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Introduction: Bacteriophage therapy is emerging as a promising alternative to
antibiotics, particularly in the face of rising antimicrobial resistance. However,
concerns remain regarding host shifts, where therapeutic phages could evolve to
infect and harm beneficial commensal bacteria. Understanding how frequently
host shifts occur and what evolutionary constraints shape them is critical to
assessing the safety of phage therapy.

Methods: We investigated the evolutionary potential for host shifts using
Escherichia coli-infecting phage BW-1. Experimental evolution was conducted
under controlled conditions that favored adaptation, using both non-permissive
(unable to infect) and semi-permissive (low infectivity) bacterial strains. Virulence
was assayed across hosts, and whole-genome sequencing was used to identify
mutations associated with adaptation.

Results: Host shifts were found to be rare, with no significant increases in
virulence observed in non-permissive hosts. In contrast, adaptation occurred in
semi-permissive hosts and was linked to trade-offs, where increased virulence in
one host reduced infectivity in others. Whole-genome sequencing revealed a
single convergent regulatory SNP across all phages adapted to the semi-
permissive host, indicating constrained evolutionary pathways during
host adaptation.

Discussion: Our findings suggest that phages exhibit high host specificity, which
limits the risk of host shifts to commensal bacteria. Although adaptation to semi-
permissive hosts is possible, it is constrained and associated with fitness trade-
offs across host ranges. These results indicate that therapeutic phages are
unlikely to negatively impact intestinal microbiota, supporting their potential as
safe and effective alternatives to antibiotics.
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Introduction

When they shift to a new host, parasites can overcome their
overall specificity and gain access to new environments. Although
host shifts are beneficial to the parasite, they can be highly
detrimental to the novel host, as demonstrated by the number of
human pandemics (like HIV, malaria and influenza) that are caused
by newly acquired parasites (Liu et al, 2010; Mollentze and
Streicker, 2020; Sharp and Hahn, 2010; Webby and Webster,
2001). Despite our knowledge of host shifts as natural events that
tend to occur among closely related species (Lee, 2024; Longdon
etal, 2014; Seal et al,, 2021; Woolhouse et al., 2005), understanding
what drives and constrains host shifts remains elusive. We lack
information about how frequently they happen and whether they
tend to be associated with increased virulence in the new or
old hosts.

A better understanding of the conditions that facilitate or
constrain viral host shifts and high levels of virulence might also
be crucial for the success of new treatments like phage therapy. If
host shifts are facilitated among closely related hosts, using phages
to treat infections in complex communities such as the gut might
result in undesirable host shifts to commensal bacteria. Although
patterns of phage-bacterial infection in complex communities such
as those in the gastrointestinal tract are still poorly understood
(Mirzaei and Maurice, 2017; Shkoporov and Hill, 2019), many
factors predicted to be essential for host shifts are inherent to the
host. These include CRISPR/Cas systems (Angermeyer et al., 2021;
Sorek et al., 2008), the presence of particular proteins like phage
receptors (Bertozzi Silva et al., 2016; Kim et al., 2023), horizontally
transferred elements like plasmids (Jalasvuori et al., 2011; Shan
et al,, 2023), or just general phenotypic similarity to existing hosts,
which would be reflected in phylogenetic distance effect (Longdon
et al., 2011; Walsh et al., 2023).

Here, we looked at host shifts using a microbial system
comprised of a lytic bacteriophage (virus infecting bacteria) and 8
strains of Escherichia coli. As a species, E. coli is a highly versatile
continuum that ranges from commensal strains living in the gut to
pathogenic strains causing urinary tract infections or severe gut
infections (Kaper et al., 2004; Siniagina et al., 2021; Tenaillon et al.,
2010). Phages infecting E. coli are specific for particular strains
(Allen et al., 2017; Li et al., 2022; Michel et al., 2010). Past work
shows that phages infecting E. coli and other bacteria can rapidly
adapt to increase their infectivity against bacterial hosts and
sometimes adapt to new host strains (Benmayor et al., 2009;
Bohannan and Lenski, 2000; Koskella et al., 2022), but the
outcomes can be highly variable. Despite this variability, few
studies have addressed host shifts systematically in a controlled
evolutionary framework. Our study is one of the first to
experimentally approach this question using a phage with known
host range variability and a rationally chosen set of diverse E. coli
strains. We, therefore, hypothesized that a phage would be able to
adapt to some novel hosts from a collection of natural and clinical
isolates. We made the additional prediction that adaptation to new
hosts would be most likely for hosts more genetically similar to the
set of known host genotypes that the phage could already infect
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(native host range). To test this, we evolved a phage in the presence
of various novel hosts that the phage could not infect (non-
permissive host). We controlled the experimental conditions to
favor host shifts. BW1 was selected as the focal phage because it
exhibited diversity in its infectivity across strains, suggesting
evolutionary potential in its host range. The E. coli strains were
drawn from the well-characterized ECOR collection and were
selected to represent different phylogenetic backgrounds and
ecological sources, thereby maximizing diversity within a tractable
number of hosts. This experimental system, while limited in scope,
provides a strategic balance between complexity and control,
enabling detailed insight into the repeatability and constraints of
host range evolution. At the end of the experiment, we tested for
Reductions in Bacterial Growth (RBG) after phage exposure, which
we take as a measure of phage virulence (Hall et al., 2011; Poullain
et al., 2008; Wendling et al., 2022). In cases where phages evolved
virulence against a host they could not previously infect, we
interpret this as a host shift. We also included hosts that the
phage could infect but only cause small reductions in bacterial
growth (semi-permissive hosts) compared to other hosts found to
be highly susceptible to the same phage. By evolving phage with
semi-permissive hosts, we aimed to test for (1) increases in phage
virulence with hosts they could already infect and (2) whether this
also resulted in altered virulence against non-permissive hosts (that
is, the possibility of host shifting as a ‘side-effect’ of adaptation to
other hosts).

