whole-genome resequencing and analysis

We randomly selected 10 out of the 20 clones used in the resistance assays and isolated DNA
from overnight cultures using standard methods (DNeasy Blood & Tissue Kit, Qiagen).
Paired-end libraries were prepared using Illumina Nexterra XT sequence reads obtained by
high-throughput sequencing (lllumina Nextseq 500 high output). Read quality was assessed
using FastQC 0.11.3 (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc, last accessed
Apr 2016), after trimming (5 bp at the 5’-end and 10 bp at the 3’-end). The reads were aligned
to the P. fluorescens SBW25 reference genome (assembly: ASM922v1) with BWA 0.7.12 (Li
& Durbin 2009). Detailed information about the proportion of mapped reads, genome
coverage and insert size is provided for a representative subset of the data (30/180 samples)
in Table S2. Picard 1.138 (http://picard.sourceforge.net, last accessed Apr 2016) was used to
mark duplicates and insert read groups, and SAMtools/BCFtools 1.2 (Li 2011) was used to
index BAM files. We used GATK (McKenna et al. 2010) for indel realignment, SNP and
indel discovery (for haploid genome) and genotyping across all 10 clones per replicate
population simultaneously according to GATK Best Practices recommendations (DePristo et
al. 2011; Van der Auwera et al. 2013), using hard filtering with custom parameters (min.
depth of coverage: 100; min. Phred-scaled p-value: 50). Read-depth based detection of copy
number variation (CNV) was performed using CNVnator 0.3.2 (Abyzov et al. 2011) with a

bin size of 500 bp.
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Variant effect prediction was performed with Ensembl Bacteria release 31
(http://bacteria.ensembl.org/, last accessed Jun 2016) using the methodology described in
McLaren et al. (2010). The Pseudomonas Genome Database (Winsor et al. 2016) and the
STRING database v10.0 (Szklarczyk et al. 2015) were used for functional gene assignment
(through information provided by GO term annotation and gene annotation search functions)
and functional enrichment analysis, respectively. Graphics for visual depiction of variant data

were created in R 3.3.0 (R Core Team 2015).

Statistical analysis

All statistical analyses were performed in R 3.3.0. We used a two-way permutational analysis
of variance (PERMANOVA; Zapala and Schork (2006)) to test whether treatments (presence
/ absence of phage; 0, 0.2 or 2 ug ml™* streptomycin) affected the types of mutations. Each
clone was scored by the presence (1) or absence (0) of a non-synonymous mutation in each
gene, and this data was used to calculate mutation frequency per population and the Euclidian
distance between populations (Excoffier et al. 1992). Before performing PERMANOVA, its
assumption of homogeneity of multivariate dispersions within treatments was tested with the
betadisper function in the vegan package (Oksanen et al. 2016) that uses the PERMDISP2
procedure as described previously (Anderson 2006). The adonis function in the vegan
package was then used to test the probability that the observed distances could arise by
chance by comparing them with random permutations of the raw data (Anderson 2001). In
addition, ANOVA and an unequal variances t-test was used to compare genotypes,
populations or treatments in a number of genomic features, with the presence of a variant,
mutation or mutated gene scored as 1 and the absence as 0. The statistical probabilities of t-
tests performed to compare mutator and non-mutator genotypes, for which multiple

comparisons were performed, were adjusted by sequential Bonferroni correction.
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Results

Genome-wide variant profiles

We studied the genomic adaptations to phage, streptomycin at sub-MIC levels and the
combination of the two stressors in three replicated bacterial populations per treatment.
Single nucleotide polymorphisms (SNPs) and short insertions and deletions (indels) were the
dominating variants observed. Larger duplications (copy number variations, CNVs) were less
often found and almost exclusively in phage treatments with fewer duplications with

increasing streptomycin concentrations (Fig. 1).

