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Bacteria evolve by mutation accumulation in laboratory experiments,
but tempo and mode of evolution in natural environments are
largely unknown. Here, we study the ubiquitous natural process of
host colonization by commensal bacteria. We show, by experimental
evolution of Escherichia coli in the mouse intestine, that the ecology
of the gut controls the pace and mode of evolution of a new in-
vading bacterial strain. If a resident E. coli strain is present in the
gut, the invading strain evolves by rapid horizontal gene transfer
(HGT), which precedes and outweighs evolution by accumulation
of mutations. HGT is driven by 2 bacteriophages carried by the res-
ident strain, which cause an epidemic phage infection of the invader.
These dynamics are followed by subsequent evolution by clonal in-
terference of genetically diverse lineages of phage-carrying (lyso-
genic) bacteria. We show that the genes uptaken by HGT enhance
the metabolism of specific gut carbon sources and provide a fitness
advantage to lysogenic invader lineages. A minimal dynamical model
explains the temporal pattern of phage epidemics and the complex
evolutionary outcome of phage-mediated selection. We conclude
that phage-driven HGT is a key eco-evolutionary driving force of
gut colonization—it accelerates evolution and promotes genetic di-
versity of commensal bacteria.
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The human gut harbors a densely populated microbial eco-
system, whose most abundant members are nonpathogenic

bacteria. These commensals help in nutrient and drug metabo-
lism and defense against pathogens, thus contributing to host
health (1, 2). Intraspecies variation of commensals can also be
critical for host–microbiota homeostasis (3). Yet, our under-
standing of the evolution of commensals during colonization of
healthy hosts is lagging far behind that of pathogens. Escherichia
coli is a common colonizer of the human intestine, but also a
potential pathogen. Comparative genomics studies show that E.
coli evolves by mutation and recombination, i.e., bacterial sex, by
which genetic material is shared between organisms that are not
in a parent–offspring relationship (4, 5). Recombination by
horizontal gene transfer (HGT) has been recognized as a key
factor in the long-term genome evolution of E. coli, but to which
extent HGT generates sequence divergence compared to muta-
tions is highly debated (6). At shorter time scales, the evolu-
tionary speed and mode of E. coli, as well as their relative
contributions to ecological adaptations during gut colonization
in a noninfectious context, remain largely unknown. The mam-
malian gut is expected to represent a hotspot for HGT, but direct
measures of within-host HGT rates are scarce, and the contri-
bution of this mechanism to species evolution remains under-
studied (3). In the gut, DNA transfer between bacteria often
involves temperate bacteriophages (phages) (7), which represent
the vast majority of phages found in the gut ecosystem of both
mice and man (8–11). Unlike lytic (virulent) phages, which de-
stroy the cell to make new phage particles, temperate phages
integrate the bacterial chromosome as prophages, a process
termed lysogeny (7, 12, 13). Prophages can later excise and act as
vectors for HGT. The evolution of E. coli in the gut has been
studied in mouse models, which are also a classical system to

study E. coli physiology (14). In previous studies, mice were con-
tinuously treated with antibiotic, which is capable of breaking col-
onization resistance. Under these conditions, mutation is E. coli’s
dominant mode of molecular evolution, and HGT has not been
reported (15–18). However, the continuous antibiotic treatment in
the standard experimental model can distort tempo and mode of
bacterial evolution in the gut, because it leads to a reduction in
microbiota density and diversity (19). In particular, it may reduce
the abundance of phage-carrying bacteria (lysogens), which are
prevalent gut microbes under more natural conditions (9). Con-
tinuous antibiotic treatments can also lead to mutagenic effects and
to a significant depletion of E. coli competitors.
Here, we developed a gut-colonization model that allows

controlled evolution experiments in the mouse gut under close to
natural conditions of gut ecology. Unlike in previous experi-
mental studies, we perform only a short treatment with strep-
tomycin, which maintains a complex gut microbiota. This
protocol allows a new E. coli strain to colonize a virtually intact
microbiota that includes resident E. coli strains, which are its
closest competitors. Similar transient perturbations by antibiotics
are known to occur in natural gut microbiota (20) and can pro-
duce a window of opportunity for invading strains. Importantly,
our experimental protocol allows us to track the real-time evolution
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of the invading strain during the colonization process, which ex-
tends over hundreds of generations. We find a rapid evolution of
the invader throughout this period, which is triggered and domi-
nated by phage-mediated HGT from the resident E. coli strain. By a
combination of experiments and modeling, we analyze the complex
selective effects governing these evolutionary dynamics, which no-
tably include a likely metabolic adaptive benefit of HGT.

Results
Invader and Resident E. coli Lineages Coexist during Gut Colonization.
The gut-colonization model used in this study is shown in Fig.
1A. As the invader, we chose an E. coli lineage that can grow in
gut ecosystems of different diversity (19) (SI Appendix, Table S1)
and carries the yellow fluorescent protein (YFP) marker. This
invader lineage can only colonize the gut of mice when they are
treated with antibiotic (SI Appendix, Fig. S1). After a 24-h
treatment with streptomycin, this strain was able to colonize
the mice for 4 wk (Fig. 1B); independent experiments showed
stable colonization for several months. Importantly, the transient

antibiotic protocol left a higher microbiota diversity than continuous
treatment (median 241 vs. 123 species); the species content showed
substantial variation across 5 mice (SI Appendix, Figs. S2 and S3).
Before treatment, the microbiota of all mice contained a resident E.
coli lineage (SI Appendix, SI Text, Fig. S4, and Table S2) at loads
between 103 and 108 CFU/g feces (Fig. 1B and SI Appendix, Table
S3). This lineage is susceptible to streptomycin (SI Appendix, Fig.
S5) and genetically homogeneous; randomly sampled clones of the
resident belonged to phylogenetic group B1 and showed the same
DNA fingerprint (n = 48 resident clones randomly isolated from
different mice; SI Appendix, SI Text and Table S4).
After colonizing the mice with the invader E. coli strain, we fol-

lowed the E. coli population dynamics in the gut for 1 mo (Fig. 1 A
and B). We found 2 distinct colonization patterns. In 3 mice, the
resident strain was lost, and the invader settled at a stable population
density (Fig. 1B, 3 leftmost panels). In the other 2 mice, colonization
led to a stable coexistence of both strains, with the resident being the
dominant lineage in the E. coli population (Fig. 1B, 2 rightmost
panels). These different outcomes of colonization most likely result

