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Bacterial–host interactions are non-linear and actually threefold, involving significant 
selection through predatory lytic bacteriophages in the host environment. In studies 
of human and animal gut microbiome bacteria, it is important to consider phage in all 
host–pathogen interactions. We use an important zoonotic pathogen, Shiga toxigenic 
Escherichia coli (STEC) O157:H7, to investigate this. Our study provides evidence that 
phage resistance profiles are well maintained at the sub-lineage level with variation in 
profiles within sub-lineages uncommon. This indicates that phage resistance heterogeneity 
happened early on in the STEC O157:H7 natural history and that occasional “wobbles” do 
not often outcompete the stable lineage unless combined with a competitive advantage. 
We discuss an example of this in the acquisition of stx2a that, while an important virulence 
factor, also conveys increased phage cross-resistance. We also discuss the role of phage 
resistance in co-occurrence of the three stable lineages worldwide and whether differing 
phage resistance is maintaining diversity.
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INTRODUCTION

Bacteria are ubiquitous colonizers of plant and animal hosts. The increasing availability of large 
bacterial genome datasets is revealing variation in strains and species that reflect genetic isolation 
in, and adaptation to, the host (Sheppard et al., 2018). It is tempting to consider the host-associated 
microbiota as a stable community, but this is not the case. Rather, the observed population sampled 
from a given host is a snapshot of stochastic mechanisms in an ongoing microbial war in which only 
the fittest survive to pass their genes onto the next generation. The ecological genomics of host–
bacterial interactions is extremely complex with genetic variation in both the host and bacterium 
contributing to successful colonization and proliferation. Broadly, however, it is useful to consider 
the extant bacterial population as reflecting the outcome of competition with the host response, with 
other bacteria and with bacteriophage (viruses that infect bacteria).

Shiga-toxigenic Escherichia coli (STEC) serotype O157:H7 is a zoonotic, foodborne pathogen 
that causes gastrointestinal disease in humans. Despite being relatively rare compared with other 
bacterial gastrointestinal infections, for example, Campylobacter and Salmonella, STEC O157:H7 
infections are of significant public health concern due to potential disease severity. Symptoms range 
from abdominal cramps and nausea to severe bloody diarrhea and, in 5–14% of cases, infection leads 

Edited by: 
Jesse Shapiro,  

Université de Montréal,  
Canada

Reviewed by: 
Dominique Belin,  

Université de Genève,  
Switzerland 

Mark Eppinger,  
University of Texas at San Antonio, 

United States

*Correspondence: 
Lauren A. Cowley 

lc2208@bath.ac.uk

Specialty section: 
This article was submitted to 

Evolutionary and Genomic 
Microbiology,  

a section of the journal  
Frontiers in Genetics

Received: 13 March 2019
Accepted: 18 July 2019

Published: 30 August 2019

Citation: 
Cowley LA, Dallman TJ, Jenkins C 

and Sheppard SK (2019) Phage 
Predation Shapes the Population 

Structure of Shiga-Toxigenic 
Escherichia coli O157:H7 in the UK: 

An Evolutionary Perspective.  
Front. Genet. 10:763.  

doi: 10.3389/fgene.2019.00763

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics#editorial-board
http://doi.org/10.3389/fgene.2019.00763
https://www.frontiersin.org/journals/genetics#editorial-board
http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2019.00763&domain=pdf&date_stamp=2019-08-30
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/article/10.3389/fgene.2019.00763/full
https://www.frontiersin.org/article/10.3389/fgene.2019.00763/full
https://www.frontiersin.org/article/10.3389/fgene.2019.00763/full
https://www.frontiersin.org/article/10.3389/fgene.2019.00763/full
https://loop.frontiersin.org/people/705625
https://loop.frontiersin.org/people/320577
https://loop.frontiersin.org/people/308964
https://loop.frontiersin.org/people/702996
https://creativecommons.org/licenses/by/4.0/
mailto:lc2208@bath.ac.uk
https://doi.org/10.3389/fgene.2019.00763


Phage Predation Shapes Bacterial PopulationsCowley et al.

2 August 2019 | Volume 10 | Article 763Frontiers in Genetics | www.frontiersin.org

to hemolytic uremic syndrome (HUS), a severe and potentially 
fatal condition (Adams et al., 2016). Cattle and other ruminants 
are natural reservoirs for STEC O157:H7, where the bacterium is 
part of the commensal microbiota, and transmission to humans 
occurs through direct or indirect animal contact or through 
consumption of contaminated food or water (Byrne et  al., 
2015). Around 20% of the STEC O157:H7 genome is made up 
of prophage (Hayashi et al., 2001) and the key virulence factor, 
stx, is encoded on lambdoid phages (Scotland et al., 1985). The 
Shiga toxin (stx) can be divided into subtypes stx1a-1d and 
stx2a-2g (Scheutz et al., 2012). The stx2a subtype is associated 
with adverse clinical outcomes, including progression to HUS 
(Dallman et al., 2015).