We used all variants (SNPs, indels) observed in the populations to test for the predictions for
differences in changes on a genome wide scale in populations evolving with one or two
stressors. Overall, we found that the number of variants was significantly increased in clones
that evolved hypermutability (ts; = —15.99, p = 8.30 x 10, Fig. 2), but we did not find
differences in the overall number of variants between the treatments (two-way ANOVA: Fs 1,
=0.586, p = 0.711). Examining the frequency of clones carrying variants within a population,
we found interesting differences between the treatments but independent of the individual or
combined stressors (Fig. 3). In control populations and populations exposed to only phage,
most variants were found at low frequencies, whereas we observed variants at high frequency
or fixed in all populations that were exposed to streptomycin independent of the presence of
the phage, suggesting positive selection for those variants. Comparing the sets of genes
carrying variants (Figs. 1, S2), PERMANOVA could not be used to test for differences
between the two and one stressor environments because of higher multivariate dispersion in
the two compared to the one stressor environments (PERMDISP2 ANOVA: F;13 =5.93, p =
0.030). This is likely explained by the high frequency of mutators in the two stressor

environment, each possessing a large amount of unique variants (Fig. 4), causing a higher
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average distance of populations from the group centroid compared to the one stressor
environments (Fig. S1). However, distinct differences were not observed in the sets of
variants between the two and one stressor environments, likely driven by the fact that the

replicates within one treatment varied considerably (Fig. 4).

Phage and antibiotic resistance

We next compared phenotypic and genomic adaptations to phage and streptomycin across
and within the different environments and linked both phenotypic resistances with previously
established genetic determinants. Phenotypic phage resistance was observed under selection
by the phage but was more frequently observed with sub-MIC levels of streptomycin
compared to phage alone. Specifically, phage resistance phenotypes occurred in approx. 6%
of clones in the no phage environments (5/90 across three populations), and only occurred in
one of three replicate populations in the 0 pug ml™ streptomycin with phage environment (in
7/10 genotypes) (Fig. 1). Notably, resistance was tested against the ancestral phage, so it is
possible that the two populations in the phage alone environment sensitive to the ancestral
phage still harbor resistance against contemporary phages. Furthermore, in the 0.2 and 2 g
ml™ streptomycin with phage environments, all populations were dominated by phage
resistance phenotypes, with only one genotype in one population (0.2 pg ml™ streptomycin
with phage) displaying a phage susceptible phenotype.

Streptomycin resistant phenotypes were only observed in the treatment with the higher sub-
MIC level (2 pg ml™, approx. 10% MIC), occurring in 5/6 populations. Thus, streptomycin
resistant phenotypes were observed independent of the presence of phage. We further
observed differences in the phenotypic streptomycin resistance which can be divided into two

groups: clones with an MIC of approx. 25 ug ml™ (24.7 + 8.6 ml™") and those with an MIC >

1024 pug ml™ (Fig. 1).
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To identify adaptive genomic changes in response to the antibiotics and/or phage, we focused
on those mutations that have previously been described to provide resistance to the phage ®2
in P. fluorescensor streptomycin resistance in bacteria. Populations that evolved in the
presence of the phage had different sets of mutations, with the same genes being more likely
to be mutated, compared to populations that evolved without the phage (PERMANOVA: F; 1,
= 2.26, p = 0.007). Similarly to previous findings (Scanlan et al. 2015), among those genes
with non-synonymous variants that occurred only among genotypes with phage resistance
phenotypes (n = 321), several are associated with LPS biosynthesis. Specifically, mutations in
the closely located LPS biosynthesis associated genes PFLU1657, PFLU1660, PFLU1663
and PFLU1668 occurred in several genotypes across populations. Based on this and previous
observations, all genes with non-synonymous variants across treatments associated with gene
ontology (GO) terms related to LPS, cell envelope biogenesis and the outer membrane (Table
S4) were identified (Table S5) and compared between phenotypes. Variants in these genes
occurred in all genotypes with a phage resistance phenotype, and in approx. 6% of genotypes
with a phage susceptible phenotype. The genes in which variants occurred differ between
phage resistant and susceptible phenotypes, apart from one gene in common (PFLU3467,
with a variant in one resistant and one susceptible genotype). LPS, cell envelope biogenesis
and outer membrane genes with non-synonymous variants occurring in genotypes with phage

resistant phenotypes in this study are shown in Figures 1, 4.