Materials and methods
Organisms and culture conditions

We used different E. coli strains and Escherichia phage BW-1
(Ackermann and Krisch, 1997), a lytic T4-like phage from the
Straboviridae family and Tevenviridae subfamily. This phage
produces clear plaques (<0.lmm) and was found in a previous
study to infect a relatively large number of natural and clinical E.
coli isolates compared to other phages tested in the same study
(Allen et al., 2017) (Figure 1A). Evidence suggests parasites with
broader host ranges are more likely to infect new hosts (Cleaveland
etal, 2001; Thines, 2019). Therefore, we assumed Escherichia phage
BW-1 was a favorable candidate for host shifts. Its intermediate host
range made it particularly suitable for assessing both potential for
adaptation and constraints on host range expansion under
selection. As bacterial hosts, we selected eight strains from the E.
coli (ECOR) collection (Ochman and Selander, 1984). The strains
varied in their level of susceptibility to ancestral Escherichia phage
BW-1 infection, as measured by the level of Reduction in Bacterial
Growth (RBG, described in more detail below) (Figure 1B). We
included five strains where we detected little or no reduction in
bacterial growth caused by ancestral Escherichia phage BW-1
compared to phage-free cultures (RBG equal or close to zero;
Figure 1B). Hereafter, we refer to these strains as non-permissive
hosts. For four of these strains, we also detected no evidence of
plaque formation by Escherichia phage BW-1 when spotted on an
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agar lawn of the bacteria. As semi-permissive hosts, we included
three strains with a significant reduction in bacterial growth caused
by Escherichia phage BW-1. However, this reduction was at an
intermediate level compared to that observed for ancestral
Escherichia phage BW-1 across a wide range of natural and
clinical isolates, as estimated in a previous study that also
included the isolates used here (Allen et al., 2017). Note that the
reduction in bacterial growth caused by ancestral Escherichia phage
BW-1 on each strain in this previous study was strongly correlated
with that in our experiment (r* = 0.81, F,;=29.3,P=0.001). We
also found that ancestral Escherichia phage BW-1 formed plaques
on all these semi-permissive hosts. The strains were selected to
maximize phylogenetic and ecological diversity within the species,
while still allowing experimental tractability across replicates and
time points. We chose strains from various phylogenetic subgroups
of E. coli, as inferred previously from whole-genome sequence data
(Allen et al.,, 2017)(Figure 1C). Finally, we included E. coli K12-
MG1655 in our experiments, which is highly susceptible to
Escherichia phage BW-1 infection (Figure 1C). All experiments
were performed at 37 °C in lysogeny broth (LB) medium
supplemented with 10mM MgSO, and 10mM Tris HCL,
hereafter referred to as LBMT.