There are three major lineages of STEC O157:H7, lineage I, 
II, and I/II. The STEC O157:H7 clone is globally disseminated 
but analysis of the population structure reveals evidence of the 
expansion of certain lineages and/or sub-lineages in different 
geographical regions periodically during its evolutionary history 
(Dallman et al., 2015). When STEC O157:H7 emerged in the 
UK in the 1980s, the dominant lineage associated with causing 
gastrointestinal disease in humans was I/II (Dallman et al., 
2015; Adams et al., 2016). During the 1990s, a rapid decline in 
the number of human STEC O157:H7 cases caused by strains 
belonging to lineage I/ll coincided with an equally rapid increase 
in cases caused by strains belonging to sub-lineage Ic, and a more 
gradual increase in cases caused by strains belonging to sub-
lineage IIc (Dallman et al., 2015; Adams et al., 2016). Over the 
last decade, a gradual decline in human cases caused by STEC 
O157:H7 sub-lineage Ic has coincided with an increasing trend 
in the number of cases caused by sub-lineage IIb (Byrne et al., 
2018). The emergence of sub-lineages I/II, Ic, and IIb as a cause of 
human disease coincided with the acquisition of stx2a integrated 
into the genome on a prophage.

Bacteriophage display different host (bacterium) specificity 
with some phage having broad host ranges and others capable of 
only infecting a limited strain set. This phenomenon is exploited by 
phage typing, an in vitro method where the specificity of different 
bacteriophages is used to differentiate bacterial strains. The STEC 
O157:H7 phage typing scheme has been used at Public Health 
England (PHE) for more than 20 years as an epidemiological tool 
for the rapid detection and subsequent investigation of outbreaks. 
Following the implementation of whole genome sequencing 
at PHE, retrospective studies revealed that each bacterial sub-
lineage broadly correlates with certain phage types (PT); lineage 
I/ll comprises PT2, sub-lineage Ic correlates with PT21/28, and 
the recent emergence of sub-lineage IIb coincided with a change 
in the dominant PT associated with this sub-lineage from PT4 
or PT1 to PT8 (Dallman et al., 2015; Byrne et al., 2018). The 
O157:H7 PT scheme is a phenotypic assay that produces a profile 
of susceptibility and resistance based on 16 typing phages, 14 
T4-like lytic coliphages and 2 T7-like lytic coliphages. The results 
of phage typing can be condensed into susceptibility (defined as 
any kind of lysis with those phages) or resistance (defined as no 
lysis with those phages) for each of the typing phage similarity 
groups. These groups have been previously defined as T4 Group 
1—TP1, 8, 11, and 15; T4 Group 2—TP3, 6, 7, and 13; T4 Group 
3—TP4, 5, and 14; and T7—TP9 and 10 (Cowley et al., 2015).

In the same way that pathogenic bacteria and viruses are in 
a continual struggle to survive the human immune system of 
their hosts, bacteriophage are in a simultaneous arms race with 
bacteria to survive and pass on their genetic information through 
infection of their bacterial hosts. We propose that this dynamic 
has made a significant contribution to the population structure 
and therefore the evolutionary history of STEC O157:H7. Phage 
predation has posed an evolutionary pressure on this pathotype 
and certain phage resistance profiles have become fixed in the 
population. STEC O157:H7 is susceptible to lysogenic phage 
and is known to exclude some prophage through phage–phage 
interactions and superinfection immunity (Labrie et al., 2010). 
Horizontal gene transfer, such as plasmid carriage, and prophage 
carriage provides resistance mechanisms to lytic phages, thereby 
conferring a selective advantage to those strains.

The interaction of phage and bacterium within the reservoir 
host (ruminants) is a key factor in shaping the STEC O157:H7 
population to which humans are exposed. However, there are 
multiple phenotypes that affect the population structure, such as 
super shedding, colonization in the terminal rectum, and host 
immunity. The population structure observed in human disease is 
not the natural ecology where selection takes place and different 
strain diversity is seen in cattle to people. However, we can use 
measurements of strains causing disease in humans as markers of 
prevalence in cows. Strains causing disease in humans also have 
to be successful in their primary ruminant hosts and can provide 
indications of the selective environment of the primary host.

Heterogeneity in phage resistance profiles within the population 
structure of STEC O157:H7 can potentially be linked to short-
term changes in accessory genome but can also become fixed as 
stable lineage associations. Here, by combining information from 
phage typing profiles (Cowley et al., 2015) and whole genome 
sequences, we investigate how the fixation of resistance in lineages 
relates to phenotypes in the rest of the population structure. 
Observations of bacteria–phage interactions (Cowley et al., 2016), 
in the context of a reconstructed phylogeny, are then used to 
understand how bacteriophage resistance and susceptibility can 
influence the evolutionary history of STEC O157.