Populations evolved under subinhibitory streptomycin concentrations had different sets of
mutations, with the same genes being more likely to be mutated, compared to those evolved
without streptomycin (PERMANOVA: F,1, = 3.12, p = 0.001) (Fig. 4). All had non-
synonymous mutations in genes previously associated with streptomycin resistance

phenotypes (Table S6), in particular, rpsL (PFLU5532) encoding the ribosomal protein S12
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associated with high levels of resistance (Barnard et al. 2010; Sun et al. 2010), and gidB
(PFLUG6128) encoding a 16S rRNA methyltransferase associated with low levels of resistance
(Okamoto et al. 2007) (Fig. 4). Streptomycin sensitive genotypes do not contain mutations in

these genes.

Other gene groups and genomic regions affected by variants

We found several other groups of genes affected by non-synonymous variants that are
associated with particular functions, especially motility, nutrient transport, metabolic
pathways and hypermutability (Figs. 1, 4). Genes affecting motility showed functional
enrichment across treatments (fliA and flhA in Fig. 4), and genes related to nutrient transport
were also frequently affected by variants (PFLU4745 and PFLU6047 encoding a putative
magnesium transporter and phosphate transporter, respectively, in Fig. 4), although we were
not able to identify a significant pattern within the different treatments. In addition, as
described, a difference in the amount of large genomic duplications per genotype was
observed between treatments, with more duplications in the presence of phage compared to
without phage (t1 = -5.29, p = 5.63 x 10) (Fig. 1). The duplications occurred
inconsistently throughout the genome, and because of their large size, ranging from tens of
thousands to hundreds of thousands of base pairs, potential phenotypic effects could not be

predicted.

Bacterial hypermutable (mutator) phenotypes have been frequently linked to mutations in
mutS and mutL, whose products form the primary components of the methyl-directed
mismatch repair (MMR) system. Such mutator phenotypes might play a key role in the
adaptation of bacteria to stressful environments (Taddei et al. 1997; Oliver et al. 2002;

Prunier & Leclercq 2005). Mutations in MMR genes occur in seven of the experimental
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populations (three mutL mutation and three mutS mutation dominated populations and a
single mutL mutated genotype in one population) across treatments, except for the 0.2ug ml™
Sm without phage and the phage without Sm environments, amounting to approx. 29%
(53/180) of all genotypes (Table S3). We observed mutators in 1 out of 9 populations in the
single stressor (excluding the 2 pg mI™* Sm without phage populations) and 3 out of 6 in the
two stressor environment, but frequencies were not different (2-sample test for equality of
proportions with continuity correction: y* = 0.46, df = 1, p = 0.495). Mutations in mutS and
mutL were associated with an approx. 10-fold higher amount of SNPs and short indels (41.09
+ 16.08 variants per MMR mutant) compared with other genotypes (5.14 + 1.76 variants)
(Fig. 2). In addition, the proportion of SNPs and short indels present in only one genotype in
a population was higher in MMR mutation containing populations (0.68 + 0.18) compared
with other populations (0.11 + 0.12; te= —7.43, p = 1.99 x 10™%). MMR mutant dominated
populations exhibited high genetic divergence compared to each other and non-mutator
populations (Fig. S1). The divergence is explained both by mutations in common genes
across treatments and by mutations in unique genes under selection by the phage or

subinhibitory streptomycin concentrations (Fig. S2).

