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Host diversity slows bacteriophage adaptation by
selecting generalists over specialists
Duhita G. Sant , Laura C. Woods , Jeremy J. Barr

and Michael J. McDonald

✉

Most viruses can infect multiple hosts, yet the selective mechanisms that maintain multi-host generalists over single-host specialists remain an open question. Here we propagate populations of the newly identified bacteriophage øJB01 in coculture with
many host genotypes and find that while phage can adapt to infect any of the new hosts, increasing the number of hosts slows the
rate of adaptation. We quantify trade-offs in the capacity for individual phage to infect different hosts and find that phage from
evolved populations with more hosts are more likely to be generalists. Sequencing of evolved phage reveals strong selection and
the genetic basis of adaptation, supporting a model that shows how the addition of more potential hosts to a community can
select for low-fitness generalists over high-fitness specialists. Our results show how evolution with multiple hosts alters the rate
of viral adaptation and provides empirical support for an evolutionary mechanism that promotes generalists over specialists.

P

hages impact microbial communities by the horizontal spread of
genes1,2 and the dispersal of nutrients3, and are potential tools for
microbiome engineering4. The potential for a phage to impact
a newly encountered microbial community largely depends on host
range, with many phage able to infect multiple hosts5–7. Theory suggests
that trade-offs between fitness on different hosts should drive a preference for single-host specialists8–10 and empirical studies confirm that
trade-offs exist for many traits and species11–14, including phage15–17.
The dynamics and molecular causes of phage evolution have been
studied using evolution experiments16,18–28 and confirm that phages
can rapidly adapt to exploit new bacterial genotypes25–29. However,
these experiments have resulted in the evolution of both generalists
and specialists25–27 and the reasons behind these different evolutionary outcomes are unclear15,30,31. Another important factor in the evolution of generalists is genotypic diversity in the community of hosts
and the presence of potential new hosts10. Non-susceptible ‘potential’
hosts provide opportunities for phage diversification that could alter
the outcomes of phage evolution. The importance of the broader
ecological community for host evolution has been emphasized by
a recent experiment showing that increasing the number of phage
genotypes speeds host adaptation32. However, it remains unknown
how the number of host genotypes alters the speed or mechanisms of
phage adaptation33.
To separate the effects of trade-offs and the presence of potential
new hosts on the evolution of generalists, we tracked the host-range
expansion of many replicate populations of a newly isolated phage
in communities with one, two or three bacterial genotypes. We
quantified trade-offs and the relative incidence of generalists and
specialists by measuring the infectivity of evolved populations and
phage clones, and then used genome sequencing to identify the
genetic basis of generalism and specialism. Finally, we examine how
the evolution of generalists and the rate of adaptation depends on
the number of unique host genotypes.
We began by isolating, from an environmental waste water
sample, a novel phage that could infect the enteropathogenic
Escherichia coli strain O127:H6 EPEC E2348/69 (ref. 34), which we
named Escherichia phage JB01 (øJB01) (Methods; Extended Data
Fig. 1). To study how the inclusion of additional non-permissive
E. coli strains in the environment might impact øJB01 evolution,

we cocultured øJB01 with its permissive host of isolation (hereafter referred to as EPEC) along with three other non-permissive
E. coli strains (E. coli MG1655, E. coli O103:H2 REPEC E22 and
E. coli BL21). We propagated replicate populations of øJB01 and
hosts in one of three different treatments. For the first treatment, we cultured phage on a single host (4 × one-host treatment
groups, n = 16 for each). For the second treatment, phage populations were cocultured with two E. coli strains, the host of isolation
(EPEC) and one of the other non-permissive hosts (3 × two-host
treatment groups, n = 16 for each). The third treatment had øJB01
added to cultures of three strains—the host of isolation (EPEC)
and two of the other three non-permissive hosts (3 × three-host
treatment groups, n = 16 for each). It is important to note that
only phage populations were able to evolve in this experiment:
E. coli cultures were kept evolutionarily naive by bringing in fresh
E. coli cells after each coculture cycle and the experiment continued for ten cycles (Fig. 1; Methods).

Adaptation to the novel host requires the presence of
ancestral host

Phage host-range expansion depends on ecological opportunity as
well as sufficient genetic variation. Given that high titres of øJB01
could not infect our non-permissive E. coli strains (Supplementary
Table 1), we expected that only coculture combinations of host and
non-permissive E. coli strains would result in host-range expansion28. To test this, we measured the capacity of phage populations
from each treatment to infect strains other than the host of isolation, E. coli EPEC, for each day of the evolution experiment (Fig. 1).
As expected, we found that phage propagated on a non-permissive
strain alone were unable to evolve the capacity to infect that strain
as a new host. However, phage that evolved in the presence of two
or three strains, including the original host, adapted to infect these
strains (Fig. 1c,d). We found that øJB01 was unable to evolve to
infect E. coli REPEC in the two-host treatments but did evolve to
infect E. coli REPEC in the three-host treatment.