RESULTS AND DISCUSSION

Evidence of Fixed Phage Resistance
Phage resistance and susceptibility in STEC O157:H7 is a 
complex phenotype involving the interaction of large numbers 
of genes and gene families (Cowley et al., 2018). Although some 
phage resistance can be termed “fixed” by its presence in the 
majority of the clade, some infrequent deviation from the “fixed” 
phenotype can be observed in the phlyogeny. This may be due 
to layering of additional mutations in the genome or accessory 
gene acquisitions on top of a prophage or accessory gene that 
has caused the “fixed” phenotype.

Phage resistance and susceptibility was regarded as fixed when 
all members of a clade displayed the same phenotype. As seen 
in Figure 1, with the exception of one minor cluster in lineage 
IIc, Group 1 T4 coliphage susceptibility was fixed in lineages IIb 
and IIc, and with the exception of five minor clusters, T7 phage 
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resistance was fixed in the most recently emerged clade of lineage 
IIb and lineage IIc. In contrast, T7 phage susceptibility was seen 
to be fixed in the most recent clade of lineage Ic, apart from two 
minor clusters revealed in Figure 1.

Within lineages, phage resistance profiles and phylogenetic 
clades are generally consistent. For this to be the case, there 

must be phage resistance phenotype fixation within phylogenetic 
clades. Therefore, it is likely that most phage resistance diversity 
happened early on in the STEC O157:H7 history. Occasionally we 
see “wobbles” introduced to the phenotype, but this is unlikely to 
outcompete other strains unless a competitive advantage is also 
provided.

FIGURE 1 | Phylogenetic tree displaying all clinical cases of STEC O157 from the UK in 2017 (n = 580) (Supplementary Table 1). Clades are labeled by color (clade 
I—blue, clade I/II—red, clade II—yellow). Phage resistance phenotypes are labeled as colored squares concentrically around the outside in the following order: T7 
coliphages, Group 1 T4 coliphages, Group 2 T4 coliphages, and Group 3 T4 coliphages (Cowley et al., 2015). Red signifies resistance, blue signifies susceptibility, 
and yellow signifies no information. OmpC allele with C at position 921 instead of T highlighted in gray. Nodes are labeled by stx profile. Violet signifies stx2c stx1a, 
blue signifies stx2a, green signifies stx2c, orange signifies stx2a stx2c, red signifies stx1a, black signifies stx2a stx2c stx1a, and gray signifies stx2a stx1a.
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Evidence of Transient or Horizontally 
Transferred Phage Resistance
Phage resistance and susceptibility were regarded as transient 
when the phenotype changed within phylogenetic clades within 
a relatively short evolutionary history. There were five separate 
evolutionary events within sub-lineage IIc where resistance to the 
group 3 coliphages has evolved in a background of susceptibility 
to all but the T7 coliphages (Figure 1). This represents a robust 
example of homoplasy with multiple separate, but presumed 
identical, evolutionary events (defined as a genomic change 
happening on a branch that is maintained in all subsequent 
descendants) leading to the development of resistance to the group 
3 T4 coliphages occurring in different ancestral backgrounds 
within a short evolutionary time frame. The increased resistance 
to the group 3 T4 coliphages in sub-lineage IIc was not related to 
the acquisition or loss of the stx-encoding prophages and was not 
associated with any change in stx-profile. In one example identified 
during an outbreak of STEC O157:H7 in the UK in 2013, where the 
contaminated food vehicle was identified as herbs imported from 
the Mediterranean region, resistance to the group 3 coliphages 
was shown to be horizontally transferred on a plasmid (Cowley et 
al., 2016). Alternative methods of transient horizontal transfer for 
resistance to this group of T4 coliphages are likely to exist.

Approximately 30 years ago, susceptibility to the group 2 T4 
coliphages in sub-lineage Ic was lost following the acquisition of 
the stx2a-encoding prophage (Shaaban et al., 2016). However, 
as seen in Figure 1, within the most recently emerged clade of 
sub-lineage Ic, there are four evolutionary events associated with 
the transient return of group 2 T4 coliphages susceptibility. The 
opposite occurs in lineage II, which is characterized by exhibiting 
susceptibility to the group 2 T4 coliphages but where minor 
clusters have developed resistance (1 evolutionary event in IIc, 5 
evolutionary events in IIb, and 4 evolutionary events in clade IIa). 
In certain clusters, this may be linked to the acquisition of stx2a 
encoding bacteriophage, as described above. However, acquisition 
of stx2a does not explain all the changes linked to T4 susceptibility 
and resistance in lineage II, as in sub-lineage IIb acquisition of 
stx2a is associated with conversion to an increasingly susceptible 
profile to the T4 coliphages. This could also involve the gain or loss 
of other elements on the stx-phage backbone other than the toxin 
and it could be different backbone determinants in the two lineages 
causing these differing phenotypes. Multiple genes have been 
identified as being involved in the resistance and susceptibility of a 
member of this group of T4 coliphages (Cowley et al., 2018).