A

B

C

Fig. 1. Replacement vs. coexistence of the invader E. coli with the mouse gut resident. (A) Experimental setup for in vivo evolution. (B) Loads (log10 CFU/g of
feces) of invader (yellow circles) and resident (gray circles) E. coli in mice A2, B2, I2, G2, and H2. Error bars represent 2SE, and the dotted line indicates the
detection limit (330 CFU/g of feces). (C) Evolutionary pattern, analyzed by whole-genome sequencing, of large pools (>1,000 clones) of the evolved YFP
invader E. coli sampled at day 27 from feces of each mouse, when compared with the genome of the ancestral invader clone. The name of each mutated gene
or intergenic region (gene/gene) is indicated, along with the frequency at which the mutation was detected (shown are mutations ≥5%). For each locus, the
number of distinct alleles is shown in parentheses. Schematic representation of the evolved E. coli genome (yellow bar) is shown. Mutations indicated above
the yellow bar were found in the evolved E. coli clones when not coexisting with the resident E. coli: mice A2 (brown), B2 (orange), and I2 (blue). Mutations
indicated below the yellow bar were found in the evolved E. coli clones when coexisting with the resident E. coli: mice G2 (green) and H2 (red). These genetic
changes occurred mainly within cryptic E. coli prophage (DLP12, Rac, and Qin) sequences, with mutational parallelism shown in black.
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from the combined effect of the initial load of the resident strain
(Fig. 1B and SI Appendix, Table S3) and its susceptibility to strep-
tomycin (SI Appendix, Fig. S5). In mice with lower initial loads of
the resident [5 × 103 to 3 × 103 and 1 × 105 colony-forming units
(CFU)/g feces; mice A2, B2, and I2], the 24-h antibiotic treatment
presumably killed the resident, leaving the invader to evolve in the
absence of that competitor. By contrast, in mice with a higher initial
load (4 × 105 and 1 × 108 CFU/g feces; mice G2 and H2), co-
existence of both strains occurred, and evolution of the invader
took place in the presence of the resident. In mouse G2, after a
strong drop in the number of resident bacteria, a rapid increase of
its load was observed, and by day 8, the resident strain was domi-
nant and sensitive to streptomycin. In mouse H2, no reduction in
loads of the resident was detected, and by day 2 it was found to be
streptomycin-resistant (SI Appendix, SI Text and Fig. S5). The
combined load of resident and invader was maintained after the 24-h
antibiotic treatment at an average of 108 CFU/g feces across all
mice, suggesting that the E. coli ecological niche in this ecosystem
is significantly larger than before the short streptomycin treatment
(SI Appendix, SI Text, Fig. S6, and Table S3).

E. coli Coexistence Is Associated with Evolution by Phage-Mediated
HGT. The 2 patterns of colonization observed in the evolution
experiment—replacement of the resident by an invader strain vs.
coexistence between resident and invader strain—suggested differ-
ences in the invader’s mode of evolution (Fig. 1B). To investigate the
genetic evolution taking place in the invader E. coli, we performed
whole-genome sequencing of evolved invader populations (random
sample of ∼1,000 YFP clones) 27 d after colonization and compared
them with the ancestral invader genome (Fig. 1C). In the absence of
the resident lineage (mice A2, B2, and I2), the invader evolved by
successive accumulation of 2–10 mutations (Fig. 1C), similar to what
has been reported under continuous antibiotic treatment (15, 21).
When the resident and invader lineages coexisted (mice G2

and H2), we found a much higher evolution rate in the evolved
invader populations, marked by a vastly larger number of sequence
changes in the same period. Specifically, numerous adjacent single-
nucleotide polymorphisms (SNPs) in known lambdoid defective
prophage genes (Fig. 1C and SI Appendix, Table S5) and sequence
reads with no identity with the ancestor (Datasets S1 and S2) were
found. This high number of adjacent SNPs in prophage genes led us
to hypothesize the occurrence of phage-driven HGT events be-
tween the 2 E. coli lineages. To address this, we randomly sampled
E. coli clones from mouse G2: a resident clone isolated 2 d prior to
colonization and an evolved invader clone sampled on day 27 (Fig.
1A and SI Appendix, Table S1). Given the simple genetic structure
of the resident E. coli lineage naturally colonizing the gut of these
mice (SI Appendix, SI Text, Fig. S4, and Table S4), we hypothesized
that a random resident clone should contain the DNA that had
been transferred to the invader E. coli. The high frequencies of
adjacent SNPs in prophage genes of the evolved invader population
(SI Appendix, Table S5) suggested that a randomly sampled clone
should be representative of this dominant evolutionary change. A
resident and an invader clone were whole-genome sequenced with
Nanopore and Illumina technology to obtain their closed genomes.
The resident was found to harbor a genome of 5.2 Mbp and
2 plasmids sized 68,935 and 108,557 bp. The evolved invader clone
carried no plasmids and a genome sized 4.7 Mbp, which is larger
than that of its ancestor. A SNP in the frlR locus also occurred in
this clone (SI Appendix, Table S6). Whole-genome comparison
between ancestral, evolved, and resident clones, revealed that 2 new
genomic regions were acquired by the evolved clone. These were
100% identical to DNA in the genome of the resident lineage (SI
Appendix, Fig. S7). The sequences of these regions were annotated
and classified as complete prophage regions (Fig. 2A and SI Ap-
pendix, Tables S7 and S8). One of the prophages, comprising a
46,834-bp sequence 100% identical to a prophage of the resident
(2 and 3 in Fig. 2A and SI Appendix, Table S7), replaced the de-

fective Rac prophage (1 in Fig. 2 and SI Appendix, Table S9) of the
ancestral invader clone. Because no signs of homologous re-
combination were detected in the evolved lineage, the data suggest
that the ancestor cryptic Rac prophage, inserted at the ttcA gene (SI
Appendix, Fig. S7), was exchanged for a new Rac-like prophage
acquired from the resident clone, which we named KingRac (2 and
3 in Fig. 2A). Moreover, the invader acquired an additional phage
(4 and 5 in Fig. 2A) comprising 46,170 bp (SI Appendix, Table S8)
inserted at the ssrA gene (SI Appendix, Fig. S7). This phage is 100%
identical to another prophage of the resident, which we named Nef.

Acquired Prophages Have Different Life History Traits. To charac-
terize the process of induction of each of the prophages re-
sponsible for the HGT from the resident lineage, we performed a
classical mitomycin C phage induction assay (22) on the ancestral
and the evolved clone carrying Nef, an evolved clone carrying
KingRac, and an evolved clone carrying both prophages
(Nef+KingRac) isolated from mouse feces. Whole-genome se-
quencing of each evolved lysogen revealed that they only differed
from the ancestor due to the acquisition of the prophages. The
resident clone was also tested in the induction assay. Three
distinct patterns were observed: 1) weak induction associated
with the KingRac prophage; 2) medium induction for the Nef
and resident clones; and 3) strong induction of the double ly-
sogenic (Nef+KingRac) clone (Fig. 2B and SI Appendix, Table
S10). We estimated clone-specific prophage induction rates from
the slope of the death/lysis curves in the linear range (Fig. 2C
and SI Appendix, Table S11): The induction rate of Nef was
much higher than that of KingRac (slope −0.403 ± 0.01, 2SD
vs. −0.176 ± 0.007, 2SD, respectively). When both prophages
(Nef+KingRac) were present, the estimated induction rate was
even higher (slope −0.528 ± 0.03, 2SD) (Fig. 2C). The induced
lysis assay indicated that the acquired prophages can form active
phage particles, and transmission electron microscopy of indi-
vidual lysates, from the ancestral, resident, and evolved clones,
confirmed that phage particles were produced by all clones except
the ancestral (SI Appendix, Fig. S8 and Table S12). The evolved
clones carrying the Nef prophage (Nef or Nef+KingRac) produced
a phage particle identical to 1 of the 2 phages detected when in-
ducing the resident E. coli clone. This phage had an average ico-
sahedral head of 53 (±0.95, 2SE) nm and a tail length of 135
(±3.55, 2SE) nm (Fig. 2 E and G and SI Appendix, Table S12). On
the other hand, the evolved clone carrying only the KingRac pro-
phage produced a phage particle exhibiting a spherical head with 99
(±0.00, 2SE) nm and a tail length of 249 (±13.00, 2SE) nm, mor-
phologically identical to the other phage produced by the resident
clone (Fig. 2 D and F and SI Appendix, Table S12).
To characterize the capacity of each phage to differentially