Increased host diversity slows the rate of phage adaptation

Previous studies have shown a correlation between the number of
virus genotypes and host evolution32. While increased host diversity
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Fig. 1 | Adaptation of the novel phage øJB01 to a community of permissive and non-permissive E. coli hosts. a, Ancestral øJB01 were propagated on
permissive host (orange) and other non-permissive E. coli strains (green and blue), and evolved to infect new hosts by way of generalist or specialist
phenotypes. b, Replicate phage populations were passaged in cultures with a single host. c, For the two-host treatment, phage were cultured with the
permissive E. coli EPEC host and one of the non-permissive E. coli strains. d, For the three-host treatment, phage populations were passaged with one
permissive and two non-permissive strains. In all the host treatments, phage were collected from the evolved population while the bacteria were discarded
every cycle to keep the bacterial populations evolutionarily ‘naive’. Trajectories in the bottom four graphs show the number of replicate population that
evolved to be able to infect the initially non-permissive E. coli strains MG1655 (blue circles), BL21 (red squares) and REPEC (green cones). In all treatments,
infectivity was maintained on the original host, EPEC (orange triangles). Stars show the number of populations in the three-host treatment that evolved to
infect both novel hosts.

might drive higher rates of virus adaptation, recent experiments in a
bacterial community found that increasing community complexity
slowed adaptation35. When we compared the time taken for phages
to infect the novel host, we found that phage populations adapted
more slowly to the three-host treatment than to the two-host treatment (Mann–Whitney U-test, BL21: U = 15, P = 0.004; MG1655:
U = 0, P = 9 × 10−5). Specifically, the ancestral phage genotype øJB01
took an average of 5 d to adapt to infect MG1655 in the two-host
treatment populations but required 8.5 d to adapt to MG1655 in the
three-host treatment. Similarly, øJB01 required approximately 6 d to
adapt to BL21 when it was present in the two-host treatment compared to 8 d in the three-host treatment (Fig. 2a). Population size
can influence the rate of evolution36 and individual E. coli strains
will have smaller census population sizes in the three-host treatment
compared to the two-host treatment. For example, in the two-host
treatment, the ancestral host E. coli EPEC makes up 50% of the population (novel:ancestor, 1:1) but in any three-host treatment, E. coli
EPEC makes up 33% (novel:ancestor, 2:1). The smaller census population size of E. coli EPEC in the three-host treatment will result in
a smaller phage population and will influence the rate of adaptation.

We carried out control experiments to determine whether population size differences play an important role in the rate of adaptation
to novel hosts in the three-host treatments. Phage populations were
evolved with two hosts, with three different proportions of novel
and ancestral host, 1:1, 2:1 and 3:1 (Fig. 2b). We observed a marginal (but non-significant) increase in the time to adapt to the novel
host in the 2:1 and 3:1 treatments compared to the 1:1 treatments
(Mann–Whitney U-test, P > 0.05), however population size differences do not explain the magnitude of difference observed in the
three-host treatment compared to the two-host treatment (Fig. 2a).
Given that phage in the three-host treatment were slower to
evolve to infect a new host, we predicted that phage isolated from the
three-host treatment should also have a lower fitness on the novel
host than the phage isolated from the two-host treatment populations. We carried out this test of evolutionary rate by measuring
the capacity of each evolved population to infect each host. These
data showed that where øJB01 was able to evolve to infect a new
host, phage from the two-host treatment populations had higher
infectivity on that new host than phage from the three-host treatment populations (Fig. 2c–e) (Mann–Whitney U-test, P < 0.05).
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Fig. 2 | Increased host diversity slows phage adaptation. a, Phage populations adapt to a novel host more quickly in two-host than in three-host
treatments. b, Two-host experiments with the ancestral host E. coli EPEC and either BL21 (red) or MG1655 (blue) as the novel host. c–e, Whole-culture
lysates from single-host, two-host or three-host cultures were assayed for infectivity on E. coli EPEC (c), E. coli BL21 (d) and E. coli MG1655 (e). The
two-host PFU counts from BL21 and MG1655 were standardized to account for population size differences (Methods). Each point represents an
independent replicate from the evolution experiment and all infectivity measurements shown are the mean of three replicates. Mann–Whitney U
one-tailed tests, *P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.0001. NS, not significant.

This supports that the rate of adaptation to novel hosts was slowed
in environments with more bacterial genotypes.