The evolutionary advantage of virulence factors is often 
questioned in pathogenic bacteria, but stx2a, which is commonly 
associated with severe clinical outcomes like HUS, has also been 
shown to convey increased cross-resistance to phage (Shaaban et al., 
2016) and therefore a potential survival advantage to those strains 
carrying the stx2a-encoding prophage. It has also been suggested 
that stx gene carriage plays a role in the ecological niche through 
partial induction of the toxic genes at a low enough frequency 
that it becomes a positive selective force in toxin-dependent 
killing of eukaryotic cells (Los et al., 2013). Phage resistance in 
general is regarded as a survival advantage, but at present, little 
is known about the cost of phage resistance compared to what is 

known about the fitness cost of antibiotic resistance (Melnyk et 
al., 2015). Furthermore, it is not yet understood whether phage 
resistance is often transient because it is most commonly found on 
selectable mobile elements like plasmids or prophage or whether 
chromosomal variation is actively selected just as commonly.

OmpC Mutation
The most common and well-studied mechanism of phage 
resistance is through adaptation of outer membrane proteins that 
act as receptors for tailed bacteriophage. This is a mechanism that 
has been studied in detail since the early days of molecular and 
evolutionary biology (Luria and Delbrück, 1943; Demerec and 
Fano, 1945). OmpC is a known T4 phage receptor, so mutations in it 
could be associated with phage susceptibility changes. As indicated 
in Figure 1, clade Ic has gained a point mutation in outer membrane 
protein C that is absent from all other lineages. This is coupled 
with a marked increase in phage resistance in clade Ic. Further 
investigation of the point mutation revealed that clade Ic isolates 
had mutated from T to C at position 921 of ompC (Strain 9000 
GenBank protein ID API32766.1). However, the point mutation is a 
synonymous mutation, so it does not change the amino acid coding 
sequence. This decreases the likelihood of an interference of phage 
receptor binding through protein folding and conformational 
changes but may play a role in internal cell messaging or regulation 
of the gene. Exploratory studies into the role of this SNP in phage 
susceptibility are warranted. T4-like bacteriophage have also been 
shown to interact with the LPS layer of bacteria as a binding site so 
further work to investigate mechanisms of resistance should also 
focus on mutations in LPS proteins.

Population Shaping
With respect to sub-lineage Ic, the increase in clinical cases was 
correlated with an increase in resistance to the T4 coliphages 
compared to more susceptible ancestors. As well as starting to 
carry a potent virulence factor that will increase severe clinical 
cases, increased phage resistance is likely to be linked to the success 
of the lineage as it conveys a distinct evolutionary advantage to 
strains exposed to niches inhabited by T4 coliphages, such as the 
ruminant gut. Conversely, strains of STEC O157:H7 belonging 
to sub-lineage IIc cause a high burden of gastrointestinal disease 
in humans due to the carriage of stx1a that is associated with 
increased risk of bloody diarrhea but are largely susceptible to all 
the T4 coliphage in the phage typing scheme. One hypothesis is 
that sub-lineage IIc occupies a different reservoir or environmental 
niche to sub-lineage Ic characterized by the lack of a T4 coliphage 
lytic predator. Strains from both lineages can be isolated from 
the same cows but are often associated with different outbreak 
vehicles (Ic are often associated with meat and animal contact 
and IIb and IIc are often associated with salad and vegetables) 
(Launders et al., 2016; Mikhail et al., 2017; Sinclair et al., 2017). 
In this way, the combination of genetic variation in bacterium 
and phage in a particular host niche leads to heterogeneity among 
STEC O157:H7 to which humans are exposed.

Our analysis showed that of the STEC O157:H7 sub-lineages 
currently causing the greatest burden of gastrointestinal disease 
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in the human population in the UK, specifically sub-lineages Ic, 
IIc, and IIb, sub-lineage Ic displayed cross-resistance to the T4 
coliphages but not the T7 coliphages, whereas sub-lineage IIc and the 
emerging sub-lineage IIb were susceptible to all the T4 coliphages 
but resistant to the T7 coliphages. Therefore, the dominant lineage 
I and II sub-lineages have opposing phage resistance profiles 
with opposite phenotypes for the four phage groups tested. This 
observation provides some insight into the coexistence of different 
sub-lineages of STEC O157:H7 in the UK and the need to occupy 
separate niches—potentially even within the same host rumen. The 
dominant lineage II clones are likely to succeed in niches where 
T7-like phages are abundant and the dominant lineage I clone is 
likely to succeed in T4 coliphage-rich environments.