Phage evolution experiment

We set up our evolution experiment to simulate a tough but
realistic situation in which phages would need to evolve to infect
new bacterial hosts in order to survive. To test whether host shifts
(significant increase in RBG after evolution in hosts where RBG of
ancestral Escherichia phage BW-1 equals zero) and/or high levels of
virulence could be selected for, we evolved Escherichia phage BW-1
in non-evolving populations of each non-permissive or semi-
permissive host (see diagram in Figure 1D). For each bacterial
host (n = 8), we experimentally evolved three independent
populations (n = 24 evolved phage lines). We initiated each phage
line by adding 10°> plaque-forming units (PFU) ancestral
Escherichia phage BW-1 particles to mixed bacterial populations
(6mL cultures) consisting of 1% permissive host (E. coli KI12-
MG1655) and 99% of either non-permissive or semi-permissive
host (ECOR strain) (Figure 1D). This initial ratio was specifically
chosen to impose strong selection for host-range expansion while
maintaining minimal access to a permissive host, preventing
immediate phage extinction. Culturing phages in mixed bacterial
populations (Benmayor et al., 2009; Borin et al, 2021) helps to
maintain phage population turnover while keeping a large number
of susceptible cells for any phage mutant that can infect the new
host. To prevent any cumulative shift in bacterial strain frequencies,
each 24-hour transfer cycle was initiated using fresh overnight
cultures prepared from frozen bacterial stocks, and the 1%:99%
ratio of MG1655 to test host has re-established at the start of every
transfer. This ensured that any within-transfer overrepresentation
of MG1655 did not carry over across passages and allowed us to
preserve a consistent and reproducible selective environment for all
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evolving phage lines. We extracted phage after 24h (Transfer-1
phage lysates), adding 10% chloroform to each culture, vortexing
for 1 min, and centrifuging at 13,000 rpm for 2 min (Buckling and
Rainey, 2002). We transferred 50pl of each phage lysate to new non-
evolving mixed bacterial populations (stocks from the freezer),
meaning that bacterial hosts were not allowed to evolve in our
experiment. We incubated and extracted phage as described above
for a total of 14 transfers, which we expected to be enough time for
the emergence of virulent mutants under strong selection based on
previous work with other phage species (Benmayor et al., 2009;
Borin et al,, 2021; Hall et al, 2011). To verify phage presence in
every transfer, we spotted 3.5ul of phage lysate onto a lawn of the
susceptible host (E. coli K12-MG1655) and incubated overnight to
look for clear spots or plaques. At the end of the experiment
(transfer 14), we plated serial dilutions and estimated phage titers
in each phage line (Figures 1D, 2A). For phage lines that did not go
extinct, we tested for variation in final phage population size (titer
in PFU/mL) among populations evolved with different host strains.
To do this, we used one-way ANOVA with titer as the response
variable (mean of 3 replicate measurements for each of 3 phage lines
per host strain) and host strain during the evolution experiment as a
factor. We then tested for pairwise differences in phage population
densities per host strain, correcting for multiple comparisons using
Tukey’s Honest significant difference (Figure 2A).

Measuring changes in virulence

We quantified virulence differences among the ancestral and
evolved phage lines by estimating the reduction in bacterial growth
(RBG) due to phage infection after 24h (Hall et al., 2011; Poullain
et al., 2008; Wendling et al, 2022). We did a cross-infection
experiment, testing the ancestral phage and all evolved phage
lines against all hosts, including the ones they evolved with and
the ones they did not. Independent bacterial populations (n = 6) of
each host (n = 9) were exposed to either ancestral phage, an evolved
phage line (n = 18) or phage-free conditions (control) in
microcosms containing fresh media supplemented with phage
titers adjusted to reach the same multiplicity of infection in all
populations (MOI = 10). The basic setup was 10* bacterial cells +
10° PFU particles in volume of 100l where at least 90% was fresh
LBMT. After 24h, we measured bacterial biomass as optical density
(OD24h) in each population (n=1080) using an Infinite M200
spectrophotometer (Tecan, USA). All measurements were
corrected by subtracting the mean score of sterile medium (OD =
0.045). We calculated the RBG (Reduction in Bacterial Growth)
values for each bacterial population in the experiment with the
equation:

OD24h with phage

RBG=1-
mean(OD24h without phage)

For each host strain, we tested whether evolved phage
populations showed altered virulence (RBG) compared to the
ancestral phage using pairwise Welch’s t-tests, which allow for
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FIGURE 1

E. coli hosts used in the evolution experiment. (A) Histogram of Reduction in Bacterial Growth (RBG) caused by ancestral Escherichia phage BW-1
against 94 different natural and clinical isolates of E. coli (Allen et al., 2017). (B) List of bacterial hosts used in this study, with average RBG data
observed in our experiments after 24h of exposure to ancestral Escherichia phage BW-1, plaque formation data and additional details about strain
origins. (C) Phylogenetic tree of E. coli isolates from different sub-species groups used in this study. Details of how the tree was produced are
provided as Supplementary Information. (D) Diagram representation of the evolution experiment for phage BW-1 and one bacterial host. Note that
the ancestral phage was serially passaged in co-cultures containing 99% novel host (either permissive or semi-permissive) and 1% K12-MG1655. In
this way, we included a selective pressure that would allow adaptation to the new host, but preventing phage extinction by including a small

percentage of cells that the ancestral phage could infect.

unequal variances as observed in some of our comparisons. In cases
where we tested multiple evolved populations against the same
control, we corrected for multiple testing by sequential Bonferroni
adjustment (Figure 2B). Virulence gain was estimated with respect
to Reductions in Bacterial Growth (RBG) of evolved phage versus
ancestral phage (i.e. evolved RBG-ancestral RBG). Positive values
indicate an increase in virulence after evolution, and negative values
indicate reduced virulence. In Figure 2B, each data point represents
the virulence gain for an evolved line. Statistically significant
changes in virulence are shown as arrows, with the arrowhead
positioned at the exact level of virulence gain or loss (Figure 2B;
RGB data for this figure can be found in Supplementary Figures S2
and S3). Non-significant changes are shown as simple dots. This
visual distinction highlights where meaningful evolutionary shifts in
virulence occurred.