Phage clones show trade-offs for infectivity on different
hosts

There is broad experimental support for trade-offs in a range of organisms11,13,37,38, including bacteriophage39. Evolutionary theory predicts
that the presence of novel potential hosts will apply selective pressures
on a phage population that could drive two outcomes. First, the phage
population could evolve a generalist phenotype with the capacity to
target multiple hosts. Alternatively, the phage population could diversify into multiple subpopulations each specialized to a different host.
To distinguish between these possibilities, we obtained phage lysates
from the evolved two-host and three-host cultures. Each of these
lysates was plated onto the ancestral host (EPEC) and onto each of the
novel hosts that were present in the treatment conditions. For example, for the two-host treatment of øJB01 evolving in a coculture with
E. coli EPEC and E. coli BL21, we plated the evolved population phage
lysate onto two different bacterial lawns, one of EPEC and the other
BL21 (Fig. 3a). Phage clones isolated from a bacterial lawn of EPEC
were measured on independent cultures of EPEC and BL21 (Fig. 3b).
Similarly, the infectivity of phage clones isolated from BL21 was measured on EPEC and BL21 (Fig. 3c). Using this method, we systematically measured the infectivity of individual phage clones to determine
whether they were specialized to infect a single host or were capable of
infecting multiple hosts.
We plotted the infectivity of individual phage clones against all
the hosts that were present in their respective two-host treatment
Nature Ecology & Evolution | www.nature.com/natecolevol

(Fig. 3g,h). These plots show that some phage clones from the
two-host treatments were able to infect multiple hosts (Fig. 3g,h).
However, very few clones showed high infectivity on more than one
host, suggesting trade-offs between infectivity on different hosts.
We quantified the overall trend by calculating the correlations in
performance of phage clones on different hosts in the two-host
treatment (Fig. 3g,h). This provides a measure of whether performance on the original host declines as performance on the novel
host improves. We compared our measurements of phage infectivity
to a hypothetical null model where an individual phage could evolve
a high fitness on the novel host while maintaining the same high fitness that the ancestral phage has on the ancestral host of isolation.
We used simulated data as our expectation under the null model
of no trade-offs between phage fitness on two different hosts. Our
comparison supports the existence of trade-offs, with phage isolated
from both novel hosts (BL21 and MG1655) showing stronger negative correlations than the null expectation (Kolmogorov–Smirnov
test, P ≤ 1 × 10−4; Fig. 3i).

Host identity and host number impact the evolution of
generalists

While our two-host treatment data suggest a general trend towards
specialization, the individual phage isolates varied in their capacity
to infect multiple hosts. We next looked at the effect of the number
and identity of non-permissive hosts on the evolution of the generalist or specialist phenotypes across both the two- and three-host
treatment populations (Fig. 4). We defined generalists as those
phage clones that were able to infect more than one of the hosts
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Fig. 3 | Evolution with multiple hosts is shaped by trade-offs for infectivity on each host. To isolate phage clones from two-host treatments, whole
population phage lysates were plated onto individual hosts. a, Phage from the two-host treatment EPEC and BL21 were plated onto agar plates of E. coli
EPEC (orange plate) and E. coli BL21 (red plate). b,c, Single plaques were isolated from each plate and infectivity was measured on the both EPEC (b)
and BL21 (c). d, Phage from the two-host treatment EPEC and MG1655 were plated onto agar plates with lawns of E. coli EPEC (orange plate) and E. coli
MG1655 (blue plate). e,f, Single plaques were isolated from each plate and infectivity was measured on both EPEC (e) and MG1655 (f). Phage clones
isolated from EPEC could successfully infect EPEC (open orange triangles) but formed significantly less plaques on BL21 (open red squares) and MG1655
(open blue circles) (Kolmogorov–Smirnov D criterion = 1, P ≤ 0.0001 for EPEC and BL21 clones, Kolmogorov–Smirnov D criterion = 1, P ≤ 0.0001 for EPEC
and MG1655 clones). g,h, The infectivity of phage clones on the two hosts from their respective treatments, BL21/EPEC (g) and MG1655/EPEC (h). i,
Correlation coefficients for performance on two hosts were calculated for observed data (grey and white bars) and compared to a simulated distribution
of correlation coefficients given a null model of ‘no trade-offs’ (black bars). The distribution of correlation coefficients between host treatments EPEC–
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criterion = 0.5667, P ≤ 0.0001; null distribution versus EPEC–MG1655: Kolmogorov–Smirnov D criterion = 0.6833, P ≤ 1 × 10−4).

present in the evolution experiment treatment. First, we found that
phage isolated from the novel host BL21 were more likely than phage
isolated from any other host to be able to infect an alternative host
(Fig. 4e) (two-proportion Z-test, P < 1 × 10−5). Next, we found that
phages isolated from three-host treatments were better able to infect
alternative hosts than phages from the two-host treatment (Fig. 4f,g)
(two-proportion Z-test, P = 2 × 10−4 for MG1655 clones, P = 0.03 for
EPEC clones). These results led us to hypothesize that the slower rate
of adaptation in the three-host treatment compared to the two-host
treatment may be because the presence of multiple hosts provides
selection pressure for the maintenance of a generalist phenotype.