Alternatively, mechanisms of lytic phage resistance could be 
under Negative Frequency Dependent Selection (NFDS), which 
has recently been associated with bacterial accessory gene content 
(Corander et al., 2017; McNally et al., 2018). NFDS maintains 
genes at an intermediate frequency within the population and 
those genes under NFDS are prevented from becoming more 
common by loss of fitness at high frequency. This would apply 
to mechanisms of phage resistance that if present in the whole 
population would become the target of all phage predation 
strategies. Mechanisms at intermediate frequency distribute 
phage predation across the population to prevent kill-the-winner 
dynamics (Rodriguez-Valera et al., 2009). This would maintain 
opposite phage susceptibility phenotypes in co-occurrence.

CONCLUSIONS

Chromosomal background determinants of phage susceptibility 
phenotypes are likely to be established and fixed in specific 
lineages and sub-lineages at the time of divergence, but transient 
susceptibility and resistance profiles observed in these lineages 
may be shaped by the current niches that they occupy. This 
relationship between clone and phage population in environmental 
niche is likely to be a significant driver in shaping the population 
structure of bacteria including STEC O157:H7. Further phage 
susceptibility testing would expand the work described in this 
perspective. Additional testing of different lytic phages that 
infect STEC O157:H7 may provide a better understanding on 
how phage populations in different environmental niches and 
animal reservoirs influence the evolution and emergence of 
the STEC O157:H7 sub-lineages causing the greatest burden of 
gastrointestinal disease. In conclusion, our results have shown that 
predatory phage effects in the primary ruminant host affect strains 
causing disease in the secondary human host and may maintain 
diversity in strains observed in human disease worldwide.

MATERIALS AND METHODS

Whole Genome Alignment and 
Recombination Removal
Sequencing reads from 580 isolates of STEC O157:H7 from human 
cases in England and Wales, submitted to the Gastrointestinal 
Bacterial Reference Unit (GBRU) in 2017, were downloaded 

from the sequence read archive. The reads were trimmed (Bolger 
et al., 2014) and mapped using BWA-SW (Li and Durbin, 2010) 
to the STEC O157:H7reference strain Sakai (GenBank accession 
BA000007). The alignment map file from BWA was sorted and 
indexed into a binary alignment map (BAM) with Samtools (Li et 
al., 2009), and GATK2 (McKenna et al., 2010) was used to produce 
a Variant Call Format (VCF) file that was parsed to call SNPs of high 
quality (MQ ≥ 30, DP ≥ 10, GQ ≥ 30, variant ratio ≥ 0.9). Whole 
genome alignment files were used with Gubbins (Croucher et al., 
2015) to identify regions of high SNP density that were assumed 
to be areas of recombination. These recombination regions were 
removed in new alignment files and mutations outside of these 
regions were used to create a phylogeny that better reflect the 
clonal frame of the population using RAxML (Stamatakis, 2014).

Phage Resistance Phenotyping
Public Health England (PHE) have used phage typing as a 
way of broadly discriminating and clustering strains of STEC 
O157 for more than 20 years. This involves a panel of 16 typing 
phages (TP) that the strains are assayed against to produce a 
resistance profile corresponding to phage type (Cowley et al., 
2015). Groupings can be used instead of individual phages as, in 
most cases, strains have the same reaction to all members of the 
similarity groupings. In those cases where there is heterogeneity 
of phenotype within the group, the stronger reaction/clearer 
phenotype has been chosen as representative.

Briefly, STEC O157:H7 strains for typing are flooded on a 
Difco nutrient agar plate with 1 ml of broth culture. Dried plates 
are spotted with 10 µl of each of the 16 typing phages following a 
template and incubated overnight. Profiles of lysis for each of the 
typing phages are then recorded the next day.

Stx Prophage Carriage Determination
Stx profiling is an important assay in public health surveillance 
of STEC O157 and is carried out routinely at PHE who provided 
data for this study. Shiga toxin subtyping is performed through 
a mapping technique to reference Shiga toxin sequences as 
previously described (Ashton et al., 2015). Briefly, reads were 
mapped to stx1a, stx1c, 1d, 2a, 2b, 2c, 2d, 2e, 2f, and 2g sequences 
(taken from Scheutz et al., 2012) using BWA-MEM (http://bio-
bwa.sourceforge.net/). Reads that mapped to more than one 
place in the reference set (i.e., ambiguous reads) were removed 
from the resultant SAM file using Samtools (Li et al., 2009). If at 
least 10 reads and 90% of the total reads concordantly mapped 
to discriminatory positions for a specific subtype, then a positive 
match was returned for that subtype.