infect and lyse bacterial clones, we used a phage infection spot
assay (Materials and Methods). Nef was capable of infecting and
lysing the ancestral, as well as the lysogens carrying KingRac, but
not lysogens carrying Nef only [the well-known phenomenon of
superinfection immunity (23, 24)]. Thus, the KingRac prophage
does not confer immunity to Nef phage (Fig. 3A). Interestingly,
the evolved double lysogen (Nef+KingRac) was partially im-
mune to Nef, while the resident was fully immune, suggesting
that the resident genome may have other mechanisms of re-
sistance. The observed differences in induction and infection
rates (Figs. 2 B and C and 3A) are key components of our phage-
mediated selection model; see Eq. 1 below.
The Nef and KingRac phages can be classified as lambdoid by

their sequence identity to the lambda phage (25, 26) (SI Ap-
pendix, Fig. S9). Thus, to understand the differences in resistance
to infection between the evolved and the resident, we looked for
genetic differences between their genomes at loci known to en-
code lambdoid phage receptors (e.g., ompC, lamB, and fhuA,)
(26). Interestingly, we found 9 nonsynonymous differences in
ompC and 3 in lamB genes (SI Appendix, Table S13), which are
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candidate loci for the increased resistance of the resident E. coli.
Additionally, a phage superinfection inhibition mechanism can
be invoked to explain the resistance observed for the resident
lineage. This mechanism is mediated by prophage repressors
that, by inhibiting incoming phage replication, turn the resident
bacteria immune to phage infection (24).

Phage-Driven HGT Evolution Confers a Metabolic Growth Advantage.
The observed HGT events bring new cargo of phage and ge-
netically linked bacterial genes (Fig. 2A). To test for selective
effects of HGT (27), we compared in vitro the growth of the
ancestral, evolved (Nef, KingRac, and Nef+KingRac), and resi-
dent clones in a medium derived from the mouse gut. As
expected, the resident clone has higher growth rate and higher
yield than the ancestral invader in media from both the small and
the large intestine (2-way ANOVA; P < 0.001) (Fig. 3 B and C
and SI Appendix, Table S14). Besides the resident genome being
larger than that of the invader, other potential factors contrib-
uting to its increased growth could be its plasmids (28) and/or
prophages (29), which have been found to enhance host bacterial
fitness. Remarkably, the invader evolved Nef and Nef+KingRac
clones also grew faster than their ancestor in the large intestine
medium (P < 0.03), and Nef+KingRac reached higher yield in

both media (P < 0.02) (Fig. 3 B and C and SI Appendix, Table
S14). Additional experiments in minimal medium supplemented
by mannose or gluconate, carbon sources known to be important
for gut colonization (30), confirmed a net growth advantage of
the evolved lysogenic clones (Fig. 3 D and E and SI Appendix,
Table S15). These data indicate that the phage-driven HGT is
adaptive in the mouse gut and the magnitude of the fitness ad-
vantage depends on specific nutrients.

HGT Precedes and Outweighs Adaptive Evolution by Point Mutations.
We next inferred the relative contributions and the temporal
order of adaptive HGT and point mutations in the invader
lineage colonizing the mouse gut. Under conditions of co-
existence between invader and resident, the invader populations
accumulated only a few mutations that reached a frequency ≥5%
over 1 mo (2 in H2 and 6 in G2). These numbers are comparable
to the mutation accumulation in the other mice (2–10 in A2, B2,
and I2) (Fig. 1C). A faster dynamics of HGT relative to de novo
adaptive mutations at the frlR gene and psuK/fruA intergenic
region was inferred by amplicon sequencing, time-resolved target
PCR, and whole-genome sequencing of pools of clones from mice
G2 and H2 (Fig. 4 A and B). In both cases, the invader incurred a
rapid succession of 2 phage infections driving HGT (lysogenization).

A B C

D E

F G

Fig. 2. Phage-mediated HGT from resident to invader E. coli. (A) Sequence alignment of prophage DNA sequences from the ancestral invader, resident
(mouse G2, day −2), and evolved invader (mouse G2, day 27) clones: 1, Rac defective prophage from ancestral; 2, KingRac prophage from resident; 3, KingRac
prophage from evolved; 4, Nef prophage from resident; and 5, Nef prophage from evolved. Two new prophages were found in the genome of the evolved
clone: KingRac, a Rac-related prophage, and Nef, both present and 100% identical to the resident E. coli. Arrows correspond to the coding sequences (CDS)
found in the prophages. Green indicates phage integration, regulation, immunity, or replication proteins; blue indicates phage hypothetical proteins; and red
indicates phage head/capsid and tail proteins, while black arrows correspond to bacterial CDS (hypothetical proteins) present in the prophage DNA sequences.
Prophage length and integration positions are indicated by the numbers in white. (B) Mitomycin C-induced bacterial cell death/lysis curves. Ancestral,
KingRac, Nef, Nef+KingRac, and resident E. coli clones were grown in LB medium with or without mitomycin C, an antibiotic inducing prophage excision. Ln
of the ratio of OD600 values with (mitC+) and without (mitC−) mitomycin C is shown. Error bars represent 2SE. The death/lysis curve of the ancestral clone
reflects direct mytomycin C bacterial killing, while for the other clones, death/lysis derives from both direct killing and lysis by prophage induction. (C) Death/
lysis rate (per hour) calculated from the slope of the curves shown in B in the initial 4.5 h. Error bars represent 2SD. (D–G) Electron micrographs of the KingRac
phage particle induced from the evolved KingRac clone (D), the Nef phage particle induced from the evolved Nef clone (E), the KingRac phage particle
induced from the resident clone (F), and the Nef phage particle induced from the resident clone (G). White and gray arrows indicate the phage head/capsid
and the tail, respectively. The ancestral clone, also induced with mitomycin C, produced no phage particles (SI Appendix, Fig. S8). (Scale bars: 100 nm.)
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The first, Nef-driven HGT event occurred just 2 d after coloni-
zation; this was followed by the integration of KingRac. We
conclude that carrying Nef does not confer full immunity to in-
fection by KingRac. Moreover, de novo adaptive mutations at the
frlR locus of the invader genome spread only on the background of
a Nef-driven HGT (Fig. 4A and SI Appendix, Tables S16 and S20).
To evaluate the reproducibility of the HGT dynamics observed

in the evolution experiment (Fig. 4 A and B), we performed a
cocolonization experiment in a new cohort of mice, with an evolved
YFP clone and its ancestor, expressing the cyan fluorescent protein
(CFP) (SI Appendix, Table S17). The evolved double lysogen car-
rying an adaptive mutation (Nef+KingRac+frlR) was now the phage
donor and the CFP-susceptible clone should evolve via phage-
mediated HGT. Indeed, the ancestral CFP clone incurred a Nef-
driven HGT event within 2 d in all mice, and a KingRac-driven HGT
event occurred after the Nef event (Fig. 4 C and D and SI Appendix,

Table S18), bringing new adaptive traits (Fig. 3 B–E). Together, the
Muller plots shown in Fig. 4 depict the speed and mode of evolu-
tionary change at both the core and mobile genomes of the invader
strain. We observed a fast and repeatable pattern of phage-driven
HGT. Evolution by HGT can reach the time scale of ecological
change (Fig. 1B)—it preceded and outweighed evolution by point
mutations throughout the duration of the experiment.