Phage adapt by parallel evolution in phage tail fibre
protein gp17

The genetic causes of phage adaptation to novel hosts can be determined by whole genome sequencing. The phage used in this study is

an uncharacterized isolate, so we started by sequencing its genome,
finding that Escherichia øJB01 is a novel phage, 6% diverged from
Escherichia phage N30 (NCBI: txid2340719) that falls within the
broad class of T7 Escherichia phages (Supplementary Table 2). T7
phage attach to lipopolysaccharide molecules on the surface of their
E. coli host, with differences in the rapidly evolving gp17 gene able to
distinguish between hosts29. To determine the genetic basis of phage
adaptation to novel hosts in our study, we sequenced individual
phage clones at the end of the evolution experiment and found that
all had evolved non-synonymous substitutions in the gene encoding the tail fibre protein gp17. The protein gp17 has been shown to
mediate the attachment of T7 phage to E. coli lipopolysaccharides40
and mutations in the C terminus of gp17 contribute to host specificity41 (Extended Data Fig. 3).
Given the high amount of genetic variation that evolved at the
gp17 locus, we sequenced additional clones only at the gp17 locus,
Nature Ecology & Evolution | www.nature.com/natecolevol
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for a total of 53 phage clones isolated from populations in the
two-host and three-host treatments (Figs. 3 and 4) (Supplementary
Table 3 and Supplementary Data). Around half of these clones
had been isolated from one of the three-host treatments (EPEC,
MG1655 and REPEC) (Supplementary Table 3). We used all of
the non-synonymous substitutions discovered in gp17 to look at
the phylogenetic relationship amongst these 26 clones and found
that they clustered by host of isolation, rather than by experimental
replicate (Extended Data Fig. 4). This suggests the evolution of
Nature Ecology & Evolution | www.nature.com/natecolevol

divergent subpopulations adapted to infect individual hosts (specialists) or multiple hosts (generalists).
The parallel evolution of mutations in the same genes in independently evolving populations is evidence for natural selection42.
In this experiment, the evolution of mutations at the same amino
acid sites in the gp17 gene across independently evolving populations suggests that natural selection is driving the fixation of mutations at these sites. We found three non-synonymous substitutions at
the gp17 locus that were significantly enriched above expectations,
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suggesting that these contribute towards øJB01 adaptation to its
host (Bonferroni-corrected hypergeometric test, P < 0.01; Fig. 5;
Methods). First, we found that the S528R substitution was present
in all except one of the phage that had adapted to any of the novel
hosts but was not found in phage isolated from E. coli EPEC, the
host of isolation (Fig. 5). We also found specific amino acid changes
associated with isolation from two hosts, E. coli EPEC (A461V) and
E. coli MG1655 (D526G) (Fig. 5). To test whether the presence or
absence of these mutations could predict host specificity and range,
we carried out spot tests of these sequenced clones against all the
hosts used in this study (Supplementary Tables 4 and 5). While
these sequencing data are consistent with the alleles at the gp17
locus contributing to the genetic basis of generalist and specialist
phenotypes, we found that it is highly likely that alleles at other sites
in the genome influence host-range specificity.

Incorporating community context into phage fitness can
explain the maintenance of generalists

Our data show that the rate of phage adaptation is slowed in communities with a greater number of potential novel hosts (Fig. 2).
Moreover, even though we find trade-offs between infectivity on
multiple hosts, there is a higher prevalence of phage clones that
can infect multiple hosts in the three-host treatment (Fig. 4e–g).
These data suggest that the presence of multiple hosts in a community may slow adaptation of a phage to any one of the hosts by
promoting the maintenance of generalist phenotypes over specialist
phenotypes. This hypothesis is supported by a population genetic
model developed by Whitlock that incorporates alleles that have
niche-dependent fitness effects43. In this model, the selection coefficient for a given allele is modified by the proportion of time spent
by that allele in the environment where it is beneficial. Similarly, in
a community with many host genotypes, the fitness of any given
phage genotype (s) can be given by the probability of encountering

a permissive host (ρ) and infectivity (i) so that fitness of a given
phage genotype is: s = ρi. For the purpose of this model, infectivity
encapsulates such traits as the efficiency of binding, exploiting host
replication machinery and burst size.
We wanted to understand the implications of host diversity on
the fixation probability of generalist and specialist mutations that
arise in our experiment. First, we consider that generalist mutants
will, by definition, have a higher probability of encountering a permissive host than will a specialist. Here, we assume that generalists
can infect all hosts, although the results of the model only depend
on generalists being able to infect more hosts than can a specialist.
We therefore assign probabilities to generalist and specialist alleles
on the basis of the number of host genotypes (n):
ρgen ¼ 1; ρsp ¼

1
n

Next, we assume that generalist infectivity is always lower than
specialist infectivity for any given host:
igen < isp

These simple assumptions about infectivity and the probability
of encountering a permissive host suggest how environments with
more hosts could favour generalists. In the single-host treatment, a
specialist and a generalist are equally likely to encounter a permissive host. However, since the specialist can generate more offspring
from every encounter with the host, it will rapidly outcompete the
generalist and fix in the population. In the two-host treatment, a
newly evolving specialist has a one-in-two probability of bumping
into a susceptible host, while the generalist genotype can infect both
of the hosts. In the three-host treatment, a newly evolved specialist
has only a one-in-three probability of bumping into a susceptible
Nature Ecology & Evolution | www.nature.com/natecolevol
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Conclusions