Estimation of genetic distance to native
host range

In order to determine whether the host strains in our

experiment were relatively closely or distantly related to host
strains against which ancestral Escherichia phage BW-1 is highly

Frontiers in Cellular and Infection Microbiology

virulent, we computed the average genetic distance of each non-
permissive and semi-permissive host to a set of host strains found
previously to be highly susceptible to Escherichia phage BW-1
(Allen et al, 2017). These data show that susceptibility to
Escherichia phage BW-1 is bimodal among these isolates
(Figure 1A). We therefore took all isolates (n = 94) where
RBG>0.5 as being relatively highly susceptible. We then
calculated the average genetic distance for each strain used in our
experiment to this set of highly susceptible strains. We estimated
the genetic distance between a given pair of strains as patristic
difference using the adephylo package (Jombart et al., 2010). This is
the sum of the branch lengths between the two strains, where
branch length is the expected number of nucleotide changes per
base pair across the 1424 loci used for phylogenetic reconstruction
(Supplementary Information S1). For each strain used in our
experiment we calculate these distances to each of the highly
susceptible strains, and then take the average as a measure of
genetic distance to the native host range of Escherichia phage
BW-1. We then tested whether genetic distance to the native host
range was correlated with the change in virulence over the course of
selection (mean(RBGevolved) — mean(RBGancestral)) for each
group of three replicates evolved with the same host). All
statistical analyses were conducted in R 3.1.1 (R Core Team, 2015).
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(A) Phage population densities of evolved Escherichia phage BW-1 lines at the end of the evolution experiment (Transfer 14). The name of each
evolved BW-1 line (x-axis) indicates which bacterial host was present during the evolution experiment. Replicate selection lines are differentiated
with numbers (1-3), and each box shows the results of three replicate assays. (B) Changes in virulence after evolving bacteriophage BW-1 on
different E. coli hosts. Virulence gain was estimated as the difference in Reductions in Bacterial Growth (RBG) between evolved and ancestral phage
for each bacterial host. Positive values indicate an increased virulence, and negative values indicate decreased virulence following evolution. Each
point represents an individual evolved line. Statistically significant changes in virulence are shown as arrows, with the arrowhead marking the exact
magnitude of virulence gain or loss. Non-significant changes are shown as simple dots. RGB data for this figure can be found in Supplementary
Figures S2 and S3.

Phage genomic extraction, seq uencing’ bacterial DNA that is still present after phage production, followed
and annotation by 50 pg/mL of proteinase K (Thermo Scientific, Waltham, MA,

USA), 20 mM EDTA and 0.5% SDS treatment to inactivate the

Phage genome isolation was performed as previously described =~ DNasel/RNaseA and to disrupt the phage capsid proteins.
(Green and Sambrook, 2012). Briefly: 1 mL of phage stock was Subsequently, extraction by phenol-chloroform (Carl Roth
treated with ten pg DNasel and 50 pg RNaseA (Roche Diagnostics; ~ GmbH, Karlsruhe, Germany) was performed to remove debris.
Mannheim, Germany) in the presence of MgCI2 to degrade the = The nucleic acid pellet was precipitated (14,000x g, 20 min) in the
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presence of absolute alcohol (Merck KGaA, Darmstadt, Germany)
and washed with 70% alcohol before being suspended in deionized
distilled water. Nanodrop measurements (Peqlab; Erlangen,
Germany) were done to determine concentration and purity (260/
230 ratio). Sequencing was performed on an Illumina (San Diego,
CA, USA) MiniSeq instrument. The Nextera Flex DNA library kit
(Illumina) was used for library preparation. Long reads were
generated using an Oxford Nanopore MinION (Oxford, UK)
device with an R.9.4.1 flow cell. The latter library was prepared
with Rapid barcoding. Sequence quality was examined with FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Low-quality reads and adapter removal from the paired ends for all
sequences were filtered by Trim Galore v. 0.6.6 (https://
www.bioinformatics.babraham.ac.uk/projects/trim_galore/) using
a Phred quality cutoff of 30. Then, human reads were discarded
by mapping them against the Genome Consortium Human Build
38(GRCh38; Schneider et al., 2017) using Bowtie2 v. 2.4.2
(Langmead and Salzberg, 2012) with default parameters. For the
de novo assembly, metaSPAdes v. 3.15.0 (Bankevich et al., 2012;
Nurk et al., 2017) with default parameters was executed as
recommended in previous publications (Sutton et al., 2019). The
resulting contigs were annotated using VIGA 0.11.1 (Gonzalez-
Tortuero et al, 2022; Gonzalez-Tortuero et al., 2018) using the
RefSeq Viral Database (Brister et al., 2015), the Viral Orthologs
Groups(VOGs; Marz et al., 2014), the Viral DataBase (RVDB v.
21.0; Bigot et al., 2020) and the Prokaryotic virus Remote
Homologous Groups (PHROGS v. 4; Terzian et al,, 2021) for the
functional prediction. Variant calling between the evolved
Escherichia phages and the ancestral one was performed using
Snippy v. 4.6 (https://github.com/tseemann/snippy).