HGT Is Followed by Complex Clonal Dynamics. Distinct HGT events
by Nef and by KingRac and subsequent mutations generated con-
siderable genetic diversity. These events brought different clones to
high frequency in rapid succession, opening windows for the es-
tablishment of de novo adaptive mutations on different lysogenic
backgrounds. Together, we observed a complex pattern of clonal
interference in the invader lineage (Fig. 4 A and B). Importantly,
these dynamics did not eliminate the neutral genetic diversity in the
invader core genome. While Nef and the linked bacterial DNA
swept close to fixation, a polymorphism of CFP/YFP markers was
maintained in the invader population (Fig. 4 C and D and SI Ap-
pendix, Fig. S10 and Table S17). Hence, phage-mediated HGT can
lead to the spread of new genes and adaptive functions (Fig. 3 B
and E), while keeping high genetic diversity in the core genome.

Phage Interactions Generate a New Mode of Selection. The bacte-
rial population dynamics and evolution (Figs. 1B and 4) revealed
a striking pattern of increasing diversity, which was marked by

A

B C

D E

Fig. 3. Evolution by phage-mediated HGT is adaptive. (A) The ancestral,
evolved, and resident clones were tested for phage-mediated lysis. The
evolved clones include 3 different genetic backgrounds: Nef, KingRac, and
Nef+KingRac prophages without any other mutations. Drops (10 μL) of
phage-containing supernatant (phage lysate) were applied to growing bacte-
rial cell lawns of each clone. The phage lysate was obtained from the clones’
supernatant after mitomycin C induction (5 μg/mL). The KingRac clone is poorly
induced (Fig. 2B), and the number of phage particles is expected to be small.
ND, not determined. For the other clones, the exact number of phage particles
is unknown, as individual phage plaques could not be scored, preventing
comparison of the infection efficiency between different phage lysates. (B and
C) The ancestral, evolved (Nef, KingRac, and Nef+KingRac), and resident clones
were grown in intestinal medium. The maximum growth rate (±2 SE) was
assessed in small and large intestinal medium (n = 3) (B), and the yield (±2 SE)
after 24 h of growth in small and large intestinal medium (n = 3) was measured
(C). (D and E) The ancestral and evolved (Nef, KingRac, and Nef+KingRac)
clones were grown in minimal medium supplemented with mannose or glu-
conate (0.03%). The maximum growth rate (per hour) was assessed in mannose
or gluconate medium (n = 5) (D), and the yield after 24 h of growth in mannose
or gluconate medium (n = 5) was measured (E).

A C

B D

Fig. 4. Phage-mediated HGT is followed by complex clonal evolution.
(A and B) Evolution experiment: Muller plots of the adaptive phage-mediated
HGT and mutation dynamics in the invader E. coli population (A, mouse G2;
B, mouse H2). Shaded areas are proportional to the frequency of each clone:
ancestral (yellow), Nef lysogen (light orange), Nef+KingRac lysogen (dark
orange), and de novo mutations frlR (1 nonsynonymous mutation, 2 deletion
mutations) in mouse G2 (black) and psuK/fruA (1 intergenic mutation) in
mouse H2 (gray). Phage symbols indicate the HGT events (1 refers to Nef and
2 to KingRac) for each clone. Numbers in the top row give the estimated
number of generations. (C and D) Cocolonization experiment: Muller plots
of phage-mediated HGT in new recipient E. coli populations in 2 mice (clones
are now shaded in blue). In all cases, HGT takes place first, and de novo
mutations appear on the background of high-frequency lysogenic clones.
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coexistence of invader and resident clones at least for some hun-
dreds of generations. This is very different from the prevalent mode
of evolution in laboratory experiments, which is characterized by
rapid fixation of adaptive mutations and the concurrent loss of
ancestral sequence variation. The pattern of Fig. 4 is also in-
compatible with simple models of selection. In the initial dynamics
of the invader population, the frequency of the phage-susceptible
ancestral clone, x, always showed a rapid decline. This is consistent
with strong negative selection; however, a model of constant se-
lection s < 0 can be excluded by the later stabilization of susceptible
frequencies (Fig. 4 A and D). A model of frequency-dependent
selection, s(x), could explain the stabilization of susceptible fre-
quencies, but would be at variance with the decline-rebound dy-
namics observed in Fig. 4 A and D. These data show frequency
changes of opposite sign at the same frequency; that is, s cannot be
a function of x only. However, the presence of phages introduces
selection depending on the phage load, which provides the arguably
simplest explanation of the eco-evolutionary diversity. Differences
in induction and infection rates between coexisting clones, as ob-
served in our system (Figs. 2 B and C and 3A), contribute to this
selection. Specifically, the fitness of a bacterial clone i,

fiðPÞ= ri − δi − γiP, [1]

depends on the phage population density, P, and the fitness in
the low-phage limit, ri − δi. Here, ri denotes the background
fitness without induction or phages, δi is the fitness cost of in-
duction, and γi is the fitness cost of infection per unit of phage
density, which is proportional to the infection rate. For example,
a more susceptible strain 1 competing with a more inducible
strain 2(γ1 > γ2, δ2 > δ1) can have a selective advantage at low
phage levels (s = f1 − f2 > 0) but a disadvantage at high levels (s < 0).
In turn, the phage load at a given time depends on the popula-
tion sizes of phage-producing bacteria in the recent past. This
selective feedback can lead to stable coexistence of 2 bacterial
clones with different infection and induction rates. Generalizing
Eq. 1 to k different phages leads to a bacterial fitness of the form

fiðPÞ= ri − δi–
Pk
j= 1

γijPj, which is mathematically related to fitness

models used in multistrain epidemiology (31, 32). With differ-
ences in cross-immunity coefficients γij, as observed in our system
(Fig. 3A), this model generates phage-dependent bacterial niches
and can lead to stable coexistence of up to k bacterial clones
(Materials and Methods). We now show that phage-dependent
selection can explain the eco-evolutionary pattern of Figs. 1B
and 4 and, in particular, facilitate successful gut colonization.

Phage Epidemics.We describe the joint dynamics of bacterial clones
and phages by a minimal eco-evolutionary model with 2 clones,
referred to as the susceptible and the inducible clone, respectively,
which have infection parameters γS > γI, induction parameters δ2 >
δS < δI, and background fitness rS, rI. These clones compete in
ecological niches with constraint c and overlap q. A fraction κ of
infected susceptibles undergo lysogenic conversion. Phages are
produced by infection and by induction with burst size b, and they
are cleared with a constant rate λ. These processes generate a
coupled dynamics of the population densities S, I, and P,

_S= ðrS − δS − γSP− cS− cqIÞS, [2]

_I = ðrI − δI − γIP− cqS− cIÞI + κγSSP, [3]

_P= ½bð1− κÞγSS+ bγI I − λ�P+ bðδsS+ δIIÞ. [4]

Details are given in Materials and Methods; related models are
discussed in refs. 33 and 34.