Our results show that a newly identified phage quickly evolved to
infect non-permissive E. coli genotypes and that the rate of adaptation depended on the number of distinct hosts (Fig. 2). Similar to
previous studies15–17, we found evidence for trade-offs in the capacity for phage to infect multiple hosts (Fig. 3i). However, the capacity of individual phage clones to infect multiple hosts was variable
and depended on the number and identity of host genotypes in
the evolution treatment where the clones had evolved (Fig. 4e–g).
Previous host-range expansion experiments with a two-host experimental system showed that the evolution of generalists or specialists depended on the ratios of the two hosts and the strength of
trade-offs between the fitness on each host15,27. Our results support
the importance of trade-offs for the evolution of generalists and specialists but emphasize a second factor, the number of potential hosts
in the community.
An elementary assumption of epidemiological models is that
increasing the proportion of non-susceptible (non-permissive)
hosts reduces the chances of a specialist pathogen encountering
a susceptible host10. Studies of multi-host pathogens incorporate
non-susceptible hosts by multiplying fitness by the probability of
encountering a susceptible host, similar to a population genetics
approach that was developed to show how species with greater niche
breadth have a slower rate of evolutionary response43. In this study,
multiplying a measure of fitness (infectivity) with the probability of
encountering a host (ρ) shows how generalists can have a high fitness relative to specialists, even while slowing the rate of adaptation
Nature Ecology & Evolution | www.nature.com/natecolevol

1 × 102

Infectivity (specialist/generalist)

host, while the generalist genotype can still infect any host it
encounters. The reduced probability of encountering a host means
that when a specialist arises in a three-host treatment, it will have a
lower fitness than in the two-host treatment. It is possible that the
increased infectivity of the specialist could overcome the reduced
probability of encountering a host and eventually outcompete the
generalist. However, even when this is true, the specialist will experience an increased time to fixation and the population-wide rate of
adaptation to the novel hosts will be slowed.
Implicit in our assumption igen < isp, is that there is a trade-off
between the capacity to infect multiple hosts and infectivity on
any one host. Previous studies support that trade-offs do exist
between many traits across a wide range of species11–14, including
phage15–17. Our data also support this assumption (Fig. 3i), although
the strength of the trade-off between generalists and specialists is
highly variable (Fig. 4 and Extended Data Fig. 2). To parameterize
our model, we used our measures of specialist (isp) and generalist
(igen) infectivity from the three-host treatments (EPEC, MG1655,
REPEC; Fig. 4a,b) and (EPEC, MG1655, BL21; Fig. 4c,d). We estimated the strength of trade-offs by using our plaque assays as a
proxy for a phage clones’ fitness. Specialist fitness (isp) was taken
as the maximum mean infectivity (plaque-forming unit, PFU) of a
phage clone measured on its own strain of isolation. For example,
the isp estimate for EPEC is the maximum mean PFU count obtained
from any of the clones isolated from E. coli EPEC, when measured
on E. coli EPEC. Generalist fitness (igen) was taken as the maximum
mean infectivity that we measured for a phage isolated from a different host. For example, the igen for EPEC, is the highest infectivity
measured on E. coli EPEC for a clone that was a generalist, in other
words, a clone that was isolated from one of the other hosts in the
treatment. We calculated the fold advantage of the specialist over
the generalist (isp/igen), finding ratios ranging from just over one to
1 × 107 (Supplementary Table 6). We used our model to determine
ρ and i values for generalist and specialist mutations in communities containing up to 20 potential hosts. These calculations show
that, where the specialist has <20-fold advantage over the generalist,
communities with as few as two new potential hosts can favour the
evolution of generalists over specialists (Fig. 6).

1 × 101

1 × 100

0
5

10
n

15

20

Specialist invades generalist
Specialist = generalist
Generalist invades specialist

Fig. 6 | Community diversity and trade-offs predict the relative fitness
of generalists and specialists. The outcome of competition between
specialist and generalist genotypes of fitness isp and igen. The y axis shows
advantage of the specialist over the generalist (isp/igen) for hypothetical
competing pairs of specialists and generalists. The specialist advantage
here ranges from 0 (generalist and specialist have equivalent fitness) to
1 × 102 (specialists are two orders of magnitude fitter than the generalist).
The x axis indicates the number of potential hosts in the community. The
relative probability (ρ) of a specialist encountering a permissive host
declines with an increasing number of hosts (ρ = 1/n) but does not change
for the generalist (ρ = n). Yellow-shaded areas show parameters where
generalists are expected to outcompete specialists, blue-shaded areas
show where specialists outcompete generalists and green-shaded areas
show where generalists and specialists have equivalent fitness.

to any one host. Altogether, these results suggest the ecological conditions, and an evolutionary mechanism, that can promote the evolution and maintenance of multi-host generalists, even when fitness
trade-offs predict an advantage for single-host specialists. However,
it should be noted that the advantage of generalists depends strongly
on the strength of trade-offs, which may change over longer evolutionary time-scales when the E. coli hosts are able to co-evolve.
Moreover, the evolutionary history of the newly isolated phage used
in this study could affect the trends observed in this experiment.