Comparative genomic analysis and
visualization

To investigate the potential regulatory or functional impact of SNP
164264, a 1,000 bp region centered on the SNP was extracted from the
assembled BW1 genome and aligned to the homologous region in the
Escherichia phage T4 (reference genome NC_000866.4). Protein-
coding open reading frames (ORFs) in the BW1 region were
predicted using VIGA v.0.12.0 (Gonzalez-Tortuero et al, 2018), by
scanning all putative reading frames using the bacterial genetic code
(11) and a minimum threshold of 60bp for ORF length. Gene
annotations for T4 were retrieved from GenBank and the noncoding
RNAs rnaC and rnaD (also known as species 1 and 2 RNAs) were
mapped based on the coordinates described by Miller et al. (2003). A
comparative figure was generated to visualize the gene architecture, the
SNP position, and the local sequence context. Features displayed
include directional gene arrows, codon context (highlighting the T-C
transition at the SNP), putative BW-1 specific ORFs, and the location
of predicted regulatory elements. All visualizations were constructed
using SnapGene v. 8.1.1 and in Python v. 3.12.1 using the matplotlib
3.8.2 library.
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Virulence assay against ECOR collection
strains

To test whether gains in virulence after evolution affected
virulence patterns towards other E. coli strains, we performed a
fully factorial cross infection experiment, using the evolved phages
where we observed a consistent increase in virulence across the 3
replicate lines against all members of the ECOR collection. We
tested virulence differences of the evolved phages against all 72
strains in ECOR collection as compared to the virulence observed in
the ancestral phage. The overnight cultures (corresponding to
approx. 10® CFU/mL) were then mixed with either ancestral
phage, an evolved phage line (n = 3) or phage-free conditions
(control) at MOI = 10 (10° PFU/mL) after diluted to 10* CFU/mL
and incubated at 37°C. After 24h, the bacterial biomass was
measured as optical density (ODggo24h) in each population (3
replicates per experimental condition for an overall total of
n=1080) using an Infinite M200 spectrophotometer (Tecan,
USA). All measurements were corrected by subtracting the mean
score of sterile media (OD = 0.0495). The reduction in bacterial
growth (RBG values) were calculated for each population, as
mentioned before. For each host strain, we tested whether evolved
phage populations showed altered virulence (RBG) compared to the
ancestral phage using pairwise Welch’s f-tests, which allow for
unequal variances as observed in some of our comparisons. In cases
where we tested multiple evolved populations against the same
control, we corrected for multiple testing by sequential
Bonferroni adjustment.

Results

Variation in phage population densities at
the end of the evolution experiment

Evolving with new hosts had a significant effect on phage
population densities by the end of the experiment. Despite
continued mixed-host culturing until the final transfer in all
phage lines (n = 24), we observed phage extinction in lines that
evolved with one non-permissive host (ECOR65) and one semi-
permissive host (ECOR36) (Figure 2A). Extinctions happened early
in the evolution experiment. We had no phage detection after
transfer 2 in all phage lines that evolved with ECOR36 and two
phage lines that evolved with ECOR65 (the third phage line went
extinct at transfer 3). As for the phage lines where phage did not go
extinct, we found significant differences in average phage
population densities depending on the host they evolved with
(Fs12 = 24.42, P<0.0001 by one-way ANOVA). Phage lines that
evolved with ECOR9, ECOR69, and ECOR62 had significantly
lower average phage population densities than phage lines that
evolved with ECOR15 and ECORI13 (Tukey HSD for all pairwise
comparisons P<0.05) (Figure 2A).
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Virulence increases in evolved phages are
rare and confined to semi-permissive
hosts, with host shifts remaining
unconfirmed

The majority of evolved phage lines did not show significant
changes in virulence compared to the ancestral phage. Specifically, in
12 out of the 18 cases tested, we observed no significant differences in
relative bacterial growth (RBG) (P > 0.05 in all cases by Welch’s t-test
corrected with sequential Bonferroni; see black dots in Figure 2B;
RBG values in Supplementary Figures 52, S3). However, we identified
some cases where virulence increased, and these gains were primarily
observed in phages that evolved with semi-permissive hosts. Notably,
phage lines evolved with the semi-permissive host ECOR34 showed
substantial increases in virulence, with an average RBG value of
0.98 + 0.02 compared to 0.17 for the ancestral phage (P < 0.05; see red
arrows in Figure 2B; Supplementary Figure S3). By contrast, none of
the phages evolved with non-permissive hosts exhibited any
significant gains in virulence (Figure 2B; Supplementary Figure S2).