Mutator alleles were associated with a number of potentially adaptive mutations. Among
genotypes with phage resistance phenotypes, all non-mutators had a non-synonymous variant
in only one phage resistance gene while mutators frequently had variants in two or three of
these genes (1.24 + 0.50 genes), significantly differing from non-mutators (ts, = —14.22, p =
1.11 x 10 (Fig. 4). There was considerable variety in within-population frequency of
individual phage resistance associated mutations, ranging from a single to all genotypes in a
population (Fig. 4). All phage resistant phenotypes from the no phage environments were

mutators, suggesting that mutators might increase the supply rate of phage resistance
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mutations. However, the number of potential phage resistance mutations between phage
resistant populations that were dominated by mutators (3.67 £ 1.15 mutations/pop.) does not
differ significantly from those that did not contain mutators (1.67 + 1.15 mutations/pop.; t; =
2.78, p = 0.10). Mutator alleles showed no patter of co-occurrence with streptomycin
resistance alleles, occurring both together and separately in multiple cases. Regarding the co-
occurrence of mutator alleles with other potentially adaptive mutations, mutators contained a
higher number of non-synonymous mutations (1.11 + 0.87) in genes associated with motility

functions compared to non-mutators (0.31 + 0.47; tes = —6.33, p = 1.28 x 10°7).

Discussion

Adaptation of bacterial populations to antibiotics and coevolving phage in isolation has been
extensively studied. We previously noted that simultaneous exposure to antibiotic and phage
increased the adaptation against both of the stressors (Cairns et al. 2016) despite the
expectation that fitness costs associated with the resistant phenotypes, differences in
selection, potential clonal interference and lower efficacy of selection would slow down or
alter evolution. We here set out to investigate the genomic changes. Namely, we examined the
effect of sub-MICs of streptomycin and the Iytic phage ®2, applied either individually or
together, on the genomic evolution of P. fluorescens. Overall, we were able to link genomic
changes to phenotypic observations (phage and streptomycin resistance, hypermutability) and
we detected a few differences in changes on the genome-wide level between co-selected and

selected environments.
The distribution of variant frequencies differed between the environments with clear signs of
positive selection for streptomycin resistance (Fig. 3). We observed that streptomycin

selected for high frequencies of (known) mutations providing streptomycin resistance in all
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treatments with antibiotics at approx. 10% of MIC, suggesting that directional selection for
streptomycin resistance alleles was not changed by the presence of the phage (Figs. 1, 3, 4).
Signs of positive selection for phage resistance were only found in the co-selected
environments, indicating that selection for phage resistance might have been facilitated in the
presence of streptomycin. Furthermore, the total number of variants was not different when
comparing treatments with the two stressors individually or in combination, although we
observed a significant increase in variants in the presence of mutators. Also, we did not
observe disruptive selection in the co-selected environments, as the same genotypes carried
alleles for phage and streptomycin resistance. Thus our data suggest that neither clonal
interference nor low selection efficacy altered the genomic evolution in the populations.
Interestingly, large duplications of genomic regions were more often found in the presence of
the phage, but the number of duplications decreased with increasing streptomycin
concentrations. There was, however, no pattern shared across replicates and this observation

warrants future investigation.

Examining the patterns of genes that are involved in streptomycin resistance, we found two
associated genes and those were at high frequency in the 2 pg ml™ streptomycin
environments independent of the presence of the phage. We identified four genes associated
with most instances of phage resistance but these were at lower frequencies compared to the
streptomycin resistance alleles. Differences in these patterns for phage and streptomycin
resistance are likely explained by variation in the population dynamics and differences in the
mode of selection imposed by the coevolving phage and streptomycin. Selection by phage
occurs typically via arms-race dynamics (short periods of directional selection) or negative
frequency dependent selection in contrast to constant directional selection by the antibiotics.

In addition, phage densities differed between treatments with different streptomycin
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concentrations (see below). Thus, the time of isolation for sequencing might have influenced
the variant patterns in terms of variants and their frequencies. We did not observe accelerated
molecular evolution in the phage environments, as it has been described in this system before
(Paterson et al. 2010), when comparing the total number of variants within populations (Fig.

2) of evolved and co-evolved populations (Fig. S1).