Methods

Strains and culture conditions. The T7-like novel bacteriophage øJB01 was
isolated from untreated waste water, kindly supplied by Christelle Schang and
David McCarthy from Monash University, Department of Civil Engineering. The
øJB01 phage was isolated from E. coli EPEC E2348/69 serotype O127:H6 (referred
to as EPEC). Phage øJB01 was unable to infect E. coli K12-MG1655 (referred as
MG1655), E. coli strain B/BL21-DE3 (referred as BL21) and E. coli REPEC E22
serotype O103:H2 (referred as REPEC); these were used as ‘novel’ potential host
strains in the evolution treatments. Phage lysates were stored at 4 °C and filter
sterilized before use. All the bacterial strains and phage lysates were grown in
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LB medium (10 g l–1 Bacto Trytopne, 5 g l–1 yeast extract, 10 g l–1 NaCl) at 37 °C.
Bacterial cultures were revived from glycerol stocks stored at −80 °C by streaking
on LB agar plates and a single colony picked for overnight culture in 3 ml of LB.
Before starting the evolution experiment, hosts were grown overnight to an optical
density (OD600) corresponding to a density of 1 × 108 cells ml–1.
One-step phage kill curve and bacterial growth dynamics. Overnight cultures
of bacterial host E. coli EPEC and lysates of øJB01 were mixed at a multiplicity of
infection (MOI) of 0.1 (1 × 107 PFU ml–1 to 1 × 108 colony forming units, CFU ml–1)
in LB. The suspension was incubated at 37 °C with aeration for 5 min. It was then
centrifuged at 4,000g for 10 min to remove unadsorbed phages. The supernatant
was removed and the pellet was resuspended in 10 ml LB and incubated at 37 °C
with aeration. The sample was withdrawn after every 5 min up to 20 min and then
after every 10 min up to 90 min. At each time point, sample from the suspension
was transferred into chloroform-saturated PBS, vortexed and then centrifuged at
3,500g for 3 min. The supernatant was diluted in PBS and plated for quantification
of free phage particles44. The overall experiment was carried out in triplicate.
Latent period was measured from the first time point when phage was added to
bacterial population to the point where newly formed phage particles starts to
appear. The burst size was calculated by dividing the average PFU ml–1 of the latent
period by the average PFU ml–1 at plateau phase of the growth curve44,45 (Extended
Data Fig. 1a)
The growth of E. coli EPEC in the presence and absence of phage øJB01
was assayed by growth curves measured in a microplate reader. E. coli EPEC
cultures were grown overnight in 3 ml Falcon tubes (Nunc) and diluted 100-fold
into 96-well plates. Growth was tracked by measuring OD600 every 10 min. The
measurements including phage were carried out at MOIs of 0.1 and 1 (Extended
Data Fig. 1b).
Evolution experiment. The basic evolution transfer protocol, consistent to all
treatments was as follows. Phage populations were evolved by serial transfer into
fresh media containing mixed populations of bacteria at an MOI = 1 × 10−1. After
24 h of growth, the phage populations were collected by the chloroform method,
whereby bacteria are lysed, and only phage lysate recovered. These phage lysates were
used to found the next-day cultures on ‘naive’ bacteria. We referred to these bacteria
cocultures as naive since they were freshly cultured from stocks each day and had not
previously been cocultured with phage. The different evolution treatments involved
mixing cultures of multiple E. coli strains before inoculation with phage lysate. These
mixtures were prepared by adding equal proportions of ancestral and novel host
before each transfer with a total density of 1 × 108 cells ml–1. The evolution experiment
involved three treatments. First was the single-host treatment wherein phage was
propagated on either the host of isolation (EPEC) or one of the non-permissive
strains. Second, was the two-host treatment in which phage populations were
evolved on two E. coli strains, one of which was always EPEC and the second was one
of the non-permissive E. coli strains mixed in a 1:1 proportion (except for population
size control experiments where the ratio was varied as described in Fig. 2). The
three-host treatment had the host of isolation cocultured with two of the other
non-permissive hosts, for a total of three E. coli strains. Again, each strain was mixed
in 1:1:1 proportion (except for the control shown in Fig. 2). Overall, there were
four single-host treatments (EPEC, MG1655, REPEC and BL21), each replicated 16
times, three two-host treatments (EPEC–MG1655, EPEC–REPEC and EPEC–BL21)
each with 16 replicates and two three-host treatments (EPEC–MG1655–REPEC,
EPEC–MG1655–BL21), each with 16 replicates. In total, there were 160 replicate
populations with all evolution treatments carried out in 96-well plates and incubated
overnight at 37 °C under shaking conditions in a microplate shaker. The overall
process was repeated every day for 10 days.
Spot assays. After an evolution experiment, spot assays were performed to
determine the changes in the capacity of the evolved phage populations to infect
novel hosts for all three treatments each day for 10 days46. There was one spot per
replicate per day. A total 5 μl of evolved phage lysate were plated onto a lawn of host
cells to check the lytic activity after incubation. The spotted plates were left to dry
and incubated at 37 °C for overnight. Presence of zone of clearance on a lawn of host
cells was counted as positive. For all treatments, evolved phages from single-host
treatment were spot inoculated on the corresponding host and the phage evolving
on two- and three-host treatment was spot inoculated on each host present in the
treatment. This was done for all 16 replicate populations of øJB01.
Plaque assays. Plaque assays were performed47 to quantitatively determine the
capacity of evolved phage populations to infect each of the hosts present in their
treatment. Each individually evolving replicate population, from the two- and
three-host treatments was measured in triplicate. All plaque assays to measure
the infectivity of phage clones were also carried out in triplicate. The plates were