Eqs. 2–4 predict a population dynamics that critically depends
on the initial phage level, P0 (Fig. 5A; see Materials and Methods
for details). At low values of P0, the infection is slow, and the
bacterial clones approach their equilibrium densities in a smooth
way. At intermediate values of P0, the model population dy-
namics takes the form of an infection epidemic, with a rapid
initial increase of phages causing negative selection (s < 0) and a
resulting depletion of susceptibles. In the second phase, low
phage production and clearance can lead to lower phage levels,
positive selection (s > 0), and a rebound of susceptibles, provided
the susceptible clone has a lower induction rate than its com-
petitors. At even moderately higher values of P0, this pattern
turns into a pandemic, which causes rapid loss of the susceptible
clone. Both kinds of epidemic can be identified in Fig. 4. The Nef
epidemic can end with a rebound of the ancestral clone (Fig. 4 A
and D), and the KingRac epidemic with a rebound of the Nef
clone (Fig. 4 A and B); this clone has the lowest induction rate
(Fig. 2 B and C). In contrast, a Nef pandemic with rapid loss of
the ancestral invader clone is observed in Fig. 4 B and C (con-
sistently, mouse H2 had a higher initial resident population,
likely producing a higher phage load). This comparison rests on
the in vitro mitomycin C assay as a proxy for the innate prophage
induction in the gut, which is very difficult to measure.

Phage-Mediated Selection Facilitates Colonization. After the initial
phage epidemics have settled down, more moderate phage-
dependent fitness differences govern the subsequent fate of
competing bacterial clones. The fitness model [1] predicts con-
ditions for successful gut colonization by an invading strain. An
invader clone of phage susceptibility γ can invade an immune
resident clone (γR = 0) if its fitness advantage at low phage
density, s0 = (r − δ) − (rR − δR), exceeds a threshold value sp0 = γP.
Notably, this includes cases where the invader has lower back-
ground fitness than the resident (r < rR). Phage-mediated colo-
nization is consistent with the late-time pattern of the Nef clone
(Fig. 4 A and B), which has sp0 = γ = 0 (Fig. 3A). This clone has a
similar induction rate as the resident (δ ≈ δR; Fig. 2 B and C)
and, given its adaptive HGT fitness gain (Fig. 3 B and C), it also
has a similar background fitness (r ≈ rR). Clearly, these estimates
are to be taken with a grain of salt, because rates and selection
coefficients may differ between hosts and from the in vitro es-
timates (Figs. 2 B and C and 3). The fitness balance of the
Nef+KingRac clone is even more complex; it has a phage-driven
fitness cost compared to the Nef clone (Figs. 2 B and C and 3A),
but its fate also depends on the adaptive value of nested de novo
mutations. A further factor facilitating colonization is niche di-
versification between invader and resident (i.e., reduction of q;
Materials and Methods). This can arise from the occupation of
spatial refuges by the invader (35), but also from sympatric dif-
ferentiation on nutrient sources. One may speculate that the
repeatedly observed mutations in the frlR gene, which affects an
operon absent in the resident, contributes to niche diversification
by sympatric evolution.
Phage-mediated selection is expected to promote bacterial

diversity in the colonization dynamics beyond the observation
period of this experiment (33, 34). In particular, the fitness
model [1] predicts that the resident strain can prevent dis-
placement, even when invader clones reach a higher background
fitness, provided they retain a higher infection or induction rate.
Fig. 5B shows the phage-mediated coexistence region of invader
and resident as a function of their fitness difference at low phage
density, s0. We note that in the absence of phages, 2 clones of
different background fitness would always displace one another.
Furthermore, our fitness model predicts an evolutionary opti-
mum of the resident’s induction rate, δR, for phage-mediated
defense against competing lysogenic strains. Plotting the equi-
librium population sizes against δR shows that the resident
population reaches a maximum at a value δ* close to the onset of
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coexistence (Fig. 5C; Materials and Methods). Rates close to δ*
indicate the resident’s optimum investment in phage-mediated
defense: They balance the cost of induction in the absence of
competitors with its benefit as a defense mechanism against invaders.
We note that the optimal induction rate of our model, δ* ∼ 0.01, is
of the same order as induction rates observed in vivo, but higher than
in vitro rates (34), which is consistent with ecological selection acting
on induction in natural populations.

Discussion
The main finding of this paper is that under a minimally per-
turbed gut, ecosystem invasion by an external E. coli lineage can
be successful in the face of competitors when it rapidly adapts via
HGT followed by mutation. Our in vivo gut-colonization pro-
tocol allows us to track the evolution of E. coli when immersed in
a complex ecosystem, in contrast to previous studies performed
under laboratory conditions (36, 37) or under strong pressure of
antibiotics or disease (15, 19, 21, 38, 39). We find a faster-paced
evolutionary dynamics than in these previous studies. The evo-
lution of the invader starts with spontaneous and rapid HGT
from a resident E. coli lineage, which seeds subsequent de novo
adaptive mutations in newly converted lysogenic clones (Fig. 4 A
and B). Throughout the duration of the experiment, HGT
dominates the genetic evolution of the invader, conferring both a
phage-killing potential and an adaptive metabolic advantage to
lysogenic invader lineages (Fig. 3). Interestingly, the Nef pro-
phage was shown to induce at a higher rate (Fig. 2 B and C),
which confers an increased potential to actively kill susceptible
competitors (Fig. 3A), while the KingRac prophage appears to
provide mainly an increased metabolic fitness to the new arising
lysogens (Fig. 3). The observed metabolic advantage conferred
by the Nef and KingRac prophages to the invader lineage (Fig. 3
B and C) could not be related to any specific prophage gene; its
genetic basis remains an open question. But, it is tempting to
speculate (29) that the prophages could alter the outer mem-
brane proteins of the host facilitating nutrient consumption. The
speedup of evolution by HGT is in accordance with previous
results (40). HGT in our system turns out to be faster than ob-
served previously in murine systems under infection (38, 39),

underscoring the importance not only in disease but also in
health.
By a combination of experiments and modeling, we have an-

alyzed the complex eco-evolutionary dynamics of the invader and
the resident lineage and the underlying fitness landscape. Phage-
mediated selection has long been discussed in its role as a
weapon in the competition between bacterial lineages (41–44).
Our experiments show that strong induction of temperate phages
acts as a short-term defense mechanism of the resident strain,
which can rapidly kill susceptible invader bacteria by a pandemic
infection (Figs. 4 B and C and 5A). However, lysogenic conver-
sion rescues the invader in all observed cases, consistent with
previous results (43). The subsequent competition between ly-
sogenic clones is driven by a complex fitness landscape with
3 components: differences in induction rates, infection rates, and
background fitness. We have shown that clones differ in all
3 fitness components (Figs. 2 B and C and 3), which explains the
complex clonal dynamics found in vivo in the mouse gut (Fig. 4).
In particular, phage-mediated HGT can increase the fitness of
the invader; the metabolic adaptive effect of HGT established
here complements previous results where HGT enhanced anti-
biotic resistance (45, 46). At the same time, substantial induction
rates decrease the fitness of a lysogenic lineage (e.g., the resi-
dent), in tune with previous findings (34). These effects can help
an external invader to stably colonize the gut of a new host (Figs.
4 and 5A). Together, our results suggest that temperate phages
are a stump sword of attack that may not eradicate an invader of
lower background fitness, but prevent displacement by invaders
of higher background fitness (Fig. 5B). The balance between
phage-mediated selective forces depends, in particular, on phage
induction rates of the lysogenic (e.g., resident) lineages. These
rates can change by physiology or evolution, and they are
themselves subject to selection (Fig. 5C). How temperate phage-
mediated selection shapes the long-term species turnover of
ecosystems by colonization remains a question for future work.