Surprisingly, phage resistance was not detected in two out of three populations in the phage
alone environment. Since we tested phage resistance only against the ancestral phage, it is
possible that prolonged coevolution in the phage alone environment might have resulted in
the selection for bacterial genotypes no longer resistant against the ancestral phage but
resistant against coevolved contemporary phages. Nevertheless, this appears to be unlikely
due to the lack of phage resistance associated mutations in clones that evolved with the phage
but were sensitive against the ancestral phage. It seems more likely that the frequency of
phage resistance had decreased, potentially due to a decreased amount of phage, below the
detection limit obtainable by sequencing 10 clones per population. Furthermore, it is possible
that this decrease was prevented in the co-selective environments by the presence of other

adaptive mutations in the same genetic background as phage resistance mutations.

We observed that the phage went extinct in the presence of streptomycin (Cairns et al. 2016),
whereas streptomycin was present over the whole course of the experiment. As stated above,
major adaptations against the phage occurred early during the experiment also with
streptomycin, and we therefore consider these to be co-selected environments despite phage
extinction later in the experiment. Interestingly, we still found phage resistance variants in the
populations despite phage extinction, suggesting that these mutations were neutral or have

only small fitness costs. Compensatory mutations or generally beneficial mutations are
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common in phage and antibiotic resistant bacteria (Maisnier-Patin & Andersson 2004; Zhang
& Watson 2009; MacLean et al. 2010). Based on the function, variants found here in genes
associated with motility and nutrient transport might be compensatory (Gresham & Dunham
2014; Bailey & Bataillon 2016). We identified one potential generally beneficial mutation in
a gene encoding a protein involved in magnesium transport (PFLU4745), as this was present
in almost all populations (16 out 18) and typically at high frequencies. We further observed
mutations in a large number of genes in those clones with mutator genotypes and
streptomycin resistance, which could speculatively be associated with streptomycin resistance
(genes associated with the structure or functioning of the ribosome, amino acid transport or
polyamine transport that may affect the affinity and/or uptake of streptomycin (Holtje 1979;
Taber et al. 1987) (Table S6). For both observations, further functional studies and/or

longitudinal sequence data are required to understand the underlying functions.

Mutators played an important role in the amount of variants in our study. Under co-selection,
we were able to identify mutator alleles in approx. 50% of the clones. In these, a higher
number of mutations in phage resistance associated genes (LPS biosynthesis genes) were
observed per genotype compared to non-mutators, but we also found elevated phage
resistance and associated mutations in non-mutators under co-selection. This suggests that
mutator genotypes alone are unlikely to explain the evolution of streptomycin and elevated
phage resistance in the co-selected environments, although they have been found in previous
studies to be associated with enhanced bacterial coevolution against phage, as well as phage
extinction tendency (Pal et al. 2007; Morgan et al. 2010). There are several other potential
mechanisms such as non-constitutive, transient mutability (Galhardo et al. 2007), differences
in coevolutionary dynamics of bacteria-phage interaction in the presence of antibiotics

(Buckling & Rainey 2002; Brockhurst et al. 2007; Hall et al. 2011), or epistatic interactions

This article is protected by copyright. All rights reserved.



between mutations conferring phage and streptomycin resistance (Mogwill et al. 2016). For
the latter, the order of mutations is important, but this cannot be reconstructed from our end-

point.

An interesting observation in our study is that mutators were present in a third of the
populations but without a significant pattern. The common idea is that increased rates of
adaptation through elevated mutation rates provide a short term advantage (Taddei et al.
1997). Bacterial populations adapted quickly to the presence of phage and antibiotics and the
experimental conditions (Cairns et al. 2016) and increases in mutation rates were most likely
costly after the initial adaptation, as most de novo mutations are neutral or deleterious. Under
these conditions, we would have predicted selection against the mutators. Furthermore,
antibiotic (Andersson & Hughes 2012, 2014; Tazzyman & Hall 2015) and phage (Pal et al.
2007) resistance mutations have been suggested to represent particularly important types of
beneficial mutations driving indirect selection for hitchhiking mutator alleles. However, such
hitchhiking mutators were unlikely in our study, as there was no clear association between
treatments and mutators. Several factors might explain the presence of mutators across
experimental treatments (and/or their common occurrence among natural isolates). It has
recently been suggested that mutators might not be selected solely because of beneficial
mutations but instead or also due to direct selection (Torres-Barcel6 et al. 2013). Specifically,
MMR defective mutants can exhibit elevated sensitivity to environmental stressors, such as
oxidative stress, ultraviolet light, or temperature (Oliver et al. 2002; Rodriguez-Rojas &
Blazquez 2009), which may alter gene regulation and expression. In line with this, a mutS
mutant strain of Escherichia coli was shown to have altered expression of genes involved in
amino acid and carbohydrate transport/metabolism (Robbins-Manke et al. 2005), potentially