incubated at 37 °C overnight and the number of plaques were counted after the
incubation. Plaque assays from whole-culture lysates (Fig. 2c–e) were standardized
so that PFU counts from two-host cultures could be compared to PFU counts from
three-host cultures. To do this, we exploited whole-culture lysate PFU counts on
E. coli EPEC. Since all treatments contained EPEC, we expected that differences
between EPEC PFU counts in two- and three-host treatments would capture
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differences due to population size. The mean EPEC PFU counts from two-host
cultures was divided by mean PFU counts from three-host cultures. Since the
proportion of the total population that EPEC makes up in a two-host treatment
is 0.5 and in the three-host treatment 0.33, we expected to find 1.5-fold less PFUs
in the three-host treatment. Our calculations showed that three-host cultures had
3.62-fold lower EPEC PFUs than the two-host cultures. We followed this more
conservative estimate, dividing all two-host PFU values by 3.62 and using these
standardized values for statistical comparisons.
Isolation of phage clones. Evolved populations of phage from the two- and
three-host treatments were initially plated onto the original host and each novel
host present in the treatment (Fig. 3a,d and Fig. 4a,c). Individual plaques were
isolated from each host and amplified in cultures with that same host of isolation.
The infectivity of each single clone/plaque isolate was then measured on each host
from the evolution treatment. For instance, in the case of evolution treatment with
the two E. coli strains EPEC and BL21, the lysate was plated on a bacterial lawn
of EPEC and another bacterial lawn of BL21. A plaque that was obtained from
a bacterial lawn of EPEC, was then measured for infectivity on EPEC and BL21.
In turn, phage clones isolated on BL21 were assayed for infectivity on EPEC and
BL21. In this way, we could isolate individual plaques from all the replicates that
could efficiently infect novel hosts in the case of two-host (EPEC–MG1655 and
EPEC–BL21) and three-host (EPEC–MG1655–REPEC and EPEC–MG1655–BL21)
treatments. Each clone was measured with three separate replicate assays.
Sequencing and genetic analysis. To identify the novel phage used in the study,
and to compare the genome-wide mutations which had occurred in the evolved
phage clones, we performed next-generation sequencing with the ancestral
phage and ten evolved phage clones. Phage DNA samples were prepared for
sequencing using DNeasy blood and tissue kit by Qiagen as in ref. 48, with some
modifications. The concentration and quality of the DNA was assessed with the
Qubit double-stranded DNA quantification kit according to the manufacturer’s
instructions. DNA was sequenced on the Illumina MiSeq next-generation
sequencing platform and reads were preprocessed by GeneWiz. Unicycler49 was
used in short-read mode to resolve the ancestral phage genome sequence. The
resulting sequence was used as the reference for resequencing and variant calling
of the evolved phage genomes using the breseq and gdtools analysis pipeline50 to
identify de novo mutations and quantify their relative proportions within the
population.
Sanger sequence confirmation of gp17 mutations. It was observed from the
whole genome sequencing data that many evolved phage clones contained multiple
mutations in tail fibre protein gp17. To confirm the genotypes of these phage clones
we PCR-amplified the tail fibre gene gp17 from a total of 43 replicate phage clones (for
primers, see Supplementary Table 7) and carried out Sanger sequencing (Micromon).
We sequenced individual phage clones isolated from whole population of phages
adapted on various hosts treatments at the end of an evolution experiment. A total
53 clones were isolated from four different experimental replicates from each host
treatment (Supplementary Table 3). Individual clones were selected to include a
representative for every host treatment and the corresponding infectivity profile
shown by that particular host treatment.
Hypergeometric test for multi-hit genes. We determined whether a given amino
acid substitution within gp17 was more likely than chance to be found in phage clones
isolated from a particular host. First, we created a list of 12 amino acid sites that were
hit at least three times (Fig. 5). We generated hypotheses that any of these 12 sites had
evolved a non-synonymous substitution that was enriched specifically in one of ten
subgroups (EPEC, BL21, MG1655, REPEC, EPEC–BL21, EPEC–MG1655, MG1655–
BL21, EPEC–MG1655–REPEC, EPEC–MG1655–BL21 and EPEC–MG1655–
REPEC–BL21). We then compared the frequency of a given mutation across all
sequenced phage clones to the frequency of that mutation within each of these subset
of phage clones. We determined significant enrichment within the subset of phage
clones using a hypergeometric distribution and corrected P values (Bonferroni
correction) on the basis of the number of tests we carried out (120).
Quantification of trade-offs. To test the deviation from a null hypothesis, we
generated the expected distribution of R values given no trade-off between the
new host and the ancestral host. This was done by correlating the position of
a set of randomized ancestral phage (high fitness on EPEC, low fitness on new
host) with a set of hypothetical evolved clones with high fitness on EPEC and
high fitness on the new host. The bounds of these hypothetical evolved clones
were set by measurements of the ancestral phage on the host of isolation (E.
coli EPEC) and measured values from the new host. To find the distribution of
correlation coefficients for our measured phage, we generated random pairing of
phage isolated from EPEC and novel host, for the data points from Fig. 3g,h. The
observed distribution of R values was compared to the expected values using a
Kolmogorov–Smirnov test.
Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.
Nature Ecology & Evolution | www.nature.com/natecolevol
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Data availability