Materials and Methods
Experimental Procedures and Data Analysis.
E. coli clones. E. coli clones used in the present study are listed in SI Appendix,
Table S1. E. coli clones were grown at 37 °C under aeration in brain heart
infusion or Luria broth (LB). Media were supplemented with the antibiotics

A

B C

Fig. 5. Phages generate epidemics and promote
coexistence of bacterial clones. (A) Phage infection
dynamics. The population frequency of susceptible
(ancestral) bacteria in the invader population (orange)
and the phage load γSP (cyan) are plotted against time.
Stable equilibrium values are marked by gray lines (SIP
equilibrium, solid; IP equilibrium, dashed; Materials
and Methods). Time-dependent infection patterns are
shown for different initial phage load: slow infection
(γSP0 = 0), epidemic with initial decline of susceptibles
at high phage levels and subsequent rebound at lower
phage levels (γSP0 = 0.5, 1), and pandemic with rapid
loss of susceptibles (γSP0 = 5, dashed). See also SI Ap-
pendix, Fig. S11. (B) The stable equilibrium state
(brown, density of inducible resident strain; orange,
density of susceptible invader strain; dashed brown,
total bacterial population density; cyan, phage load) is
plotted against the selective difference at low phage
density, s0. A threshold value s0* (vertical line) marks
the onset of bacterial coexistence in the presence of
phages (SRP equilibrium) from a regime of displace-
ment (RP equilibrium); Materials and Methods. (C) The
same stable equilibrium is plotted against the selective
cost of induction of the resident, δR. Population density
and fitness of the inducible strain (brown line) reach a
maximum close to the onset of coexistence, δR* (vertical line). Model parameters: γS = 0.005, b = 20 (34), δR = 0.01, κ = 0.5 (in A), background fitness rS = 0.15, 0.125
(in A and C), rI = rR = 0.11, c = 0.1, q = 1, λ = 0.05; definitions and model details are given inMaterials and Methods. Population densities are shown in units of the
background carrying capacity of the resident, R0 = rR ∕c.
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when specified (SI Appendix). YFP- or CFP-labeled bacterial numbers assessed as
in ref. 15. For the resident E. coli, bacterial numbers were scored after plating in
McConkey + 0.4% lactose plates, in which it formed red colonies due to lactose
consumption. The detection limit for bacterial plating was 330 CFU/g feces.
In vivo colonization experiments. In the gut-colonization model, mice drank
water with streptomycin (5 g/L) for 24 h before a 4-h starvation period of
food and water. The animals were then inoculated by gavage with 100 μL of
an E. coli bacterial suspension of ∼108 CFUs. Mice A2, B2, I2, G2 and H2 were
successfully colonized with the invader E. coli, while mice C2–F2 failed to be
colonized. Six- to 8-wk-old C57BL/6J nonlittermate female mice were kept in
individually ventilated cages under specified pathogen-free barrier condi-
tions at the Instituto Gulbenkian de Ciência (IGC) animal facility. The gut
microbiota of mice used in the experiments are natural to the animals and
not the result of the introduction of a defined microbiota into germ-free
animals. Fecal pellets were collected during 27 d (evolution experiment) or
5 d (cocolonization experiment) and stored in 15% glycerol at −80 °C for
later analysis. This research project was ethically reviewed and approved by
the Ethics Committee of the IGC (license reference A009.2010) and by the
Portuguese National Entity that regulates the use of laboratory animals
(Direção Geral de Alimentação e Veterinária; license reference 008958). All
experiments conducted on animals followed the Portuguese (Decreto-
Lei113/2013) and European (Directive 2010/63/EU) legislations concerning
housing, husbandry, and animal welfare.
Bacterial growth curves, growth rate, and yield. E. coli clones were grown in a
gut-derived medium under a low-oxygen environment (culture overlaid with
mineral oil) by using a Bioscreen C apparatus (Oy Growth Curves Ab Ltd.). For
the gut-derived medium, we used filter-sterilized (0.22-μm syringe filters;
Pall Life Sciences) mice extracts of small or large intestine (20 mL/g). Clones
were also grown in minimal medium (MM9-SIGMA) with mannose or glu-
conate added at 0.03%. Maximum growth rate was calculated as the max-
imal slope of the exponential phase. Growth yield was determined by
measuring the final OD600 nm after 24 h of growth.
Microbiota analysis. DNA was extracted from feces by using the QIAamp DNA
Stool Mini Kit (Qiagen), following manufacturer’s instructions with an ad-
ditional mechanical disruption step (19). Sequencing of the V4 region of 16S
rRNA gene was performed at the IGC Genomics Unit (SI Appendix).
Whole-genome sequencing of E. coli populations and clones. DNA was extracted
(47) with library construction and sequencing performed at the IGC Geno-
mics Unit. For E. coli populations, DNA from a mixture of >1,000 clones was
analyzed, while for clone sequencing, DNA from a single colony was used.
We used Illumina and Nanopore technologies to perform whole-genome
sequencing (SI Appendix).
Nef and KingRac prophage sequence annotation and representation. Using the
NCBI alignment tool (48), we identified and extracted the complete se-
quence of the Nef and KingRac prophages. PHASTER software (49) was used
for prophage annotation and Easyfig for schematic representation (50).
Prophage induction and phage infection/lysis assay. For prophage induction (22),
we added mitomycin C (5 μg/mL) to E. coli clones growing with agitation at
37 °C in LB medium when OD600 = 0.3–0.5 (ThermoFisher Scientific Spec-
trophotometer). The lysis rate was calculated as the slope of the mitomycin
C-induced lysis curve, from the LN OD600 between 1 and 4.5 h, noting that
the data of time point zero had an anomalously large spread between
replicates and that after 5 h systematic deviations from an exponential form
were observed. Fig. 2C reports the mean of the estimated induction rates
over 6 replicate experiments for each genetic background. Each bacterial
culture was centrifuged twice (5 min, 15,871 × g, 4 °C) and the supernatant
(lysate) was filtered with sterile 0.22-μm syringe filters (Pall Life sciences).
The filtered lysate was added to a sucrose (33%) cushion and ultra-
centrifuged (45 min, 110,000 × g, 4 °C) (Beckman Optima Max XP), with the
pellet (phage particles) being suspended in PBS 1× (4 °C). For the phage
infection/lysis assay, we grew E. coli clones until OD600 = 0.3–0.5 and added
100 μL of each culture to 3 mL of top agar (0.7%), spreading this mix over a
prewarmed (37 °C) LB agar plate. Drops (10 μL) of the lysate were then
spotted onto the top agar lawn and incubated overnight at 37 °C to assess
phage-induced lysis of bacteria.
Transmission electron microscopy. Lysate samples (5 μL) were negatively stained
with 2% uranyl acetate by using Formvar-carbon-coated copper grids. Im-
ages of the phage particles were acquired on a Hitachi H-7650 transmission
electron microscope operating at 100 keV equipped with an XR41M mid-
mount AMT digital camera.
Detection of phage-mediated HGT events: Lysogeny. PCR amplification of phage-
specific genes was performed in clones isolated at different time points. Using
the primers listed in SI Appendix, Table S19, the Nef prophage was detected via
amplification of the xerC gene, while the ydaV or asd genes identified the
KingRac prophage (SI Appendix, Tables S7 and S8). PCRs were performed in a