providing a fitness advantage under certain environmental conditions. Alternatively or
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additionally, the cost of hypermutability in terms of a high load of deleterious mutations
might be alleviated by reductive evolution, that is, the deletion of redundant and/or
dispensible functions in the genome (Rau et al. 2012), or by enhanced purging of deleterious

mutations.

Bacterial systems are dynamic, often facing altering selection pressures due to evolution
(Buckling & Rainey 2002; Hiltunen & Becks 2014)), ecology (Hibbing et al. 2010; Becks &
Arndt 2013) or the interplay of these at one time scale (Harrington & Sanchez 2014; Hiltunen
2015; Friman et al. 2016) which, in turn, forces rapid, often continuous adaptation to
prevailing (local) conditions. Understanding and predicting local adaptation of (microbial)
populations remains a major challenge in biology, not only as a mere scientific curiosity but
also in modern health care. Our study provides characterizations of the genetic factors and
genome-wide changes caused by co-selection for phage and streptomycin resistance. We
show that the genomic changes differed only little between the two and one stressor
environments, as selection for phage resistance was affected by the antibiotic but selection for
antibiotic resistance was not affected by the presence of the phage. Examining patterns of
phage resistance on the genome level, we were able to identify several genes likely involved
in phage resistance, and these were at higher frequencies in the presence of co-selection,

although the underlying mechanism is still unclear.
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Figure legends

Fig. 1 Overview of phenotypic and genotypic results for replicate populations (n = 3) per treatment.
The second column displays phenotypic results for streptomycin resistance, as an on/off trait (dark =
resistant, light = sensitive) or minimum inhibitory concentration (MIC) value, and phage resistance
(dark = resistant, light = sensitive). The third column shows genotypic results for the number of
genes with non-synonymous mutations according to category, including phage resistance, strepto-
mycin resistance and hypermutability associated genes, all other genes affecting motility (an en-
riched function) or with non-synonymous mutations in at least two experimental populations, and

the number of large genomic duplications. The data is normalized from 0-1 within every subcolumn.

Fig. 2 Number of SNPs and short indels detected in experimental populations of P.
fluorescens SBW25. Sub-bars indicate variants in non-coding regions (black), synonymous
variants in coding sequences (grey), and non-synonymous variants in coding sequences
(white). Sm = streptomycin; ®2 = phage SBW25®2. Populations containing mutators (mutL

or mutS mutants) are indicated by a triangle.

Fig. 3 Distribution of SNPs and short indels in evolving populations. The y-axis shows the
number of variants in each category by frequency in the population (0.1 = 1 clone — 1 = 10

clones, decreasing grey scale). Variants from all three replicates per treatment are shown.

Fig. 4 Genomic evolution in experimental populations of P. fluorescens SBW25. All genes
containing non-synonymous mutations in a minimum of three experimental populations (n =
18) are shown, representing cases of parallel evolution. In addition, those genes are indicated
that were mutated at lower frequency but are associated with phage resistance or
streptomycin resistance. Concentric circles correspond with replicate populations in the 0, 0.2

or 2 pug ml™ streptomycin environments, indicated by different colors, either with (right) or
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without (left) the phage SBW25®2. Positions around the circles correspond to positions
around the P. fluorescens SBW25 reference genome, starting from 12 o’clock. Mutations are
indicated by dots, with the size of the dot representing the proportion of mutated genotypes in

each population (min. 10%, max. 100%).
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