OmpC Allele Determination
The OmpC coding region was identified in strain 9000 (GenBank 
accession CP018252.1, protein ID API32766.1, locus tag BFL16_ 
16860) (Shaaban et al., 2016). This reference sequence was used 
to query all the STEC 2017 assemblies using blastn with e-value 
0.0000000001. One hundred percent identity matches and coverage 
were seen for all clade Ic isolates and all other clade isolates had a T 
at position 921 instead of the C seen in strain 9000.

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
http://bio-bwa.sourceforge.net/
http://bio-bwa.sourceforge.net/


Phage Predation Shapes Bacterial PopulationsCowley et al.

6 August 2019 | Volume 10 | Article 763Frontiers in Genetics | www.frontiersin.org

DATA AVAILABILITY

The datasets generated for this study can be found in 
Supplementary table 1, listed in Table S1.

AUTHOR CONTRIBUTIONS

LC conceived, designed and carried out the research. TD 
and CJ provided data. All authors contributed to writing the 
manuscript.

FUNDING

LC is supported under the University of Bath prize fellowship 
scheme. SS is a principal investigator for the MRC CLIMB 
consortium (MR/L015080/1). TD and CJ are funded through PHE.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: 
https://www.frontiersin.org/articles/10.3389/fgene.2019.00763/
full#supplementary-material

REFERENCES

Adams, N. L., Byrne, L., Smith, G. A., Elson, R., Harris, J. P., Salmon, R., et al. 
(2016). Shiga toxin-producing Escherichia coli O157, England and Wales, 
1983–2012. Emerging Infect. Dis. 22, 4. doi: 10.3201/eid2204.151485

Ashton, P. M., Perry, N., Ellis, R., Petrovska, L., Wain, J., Grant, K. A., et al. (2015). 
Insight into Shiga toxin genes encoded by Escherichia coli O157 from whole 
genome sequencing. PeerJ 3, e739. doi: 10.7717/peerj.739

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible 
trimmer  for Illumina sequence data. Bioinformatics 30, 15. doi: 10.1093/
bioinformatics/btu170

Byrne, L., Dallman, T. J., Adams, N., Mikhail, A. F. W., McCarthy, N., and 
Jenkins,  C. (2018). Highly pathogenic clone of Shiga toxin–producing 
Escherichia coli O157:H7, England and Wales. Emerging Infect. Dis. 24, 12. doi: 
10.3201/eid2412.180409

Byrne, L., Jenkins, C., Launders, N., Elson, R., and Adak, G. K. (2015). The 
epidemiology, microbiology and clinical impact of Shiga toxin-producing 
Escherichia coli in England, 2009–2012. Epidemiol. Infect. 143, 16. doi: 10.1017/
S0950268815000746

Corander, J., Fraser, C., Gutmann, M. U., Arnold, B., Hanage, W. P., Bentley, S. D., et 
al. (2017). Frequency-dependent selection in vaccine-associated pneumococcal 
population dynamics. Nat. Ecol. Evol. 1, 12. doi: 10.1038/s41559-017-0337-x

Cowley, L. A., Beckett, S. J., Chase-Topping, M., Perry, N., Dallman, T. J., 
Gally,  D. L., et al. (2015). Analysis of whole genome sequencing for the 
Escherichia coli O157: H7 typing phages. BMC Genomics 16, 271. doi: 10.1186/
s12864-015-1470-z

Cowley, L. A., Dallman, T. J., Fitzgerald, S., Irvine, N., Rooney, P. J., McAteer, S. 
P., et al.  (2016). Short-term evolution of Shiga toxin-producing Escherichia 
coli O157: H7 between two food-borne outbreaks. Microb. Genom. 2, 9. doi: 
10.1099/mgen.0.000084

Cowley, L. A., Low, A. S., Pickard, D., Boinett, C. J., Dallman, T. J., Day, M., 
et al. (2018). Transposon insertion sequencing elucidates novel gene involvement 
in susceptibility and resistance to phages T4 and T7 in Escherichia coli O157. 
mBio 9, 4. doi: 10.1128/mBio.00705-18

Croucher, N. J., Page, A. J., Connor, T. R., Delaney, A. J., Keane, J. A., Bentley, S. 
D., et al. (2015). Rapid phylogenetic analysis of large samples of recombinant 
bacterial whole genome sequences using Gubbins. Nucleic Acids Res. 43, 13. 
doi: 10.1093/nar/gku1196

Dallman, T. J., Ashton, P. M., Byrne, L., Perry, N. T., Petrovska, L., Ellis, R., et al. 
(2015). Applying phylogenomics to understand the emergence of Shiga-toxin-
producing Escherichia coli O157:H7 strains causing severe human disease in 
the UK. Microb. Genom. 1, 3. doi: 10.1099/mgen.0.000029

Dallman, T. J., Ashton, P., Schafer, U., Jironkin, A., Painset, A., Shaaban, S., 
et al. (2018). SnapperDB: a database solution for routine sequencing analysis 
of bacterial isolates. Bioinformatics 34, 17. doi: 10.1093/bioinformatics/bty212

Demerec, M., and Fano, U. (1945). Bacteriophage-resistant mutants in Escherichia 
coli. Genetics 30 (2), 119–136. 