total volume of 25 μL, containing 1 μL of bacterial culture, 1× Taq polymerase
buffer, 200 μM dNTPs, 0.2 μM each primer, and 1.25 U of Taq polymerase. PCR
conditions were as follows: 95 °C for 3 min, followed by 35 cycles of 95 °C for
30 s, 65 °C for 30 s, and 72 °C for 30 s, finalizing with 5 min at 72 °C.
In vivo adaptive mutation frequency time series. DNA was extracted (47) from E.
coli populations (>1,000 clones) isolated at different time points, and the
frlR primers described in SI Appendix, Table S19 were used to amplify a 263-bp
frlR variable region. PCRs were performed in a total volume of 50 μL,
containing 1 μL of bacterial culture, 1× Phusion polymerase buffer, 200 μM
dNTPs, 0.5 μM each primer, and 1 U of Phusion polymerase. PCR conditions
were as follows: 95 °C for 30 s, followed by 35 cycles of 98 °C for 10 s, 62 °C
for 30 s, and 72 °C for 30 s, finalizing with 10 min at 72 °C. PCR amplicons
were then sequenced at the IGC Genomics Unit by using Illumina MiSeq
technology. Haplotype frequencies of frlR mutations along time were de-
termined by using DADA2 software (51).
Statistical analysis. A linear mixed-effects model was used to analyze the
microbiota-driven loaddifferences or niche size for E. coli. Two-wayANOVAwith
Tukey’s correction for multiple comparisons was used to analyze the bacterial
growth rate and yield in the different media. The significance of groups in
community structure was tested by using analysis of similarities (52). Differences
in alpha diversity were evaluated by using the nonparametric Mann–Whitney
test. BiodiversityR (Version 2.8-4) and vegan (Version 2.4-5) packages were used.

Eco-Evolutionary Models.
Eco-evolutionary minimal model.Weuse a simple dynamical model of 2 bacterial
(sub)lineages that interact with phages and differ in their response charac-
teristics—that is, in the susceptibility to phage infection and the induction
rate of phages. Similar and more detailed models of these dynamics have
been discussed in refs. 33 and 34. The minimal model contains 3 populations:
1) a bacterial lineage referred to as “susceptible” has population density S,
background fitness rS (in the absence of phages), and a selective cost of
infection per unit of phage density γS. If this lineage is a partially susceptible
lysogen, it also has a selective cost of induction, δS. 2) A lysogenic lineage
referred to as “inducible” has population density I, background fitness rI,
and a selective cost of induction δI > δS. This lineage may also be partially
susceptible with a selective cost γI < γS. 3) Phages have population density P,
are produced by infection and induction with a burst size b, and are cleared
at a rate λ. The bacterial lineages compete in overlapping ecological niches
with inverse carrying capacity c and overlap q. Infection of susceptibles leads
to lysogenization (production of inducibles) with probability κ and to lysis
(cell death) with probability (1 − κ). These processes generate the population
dynamics described by Eqs. 2–4. We will use this model to describe the
dominant contending lineages at a given stage of the colonization process.
At the early stage, the model describes the infection and lysogenization
dynamics of the invading strain. Here, S is the ancestral invader clone (i.e.,
δS = 0), and I is the lysogenic invader clone. Because clones belong to the
same strain, we use q = 1; the carrying capacity then couples to the total
population size N = S + I. At later stages, the model describes the population
dynamics of lysogenic strains (i.e., κ = 0). Here, S is a partially susceptible
invader clone, and I is the resident strain. The dynamics of Eqs. 2–4 define
the reproductive rates FS = rS − δS − γSP − cS − cqI, FI = rI − δI − γIP − cqS − cI,

FP = b(1 − κ)γS − λ, and the flux terms _Ilys = κγSSP, _Pind =bðδsS+ δI IÞ, where we
use the convention to integrate all population size changes proportional to
the size of the same population into reproductive rates. We measure all
rates in units of the inverse generation time of the inducible lineage, so that
the difference in reproductive rates, s = FS − FI, becomes a standard selection
coefficient. In particular, the phage load γSP measures the fitness cost of
infection for the susceptible lineage; this quantity is plotted in Fig. 5 and SI
Appendix, Fig. S11. The dynamical equations remain invariant under the
rescaling P → P/C, b → b/C, γS,I →CγS,I by an arbitrary factor C > 0 . That is, if
we express P in units of the burst size b, the solution does not depend on b
and γS,I separately, but only on the rescaled parameters ~γS =bγS and ~γI =bγI.

The minimal eco-evolutionary model contains the key feature of phage-
mediated selection between bacterial strains discussed in the main text:
the fitness difference between susceptible and inducible bacteria, s = FS − FI,
depends on phage density,

sðPÞ= s0 − γP, [5]

where γ ≡ γS − γI and

s0 = ðrS − rIÞ− ðδS − δIÞ, [6]

denotes the selection coefficient in the limit of low phage density. Given
equal background fitness (rS = rI), the inducible lineage has a fitness ad-
vantage at high phage density, and phage selection becomes a weapon
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against the susceptible lineage. At low phage density, the susceptible lineage
has a fitness advantage if it has a lower induction rate than the inducible
lineage. These regimes are separated by a stable fixed point, which describes
stable coexistence of 2 bacterial lineages at a given phage density. We will show
below that, despite its simplifications, the minimal model explains the broad
pattern of population sizes and frequencies observed in the gut experiments.
Model with multiple phages. The minimal model can readily be generalized to
more complex ecosystems with n bacterial lineages and k phage lineages.
We assume that bacteria of type i are partially susceptible to infection by
phages of type j, as given by the matrix of infection costs per unit phage
density, γij(i = 1,...,n, j = 1,...,k). Such lineage-specific susceptibilities are in-
deed observed in our system (Fig. 3A). Given background fitness parameters
ri and induction rates δi, the fitness of the bacterial lineages takes the form

fiðPÞ= ri − δi –
Xk

j=1

γijPj ði= 1, . . . ,nÞ. [7]

This model bears similarities to fitness models used in multistrain epidemi-
ology (31), previously used to describe the evolution of viral systems (32).

The multistrain model has 2 salient features. First, multiple phages diversify
the weaponry of a defending resident strain, which can use different phages
against invaders with different susceptibility profiles. From this point of view,
one may speculate that a resident’s spectrum of inducible phages reflects its
exposure to different invaders. On the other hand, multiphage systems can
create complex niches of bacterial coexistence. Given k phages and a generic
susceptibility matrix γij, the system of linear Eq. 7 allows coexistence of up to k
bacterial lineages. Together, the multistrain model reemphasizes the double
role of phage-mediated selection between bacterial lineages. A full dynamical
analysis of the model is beyond the scope of this paper.
Population dynamics and phage epidemics. We now consider the population
dynamics of the minimal model under conditions allowing the equilibrium
coexistence of susceptible and inducible lineages (the corresponding model
parameters are discussed below). In order to describe the dynamics during the
first 2 wk of gut colonization, we associate the model populations with the
dominant contending lineages: the ancestral invader strain is the more
susceptible lineage (S) and the lysogenic invader strain is the inducible
lineage (I). This is in accordance with the observed differences in induction
and infection rates between these lineages (Figs. 2 B and C and 3A). By
numerical integration of Eqs. 2–4 with δS = 0 and q = 1, we obtain population
trajectories (S, I, P)(t). The fraction of susceptible bacteria, x(t) = S(t)/N(t) fol-
lows a dynamical equation of the form