Raw sequencing reads used to generate the data in Fig. 4a and Extended Data Fig. 4
have been deposited in GenBank under the Bioproject ID PRJNA673261.
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Extended Data Fig. 1 | Growth of E. coli EPEC and phage øJB01 in coculture. The number of øJB01 plaque-forming units were monitored over a period
of 90 min in coculture with exponential phase E. coli EPEC at MOI 0.1(A). The growth of E. coli EPEC was assayed using a plate reader. E. coli EPEC was
propagated either in monoculture, or in coculture with phage øJB01 added at two different MOIs (1 and 0.1) (B). Error bars represent standard error of the
mean (SEM) (n = 3).
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Extended Data Fig. 2 | Two-way plots showing data used for simplex plots in Fig. 4. Panels a-c correspond to three-host treatment (EPEC, MG1655,
BL21). Panels d-f correspond to the three-host treatment (EPEC, MG1655, REPEC). Measurements of infectivity (PFU) for phage clones isolated from
MG1655 (blue circles), EPEC (orange triangles), BL21(red squares) and REPEC (green diamonds). Filled markers show the measurements for phage clones
obtained at the end point of the experiment (Day 10). Open markers show phage clones sampled at early timepoints (day 4 - day 9). Error bars are SEM,
n = 3.
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Extended Data Fig. 3 | CLUSTAL multiple sequence alignment of tail fibre protein gp17. The amino acid sequence of Escherichia øJB01 phage, gp17 was
aligned with homologous sequences from Escherichia phage N30 and T7 phage. Identical amino acids are marked with asterisks and non-identical are
marked by dots. The gp17 conserved region is from position 1- 250 and the hypervariable region from 300–554.
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Extended Data Fig. 4 | Phylogenetic tree based on the gp17 sequences of 26 phage clones from the three-host treatment (EPEC, MG1655, REPEC).
Sequences were aligned with MUSCLE (v3.8.31) in MEGA X51,52. The phylogenetic tree was reconstructed using the maximum likelihood method as
implemented in PhyML (v3.1/3.0)53,54. The WAG substitution model55 was selected assuming an estimated proportion of invariant sites (of 0.951) and
4 gamma-distributed rate categories to account for rate heterogeneity across sites. The gamma shape parameter was estimated directly from the data
(gamma=91.073). Reliability of internal branches was assessed using the aLRT test (SH-Like). Final Log-Liklihood: −1839.18. Phage clones labelled by
phenotype and day of generation. ‘S’ or ‘G’ refers to specialist or generalist according to phenotypic measurements (Figs. 3–4) and the number refers to
the day of isolation. C8, D8, C9, D9, E8, F8 refer to the specific three-host experimental population from which the phage clone was isolated. Each phage
clone was obtained by plating the whole population lysate onto an individual host (Figs. 3–4). The strain name refers to that host of isolation. For example,
‘G10 C8 MG1655’ refers to a phage clone with a generalist phenotype isolated from a day 10 population C8, isolated from a plaque on MG1655. Numbers
on branches show bootstrapping support for that branch (percent, 100 bootstraps). Strains are clustered based on those clades with greater than 80%
support. Dashed lines are for labels and are not part of the tree.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code
Data collection

We used Breseq and Gdtools analysis pipeline to identify mutations,

Data analysis

No software was used for the data analysis
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reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Raw sequencing reads used to generate the data in Fig. 4A and Extended Data Figure 4 have been deposited in GenBank under the Bioproject ID: PRJNA673261
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.
Sample size

No statistical methods were used to predetermine sample size. The number of evolving populations was selected to exceed previous
evolution experiments with phage, with the upper limit determined based on the upper number of replicates possible given resource
constraints

Data exclusions

No data was excluded from the analyses.

Replication

We repeated out initial evolution experiment with a similar evolution experiment that included some variations in populations size (described
in the main text). This repeat experiment confirmed the results of the first experiment.

Randomization

All populations were measured. Clones were selected by independent picking of plaques, there was not sufficient variation in plaque size to
bias towards the selection of fit or unfit plaque. All measurements that were compared (eg whole population infectivity assays) were carried
out in a single experiment, thereby eliminating variation across treatments due to "batch" effects.

Blinding

Blinding was not explicitly incorporated into the study design.
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