Hayashi, T., Makino, K., Ohnishi, M., Kurokawa, K., Ishii, K., Yokoyama, K., et al. 
(2001). Complete genome sequence of enterohemorrhagic Escherichia coli 
O157:H7 and genomic comparison with a laboratory strain K-12. DNA Res. 8, 
11–22. doi: 10.1093/dnares/8.1.11

Labrie, S. J., Samson, J. E., and Moineau, S. (2010). Bacteriophage resistance 
mechanisms. Nat. Rev. Microbiol. 8, 5. doi: 10.1038/nrmicro2315

Launders, N., Byrne, L., Jenkins, C., Harker, K., Charlett, A., and Adak, G. K. 
(2016). Disease severity of Shiga toxin-producing E. coli O157 and factors 
influencing the development of typical haemolytic uraemic syndrome: 
a retrospective cohort study, 2009–2012. BMJ Open 6, 1. doi: 10.1136/
bmjopen-2015-009933

Li, H., and Durbin, R. (2010). Fast and accurate long-read alignment with Burrows–
Wheeler transform. Bioinformatics 26, 5. doi: 10.1093/bioinformatics/btp698

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al. 
(2009). 1000 Genome project data processing subgroup the sequence 
alignment/map format and SAMtools. Bioinformatics 25, 16. doi: 10.1093/
bioinformatics/btp352

Los, J. M., Los, M., Wergrzyn, A., and Wergrzyn, G. (2013). Altruism of Shiga 
toxin-producing Escherichia coli: recent hypothesis versus experimental 
results. Front. Cell. Infect. Microbiol. 4 (2), 166. doi: 10.3389/fcimb.2012.00166

Luria, S. E., and Delbrück, M. (1943). Mutations of bacteria from virus sensitivity 
to virus resistance. Genetics 28 (6), 491–511. 

McNally, A., Kallonen, T., Connor, C., Abudahab, K., Aanensen, D. M., Horner, 
C., et al. (2018). Diversification of colonization factors in a multidrug-resistant 
Escherichia coli lineage evolving under negative frequency-dependent selection. 
Ecol. Evol. Sci. 10 (2), e00644–19. doi: 10.1128/mBio.00644-19 

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., 
et al. (2010). The Genome Analysis Toolkit: a MapReduce framework for 
analyzing next-generation DNA sequencing data. Genome Res. 20, 9. doi: 
10.1101/gr.107524.110

Melnyk, A. H., Wong, A., and Kassen, R. (2015). The fitness costs of antibiotic 
resistance mutations. Evol. Appl. 8, 3. doi: 10.1111/eva.12196

Mikhail, A. F. W., Jenkins, C., Dallman, T. J., Inns, T., Martin, A. I. C., Fox, A., 
et al. (2017). An outbreak of Shiga toxin-producing Escherichia coli O157: 
H7 associated with contaminated salad leaves: epidemiological, genomic 
and food trace back investigations. Epidemiol. Infect. 146, 2. doi: 10.1017/
S0950268817002874

Pereboom, M., Todkill, D., Knapper, E., Jenkins, C., Hawker, J., and Coetzee, N. 
(2018). Shiga toxin-producing Escherichia coli (STEC) O157 outbreak 
associated with likely transmission in an inflatable home paddling pool 
in England, June 2017. Perspect. Public Health 138 (5), 279–281. doi: 
10.1177/1757913918774072

Rodriguez-Valera, F., Martin-Cuadrado, A., Rodriguez-Brito, B., Pasic, L., 
Thingstad, T. F., Rohwer, F., et al. (2009). Explaining microbial population 
genomics through phage predation. Nat. Rev. Microbiol. 7, 11. doi: 10.1038/
nrmicro2235

Scheutz, F., Teel, L. D., Beutin, L., Pierard, D., Buvens, G., Karch, H., et al. (2012). 
Multicenter evaluation of a sequence-based protocol for subtyping Shiga toxins 
and standardizing Stx nomenclature. J. Clin. Microbiol. 50, 9. doi: 10.1128/
JCM.00860-12

Scotland, S. M., Smith, H. R., and Rowe, B. (1985). Two distinct toxins? active 
on vero cells from Escherichia coli O157. Lancet 326, 885–886. doi: 10.1016/
S0140-6736(85)90146-1