_xðtÞ= vsðtÞ+ vκðtÞ, [8]

where vs(t) is the contribution of phage-dependent selection given by Eq. 5,

vsðtÞ= sðtÞxðtÞð1–xðtÞÞ= γ
�
Peq − PðtÞ�xðtÞð1–xðtÞÞ, [9]

with Peq denoting the equilibrium phage level for κ = 0, and vκ is the con-
tribution of lysogenization,

vκðtÞ=−κγSx
2ðtÞPðtÞ. [10]

At high phage levels, susceptibles are negatively selected [P(t) > Peq, s < 0]; at
low phage levels, selection on susceptibles becomes positive [P(t) < Peq, s > 0].
The dynamics of phages themselves introduces a memory term: The level P(t)
depends on the production of phages in the recent past before t. Hence,
phage-dependent selection generates a feedback loop: higher (lower)
phage levels increase the fraction of inducibles (susceptibles), which, in turn,
decreases (increases) the phage level. The feedback can lead to stable
population equilibria of susceptible and inducible bacteria in the presence of
phages. Fig. 5A shows the infection and lysogenization dynamics of this
model for different values of the initial phage density P0 = P(t0). We show
that the dynamical pattern depends strongly on P0. At intermediate values
of P0, there is a soft phage epidemic with an initial decline of susceptibles at
high phage levels, followed by a rebound at lower phage levels. At higher
values of P0, the pattern changes to a phage pandemic that rapidly kills the
susceptible invaders. As discussed in the main text, these 2 regimes explain the
experimentally observed patterns of phage infection and lysogenization (Fig. 4).

SI Appendix, Fig. S11 shows the dependence of the population dynamics
on other model parameters. In particular, variation of the fraction of ly-
sogenization, κ, changes the value of the equilibrium population densities
(and makes the analytical solution of the model more cumbersome than for
κ = 0), but leaves the selective feedback loop and the pattern of the epi-
demic invariant (SI Appendix, Fig. S11A). The dependence on the infection
cost γS and the burst size b (SI Appendix, Fig. S11B), which define the scaled

parameter ~γS =bγS, shows a transition from soft epidemics to pandemics
similar to Fig. 5A. We conclude that both regimes are robust features of
phage-dependent selection.
Evolutionary equilibria of bacteria and phages. In order to describe the complex
outcomes of the colonization experiment, we study equilibrium states of the
minimal model and their evolutionary stability or instability. Here, we associate
themodel populationswith the dominant contending lineages in the final stage
of the colonization experiment: The evolved (lysogenic) invader strain is the
susceptible lineage (S) and the resident strain is the inducible lineage (I). Be-
tween these lineages, there is no lysogenization (κ = 0). The minimal model
then has equilibrium states describing the coexistence of bacteria and phages,
which are consistent with the equilibria derived in refs. 33 and 34. In order to
display phage-mediated coexistence of lineages independently of ecological
niche diversity, we evaluate these equilibria for complete niche overlap (q = 1)
(the effect of niche diversity on stability will be discussed later).

SIP equilibrium. This state describes the coexistence of a susceptible and an
inducible bacterial lineage with phage-selection parameters γS > γI and δS < δI
and a phage population. The total bacterial population density Neq = Seq +
Ieq and the phage population density Peq can be obtained from Eqs. 2 and 3
together with the equilibrium condition s(Peq) = 0,

Neq = rS – δS – γS, Peq = rI – δI – γIPeq, Peq = s0=γ, [11]

where s0 is given by Eq. 6. The frequency of susceptibles, xeq = Seq/Neq, then
follows from Eq. 4,

xeq =
��
λ
��

bNeq
�
− γI

�
Peq − δI

��ðrS − rIÞ. [12]

These expressions are valid as long as 0 ≤ xeq ≤ 1.
SP equilibrium. For the case of a single susceptible lineage (S) coexistingwith

phages, the equilibrium takes the simpler form

Seq = λ=ðbγSÞ≡ S0, Ieq = 0, Peq = ðrS − δS − cS0Þ=γS, [13]

for S0 < rS/c; otherwise, P is displaced, Peq = 0 and Seq = rS/c.
RP equilibrium. For the case of a single inducible but immune lineage (R)

coexisting with phages (i.e., γR = 0), the equilibrium takes the form

Seq = 0, Req =
rR − δR

c
≡R0, Peq =

bδRðrR − δRÞ
λc

≡ P0, [14]

for δR < rR.
Phage interactions facilitate colonization. After the decay of the initial phage
epidemics, the population dynamics runs closer to an evolutionary equilib-
rium, which is dominated by a stable resident population (Fig. 1B, G2 and H2).
At this stage, the colonization is successful if a lysogenic invader clone (S) can
invade the RP equilibrium (with γR = 0). This requires a positive selection
coefficient s(P0) = s0 − γSP0 > 0, which amounts to the condition

s0 > s0*, [15]

with a selection threshold given by Eqs. 13 and 14,

s0*

δR
≡

R0

S0
=

bγSðrR − δRÞ
λc

. [16]

A sufficiently high positive s0 can arise from an advantage in background
fitness (rS > rR) or from a reduced induction rate induction (δS < δR). In the
latter case, phages enable the invasion of a clone that would otherwise be
displaced. As discussed in the main text, this condition is consistent with
maintenance of the Nef clone, which has γS = 0 and δS ≈ δR (Fig. 4 B and C).
Niche diversification can further facilitate colonization. A partial niche
overlap between invader and resident (q < 1) lowers the selection threshold
for invasion of the IP equilibrium to

s0 > s0* − ð1−qÞðrR − δRÞ. [17]

Stable coexistence between bacterial clones, as described by the SRP equi-
librium of the form [11], depends on an additional condition: R can invade
the SP equilibrium, which requires

R0 > S0. [18]

A stable SRP equilibrium in a single ecological niche (q = 1), which is reached
under broad conditions on the model parameters, describes coexistence
of strains enabled by phage interactions. In the absence of phages, S would
displace R for s0 > 0 and R would displace S for s0 < 0. In Fig. 5B, we plot the
crossover between a stable RP equilibrium and a stable SRP equilibrium as a
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function of the selection coefficient s0*. This shows that phage-mediated
selection can prevent the displacement of a resident clone by an invader
with higher background fitness (rS > rR).
Selection on induction rates. The induction rate of a lysogenic resident strain (R)
determines cost and benefit of induction as a defense mechanism against
susceptible competitor strains (53, 54). In Fig. 5C, we plot stable population
numbers (Seq, Req, Peq) of the minimal model as a function of δR. The equi-
librium population size Req(δR) can be interpreted as a fitness landscape
governing selection on induction. This landscape has its maximum close to
the onset of the SRP coexistence regime, which is given by

δ*R =
s0λc

bγS
�
rR − δ*R

�. [19]

The fitness of an inducible lineage is reduced by the cost of induction for

δR > δ*R and by resource competition with susceptible strains for δR < δ*R .

This may imply that under recurrent exposure to invading strains and phages,
the long-term evolution of commensal bacterial strains favors modest in-
duction rates that, in turn, generate conditions for strain coexistence.
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