Additionally, we found one intriguing data point suggesting a
possible host shift. Specifically, phage lines evolved with ECOR69
appeared to increase infectivity based on RBG data, but when we
spot-plated these phage lines on ECOR69 agar plates, they failed to
form plaques, providing no evidence of successful infection on this
host. Conversely, phage lines evolved with ECOR15 were able to
form plaques on ECOR15 agar plates despite showing no significant
increase in virulence in liquid culture (P > 0.05 in all cases). These
results highlight that while virulence increases were rare and
primarily restricted to semi-permissive hosts, liquid culture
infectivity does not necessarily correlate with plaque formation on
agar surfaces.

First, we asked whether evolved phage lines were more virulent
towards their corresponding bacterial host (the host strain they
were exposed to during experimental evolution, shown in
Figure 2B). We found significant gains in virulence (P<0.05 in
pairwise comparisons against the ancestral phage using Welch’s t-
test corrected with sequential Bonferroni) in six phage lines
corresponding to three hosts (see red arrows in Figure 2B). None
of the phage lines that evolved with non-permissive host had
significant gains in virulence. However, in one specific case
(evolution with the semi-permissive host ECOR34) phage lines
showed a considerable gain in virulence (average RBG for evolved
phage lines=0.98 + 0.02; RBG for the ancestral phage=0.17)
(Supplementary Figure S3), highlighting that changes can occur
under permissive conditions. For the remaining phage lines (1 = 12)
we observed no significant virulence differences from the ancestor
(P>0.05 in all cases by Welch’s t-test corrected with sequential
Bonferroni) (see black dots in Figure 2B and RGB values in S2&S3).
In short, our RBG data shows that while phage BW-1 can increase
virulence under certain permissive conditions (as seen with host
ECOR34), it did not evolve the ability to infect any of the non-
permissive hosts tested, suggesting that full host shifts remain
unlikely in this system.
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Adaptation to one host can be costly in
terms of virulence profiles towards other
hosts

We further asked whether evolution influenced phage virulence
towards hosts other than the ones encountered during the evolution
experiment. For two semi-permissive hosts (ECOR36 & ECOR62)
(Figure 2B; S3), multiple evolved phage lines that had been evolved
with other hosts had altered virulence relative to the ancestor, and
for two non-permissive hosts (ECOR9 & ECOR69) (Figure 2B; 52),
we observed small increases in virulence in a single evolved phage
line. Specifically, we observed that replicate phage lines that evolved
with hosts ECOR9 and ECORG69 (at least two phage lines in each
case) lost virulence against both hosts ECOR36 (mean RBG for all
phage lines different from an ancestor that evolved with host
ECORY = 0.211 + 0.333, with host ECOR69 = 0.008 + 0.003 vs
mean RBG ancestral phage=0.544) and ECOR62 (mean RBG for all
phage lines different from ancestor that evolved with host ECOR9 =
0.137 £ 0.238, with host ECOR69 = 0.101 + 0.090 vs mean RBG
ancestral phage=0.434). In comparison, phage lines that evolved
with ECOR62 (2 out of 3 phage lines) had significant gains in
virulence against ECOR36 (mean RBG for all phage lines different
from an ancestor that evolved with host ECOR62 = 0.867 £ 0.121, vs
RBG ancestral phage=0.544) (Supplementary Figure S3).

We also tested for changes in virulence against the permissive
host K12-MG1655 (Supplementary Figure S4), finding that phage
lines that evolved with ECOR9 and ECOR69 (2 out of 3 phage lines
in both cases) had lost virulence (RBG) as compared to the ancestral
phage (mean RBG for all phage lines different from an ancestor that
evolved with host ECOR9 = 0.303 + 0.465, with host ECOR69 =
0.379 + 0.327 vs mean RBG ancestral phage= 0.767). In summary,
phage lines that evolved with the non-permissive host ECOR69 did
not gain the ability to infect the new host and still, paid the expense
of losing virulence towards multiple hosts. By contrast, phages that
had adapted to increase their virulence on the semi-permissive host
ECOR34 did not incur a reduction in virulence on other hosts.
(Supplementary Figures S2, S3).