Shaaban, S., Cowley, L. A., McAteer, S. P., Jenkins, C., Dallman, T. J., Bono, J. L., 
et al. (2016). Evolution of a zoonotic pathogen: investigating prophage diversity 

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fgene.2019.00763/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2019.00763/full#supplementary-material
https://doi.org/10.3201/eid2204.151485
https://doi.org/10.7717/peerj.739
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.3201/eid2412.180409
https://doi.org/10.1017/S0950268815000746
https://doi.org/10.1017/S0950268815000746
https://doi.org/10.1038/s41559-017-0337-x
https://doi.org/10.1186/s12864-015-1470-z
https://doi.org/10.1186/s12864-015-1470-z
https://doi.org/10.1099/mgen.0.000084
https://doi.org/10.1128/mBio.00705-18
https://doi.org/10.1093/nar/gku1196
https://doi.org/10.1099/mgen.0.000029
https://doi.org/10.1093/bioinformatics/bty212
https://doi.org/10.1093/dnares/8.1.11
https://doi.org/10.1038/nrmicro2315
https://doi.org/10.1136/bmjopen-2015-009933
https://doi.org/10.1136/bmjopen-2015-009933
https://doi.org/10.1093/bioinformatics/btp698
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.3389/fcimb.2012.00166
https://doi.org/10.1128/mBio.00644-19
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1111/eva.12196
https://doi.org/10.1017/S0950268817002874
https://doi.org/10.1017/S0950268817002874
https://doi.org/10.1177/1757913918774072
https://doi.org/10.1038/nrmicro2235
https://doi.org/10.1038/nrmicro2235
https://doi.org/10.1128/JCM.00860-12
https://doi.org/10.1128/JCM.00860-12
https://doi.org/10.1016/S0140-6736(85)90146-1
https://doi.org/10.1016/S0140-6736(85)90146-1


Phage Predation Shapes Bacterial PopulationsCowley et al.

7 August 2019 | Volume 10 | Article 763Frontiers in Genetics | www.frontiersin.org

in enterohaemorrhagic Escherichia coli O157 by long-read sequencing. Microb. 
Genom. 2, 12. doi: 10.1099/mgen.0.000096

Sheppard, S. K., Guttman, D. S., and Fitzgerald, J. R. (2018). Population genomics of 
bacterial host adaptation. Nat. Rev. Genet. 19, 9. doi: 10.1038/s41576-018-0032-z

Sinclair, C., Jenkins, C., Warburton, F., Adak, G. K., and Harris, J. P. (2017). 
Investigation of a national outbreak of STEC Escherichia coli O157 using online 
consumer panel control methods: Great Britain, October 2014. Epidemiol. 
Infect. 145, 5. doi: 10.1017/S0950268816003009

Stamatakis, A. (2014). RAxML version 8: a tool for phylogenetic analysis and post-
analysis of large phylogenies. Bioinformatics 30, 9. doi: 10.1093/bioinformatics/
btu033

Treacy, J., Jenkins, C., Paranthaman, K., Jorgensen, F., Mueller-Doblies, D., Anjum, M., 
et al. (2019). Outbreak of Shiga toxin-producing Escherichia coli O157:H7 
linked to raw drinking milk resolved by rapid application of advanced pathogen 
characterisation methods, England, August to October 2017. Euro Surveill. 24, 
16. doi: 10.2807/1560-7917.ES.2019.24.16.1800191

Yokoyama, E., Hirai, S., Hashimoto, R., and Uchimura, M. (2012). Clade analysis of 
enterohemorrhagic Escherichia coli serotype O157:H7/H- strains and hierarchy 
of their phylogenetic relationships. Infect. Genet. Evol. 12 (8), 1724–1728. doi: 
10.1016/j.meegid.2012.07.003

Conflict of Interest Statement: The authors declare that the research was 
conducted in the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Copyright © 2019 Cowley, Dallman, Jenkins and Sheppard. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner(s) are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://doi.org/10.1099/mgen.0.000096
https://doi.org/10.1038/s41576-018-0032-z
https://doi.org/10.1017/S0950268816003009
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.2807/1560-7917.ES.2019.24.16.1800191
https://doi.org/10.1016/j.meegid.2012.07.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Phage Predation Shapes the Population Structure of Shiga-Toxigenic Escherichia coli O157:H7 in the UK: An Evolutionary Perspective
	Introduction
	Results and Discussion
	Evidence of Fixed Phage Resistance
	Evidence of Transient or Horizontally Transferred Phage Resistance
	OmpC Mutation
	Population Shaping

	Conclusions
	Materials and Methods
	Whole Genome Alignment and Recombination Removal
	Phage Resistance Phenotyping
	Stx Prophage Carriage Determination
	OmpC Allele Determination

	Data Availability
	Author Contributions
	Funding
	Supplementary Material
	References