No evidence that adaptation is more likely
when hosts are closely related to the
native host range

The only case where we found evidence of adaptation resulting
in increased virulence (ECOR34) is the strain with the highest
genetic distance to the set of highly susceptible host isolates
identified in a previous study (Allen et al., 2017; Supplementary
Figure S1) (Figure 3A). This was also true when we used alternative
cut-off values for classifying host isolates as highly susceptible
(tested for RBG = 0.3, 0.7 & 0.9). This provides no support for
the idea that adaptation resulting in increased virulence is more
likely in host strains that are closely related to the current host range
of the pathogen.
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lines evolved with each host. Phage lines evolved with non-permissive hosts are shown as full circles, and phage lines evolved with semi-permissive
hosts are shown as empty circles. (B) Phages evolved with ECOR34 tested against a set of 72 E. coli strains from the ECOR collection. Asterisks
indicate cases where the evolved phage shows a statistically significant difference in virulence compared to the ancestral BW1 phage. This figure
shows that increased virulence toward ECOR34 does not lead to widespread changes in virulence across other hosts—most strains show no
significant change, and where changes do occur, they are primarily losses of virulence (except ECOR37). (C) Genome annotation of Escherichia
phage BW-1. Colors indicate gene function based on viral gene classification proposed by Moura de Souza et al. (2021). Orange: structural, turquis:
packaging, blue: DNA metabolism, red: lysis, yellow: regulation, white: hypothetical, black: tRNAs, grey: miscellaneous. See annotation details in

Supplementary Table S1).

Convergent evolution in phage adaptation:
a regulatory SNP drives adaptation to
semi-permissive E. coli host

To gain deeper insight into the genetic changes underlying
increased phage virulence, we performed whole-genome
sequencing on phages evolved with the semi-permissive host
ECOR34. Based on prior studies of T4-like phages such as BW-1,
we anticipated identifying multiple polymorphisms, particularly in
genes involved in host specificity, such as those encoding the distal
regions of the long tail fibers (Miller et al., 2003; Taslem Mourosi
et al, 2022). The C-terminal region of gp37, known to be
hypervariable (Hashemolhosseini et al., 1994; Montag et al., 1990;
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Taslem Mourosi et al, 2022)and implicated in host range
expansion, was of particular interest (Chen et al., 2017). However,
sequencing revealed surprisingly limited genetic changes across
three independent evolution experiments. A single, shared single-
nucleotide polymorphism (SNP) was consistently identified in all
evolved populations, located within a non-coding regulatory region
between two hypothetical genes (Figure 4).

Further inspection revealed that this region corresponds to the
reverse strand and aligns with two adjacent noncoding RNAs
described in phage T4: rnaC and rnaD (Miller et al., 2003).
These small RNAs, though of unknown function, are transcribed
sequentially and occupy the genomic coordinates 164080-164336
in our phage BW1, with rnaC (~138 bp) located upstream of rnaD
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Genomic context of the convergent SNP (position 164264) found in all phage lines evolved with ECOR34. This SNP lies in a noncoding intergenic
region on the reverse strand of the BW1 genome, between two hypothetical protein-coding genes. Comparative analysis reveals homology with a
well-described region of phage T4 that contains two small noncoding RNAs: rnaC and rnaD (Miller et al,, 2003). In BW1, rnaC (~138 bp) is more
conserved, while rnaD (~118 bp) is more degenerated relative to T4. The SNP occurs within the 3’ region of rnaD, at approximately position 41 of the

predicted transcript

(~118 bp). The SNP lies within the 3" end of rnaD, approximately
at position 41 of the predicted transcript. While rnaC appears to be
well conserved (90% conservation), rnaD is more degenerated in
BW1 compared to its T4 counterpart. RNAfold predictions
suggested that the BWI1 rnaD region may adopt a somewhat
more stable secondary structure than the corresponding region
in T4. The presence of the SNP did not appear to drastically alter
the overall fold in these preliminary predictions, but its potential
impact on local stability remains to be fully tested. No additional
consistent mutations were detected across the three populations,
suggesting that adaptive changes during co-evolution with
ECOR34 were constrained and focused on this regulatory locus
(See Supplementary Tables S2-5S4). While the functional
implications of this mutation remain to be fully elucidated, its
convergence across all replicates strongly suggests a potential role
in the phage’s adaptation to the semi-permissive host ECOR34.
This finding highlights the specificity of genomic changes
associated with host shifts under controlled laboratory conditions.

Discussion

We used a controlled experimental framework to investigate the
evolution of bacteriophage host shifts and changes in virulence. Our
study focused on a single phage BW1 and a carefully selected panel
of eight E. coli strains, allowing us to probe the dynamics of host
shifts with high experimental resolution. While this narrow scope
limits broad generalizations, it enabled us to test evolutionary
outcomes under tightly controlled and reproducible conditions.

Our finding that evolved phages had increased virulence in just
a limited number of cases is consistent with the overall expectation
that although host shifts can happen, they are rare and limited
events (Benmayor et al., 2009; De Sordi et al., 2017; Hall et al., 2011;
Marchi et al.,, 2023; Scanlan et al., 2013). Of the hosts where we
observed adaptation, changes were only found in the semi-
permissive hosts, demonstrating that phages primarily adapt to
hosts they can already infect to some degree. Whole-genome
sequencing of the evolved phage lines with ECOR34 revealed a
single shared SNP located in a non-coding intergenic region of the
reverse strand. Further analysis revealed that this region aligns with
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the rnaC-rnaD noncoding RNA cluster described in phage T4
(Miller et al., 2003). These two adjacent ncRNAs have unknown
functions but are thought to play regulatory roles. In BW1, rnaC
appears to be relatively conserved, whereas rnaD is more
degenerated. The SNP in question lies within the 3" end of rnaD,
around position 41 of the predicted transcript. Using RNAfold, we
found that the rnaD region in BW1 (with and without the SNP)
appears to adopt more stable secondary structures than the
corresponding region in phage T4, which is more structurally
flexible. This increased structural stability in BW1 may reflect
reduced regulatory flexibility, potentially affecting the timing or
expression of downstream genes. We emphasize that these
predictions are exploratory, and the precise structural and
functional consequences of this SNP remain to be fully determined.

The lack of host shifts might be explained by their cost. Phages
that evolved with ECOR69, when compared to the ancestral phage,
displayed loss of virulence towards other hosts. These results
suggest that a host shift might be more costly than beneficial in
complex bacterial communities. Such hypothesis might explain the
results of our experiment: acquiring a mutation that allows infection
of other hosts may be so costly in terms of virulence that such
mutants are not able to replicate fast enough in our experiments and
therefore we were unable to detect them. Cost expressed as reduced
virulence have been observed previously in bacteriophages infecting
Pseudomonas fluorescens (Poullain et al., 2008; Wang et al., 2024).
The genomic constraint observed in our WGS data further supports
the idea that evolutionary paths toward broader host range may be
both rare and deeply bounded by trade-offs or lack of
mutational accessibility.

Our data also suggests that host shifts are not simply
determined by genetic similarity of the new host to the
pathogen’s native host. Although our data do not have sufficient
statistical power (due to a limited number of hosts) to test this
definitively, it was not the case that hosts closely related to the native
host range were easier to adapt to. In fact, the host where we
observed adaptation (ECOR34) is the most distant to the native host
range. An alternative hypothesis is that adaptation to new hosts is
driven by the presence of specific components, like phage receptors
(Bertozzi Silva et al.,, 2016; Burmeister et al.,, 2021) or plasmids
(Jalasvuori et al., 2011; Shan et al., 2023), which can be transmitted
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horizontally (Tzipilevich et al., 2017) and independently of
phylogeny. The observed SNP in a regulatory region across all
ECOR34-adapted phages may reflect subtle tuning of gene
expression in response to these specific host factors, rather than
structural changes in host-recognition proteins.

Our results have several implications for phage therapy. Our data
support the prevailing view that host shifts are rare events due to high
specificity of phages, and suggest that the risk of unintended phage
activity on commensal bacteria is low, even under experimental
conditions designed to promote such shifts. Nevertheless, host
shifts are still possible events, and our data show that adaptation to
one host can result in either loss or gain of virulence towards different
hosts. A recent study with in vitro and in vivo experiments using mice
(De Sordi et al, 2017) found that intermediate hosts from gut
microbiota are important for phage host shifts, but even in these
cases, host shifts were observed only in 20% of the cases. These
complementary findings imply that future studies looking at the
safety of phages need to incorporate the complexity of the gut
microbiota. A future study could perform in vitro evolution
experiments like ours but using greater numbers of intermediate
hosts (mixed bacterial communities) in the experimental regime.

It is important to note, however, that the virulence assays used in
our study rely on RGB signal reduction in liquid cultures, which may
reflect not only bacterial lysis but also general growth inhibition or
metabolic suppression. This contrasts with traditional agar plate
assays, which provide a more direct measure of lytic activity. While
our approach offers a scalable and high-throughput alternative, it is
limited in its ability to distinguish between these different modes of
bacterial suppression. Previous authors have noted that observations
of phage-bacteria interactions in liquid and on agar surfaces
sometimes differ (Hyman and Abedon, 2010; Koskella and
Meaden, 2013). Future studies could address this limitation by
conducting comparative virulence analyses using both agar plate
and liquid culture methods. This would help clarify whether observed
reductions in bacterial growth are due to true lysis or other inhibitory
effects. This is an important distinction, especially considering that a
phage might still reduce bacterial growth despite being unable to lyse
the host effectively through its ancestral mechanisms. Additionally,
characterizing the physiological and genetic mechanisms that enable
or constraint host shifts, including regulatory regions like the one
identified in our study, could help map the distribution of potential
host-switching pathways across the microbiota. Identifying key
elements such as phage receptors or mobile plasmids, and assessing
their prevalence and transferability, would provide valuable insights
into the dynamics and risks of host range evolution in
therapeutic contexts.
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