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Abstract: Fundamental to the ecology of bacteria are bacteriophages (phages), a major source of
bacterial mortality. Functionally, bacteria are protected from these viruses through resistance,
where they are refractory, and immunity, where the phages infect but do not replicate. Immunity
is the mechanism by which lysogenic bacteria are protected from temperate phage infections. This
is what we know from studies of lysogens in the laboratory, but what about the real world? We
address this question with mathematical models and experiments using Escherichia coli, A-phage,
and naturally occurring E. coli lysogens. Our study demonstrates that naturally occurring lysogens
are resistant (refractory) to the phage coded by their prophage. We therefore postulate that
lysogenic bacteria are likely resistant rather than only immune to temperate phages.

One-Sentence Summary: Naturally occurring lysogens are likely to be resistant, and not only
immune, to bacteriophages encoded by their prophage.
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Main Text:

Functionally and ecologically, the single most significant difference among bacteriophages is
whether they are purely virulent (lytic) or temperate. Virulent phages, a major source of bacterial
mortality (/), can only be transmitted horizontally, commonly with the death of the infected
bacterium and subsequent release of phage particles (2). Temperate phages can also replicate and
be transmitted horizontally, but with a low probability, their genome can become incorporated into
that of the infected bacterium as a prophage (3), forming lysogens. The infected lysogen survives
and the phage genome, borne by this bacterium, is then transmitted vertically during cell division
(3, 4). For both temperate and virulent phages, selection favors bacteria that are not killed by the
infecting virus. For bacteria infected by virulent phages, survival is achieved by resistance;
commonly due to mutations in the receptor site, which prevent adsorption and make the host
bacteria refractory to the phages (5). For lysogens infected by the temperate phages encoded by
their prophages, survival is achieved by immunity, where the infection is aborted, and the infecting
phage is eliminated (5). This distinction between resistance and immunity is drawn primarily from

experiments with laboratory strains (6, 7).

Here, we investigate the validity of the interpretation that immunity and resistance are separate
phenomena of temperate and lytic phages, respectively. Using a mathematical model and
experiments with Escherichia coli, the phage lambda (), and naturally occurring lysogenic E. coli
and their temperate phages, we explore the population and evolutionary dynamics of virulent and
temperate phages and lysogenic bacteria. Contrary to the traditional interpretation, our findings
demonstrate that lysogens are likely to be resistant as well as immune to the temperate phages

coded by their prophage.
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Results

In Figure 1, we present a diagram of a mathematical model of the population and evolutionary
dynamics of virulent and temperate bacteriophages and their bacterial hosts. This model includes
populations of non-lysogens (N) and lysogens (L), and free temperate phages (P), as cells and
particles per mL, respectively. It also allows for a virulent phage population (V) that shares the
same receptor as the temperate phage, and refractory mutants of the lysogens, Lgr, as well as
sensitive non-lysogens, Nr. Phage infection is a mass action process where the viruses adsorb to
the bacteria at rates proportional to the product of their density and rate constants 5, and oy for the

temperate and lytic phages, respectively (§).

With a probability A (0 < A <I), infections of sensitive bacteria with temperate phage form
lysogens. The remaining fraction (1-A) of infections by the temperate phages are lytic, and each
infected bacterium bursts to yield Bp phage particles. Each infection of sensitive non-lysogenic and
lysogenic bacteria with the virulent phages produces Bv phage particles. We neglect the lag phase

of the bacteria and the latent periods for the phages, and assume that the likelihood of lysogeny is

independent of the multiplicity of infection (9, 10)

The rate of growth of the bacteria is equal to the product of their maximum rates v, Vur, Vi, Vir (per
hour) and a hyperbolic function, y(R), of the concentration of a limiting resource (R, pg/ml) (17)
(see Equation S1). The limiting resource is consumed at a rate equal to the product of the sum of
the products of the density and maximum growth rate of the bacteria, and a conversion efficiency
parameter, e, pg/cell (/2). The rates of mutations L>Lgr, Lk2L, N->Ngr, and Nr=>N are,
respectively i, M, War and pm per cell per hour (/3). To account for the decline in the
physiological state as the bacteria approach stationary phase (R = 0), we assume that the rates of

phage infection and mutation decline at rates proportional to y(R). The seven coupled differential
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equations for this model are presented in Equations S2—S8 and the values of the parameters used

in our numerical solutions (simulations) are presented in Table S1. Although our primary focus in

this study is temperate phages and lysogeny, this is a general model of the population and

evolutionary dynamics of bacteria and their virulent and temperate phages.

We then explored the generality and fit of this model with the predictions made in our analysis of
its properties, as presented in Figure S1, and the parallel experiments with E. coli and the phages

L and AV, presented in Figure S2.

We present the predictions from simulated serial transfer populations initiated with sensitive
bacteria, N, free temperate phages, P, and a minority population of resistant non-lysogens, Nr
(Figure 2A). As anticipated by the traditional view of lysogeny, within short order, lysogens were
produced and ascended in density to become the dominant bacterial population. The resistant non-
lysogens also increased in frequency and achieved a density similar to that of the lysogenic
population. This was due to selection mediated by their resistance to the free temperate phages.

The population of resistant lysogens (Lr) also increased in frequency but remained a minority.

We conducted parallel experiments where a low density of free A temperate phages was inoculated
into a population of A-sensitive E. coli containing a minority population of A-resistant E. coli (Fig.
2B, with replicas shown in Fig. S3). As predicted by our model, the resistant non-lysogens
increased in frequency, as did a novel population that was both refractory to phage A (Fig. S4) and

lysogenic for the same phage, resistant lysogens.

To more extensively explore the conditions under which populations of resistant lysogens ascend
and are maintained, we added to our simulations a virulent phage that shares the same receptor as
the temperate phage. Under these conditions, the selection for resistance should be more intense.

This can be seen in Figure 2C, where resistant lysogens (Lr), as well as resistant non-lysogens
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(Nr), became the dominant bacterial populations. To explore the validity of this prediction
experimentally, we initiated serial transfer populations with sensitive E. coli and both temperate
and virulent A (Fig. 2D). The results of this experiment are qualitatively consistent with the
predictions of the simulations. Resistant non-lysogens, with mal/T mutations similar to what has
been reported in other E. coli resistant to A-phage ((/4, 15); Fig. S5), which ascend and become
the dominant bacterial population followed by lysogens and resistant lysogens (see Fig. S3 for the

replicas of these experiments).

Our model and experiments make two predictions: (i) When a population of sensitive bacteria are
infected by temperate phages, not only will lysogens be generated, but also resistant lysogens will
be formed and increase in density; (ii) If the community includes virulent phages that share the
same receptor as the temperate phage, resistant lysogens will ascend and become the dominant
population of lysogens. In this interpretation, naturally occurring lysogens are likely to be
refractory to the phage coded by their prophage. To test these predictions, we used a set of naturally
occurring (wild) lysogenic E. coli with different prophages from sewage and the gut microbiomes
of infants (/6). We induced these wild lysogens to produce free temperate phages which we then
used to infect the lysogens from whence they came (Table S2). Consistent with the prediction of
our model and the above-described experiments with A (Fig. 2), all ten naturally occurring lysogens
were refractory to the free phages generated by induction (Figure 3A). As a control for these
experiments, A-sensitive E. coli C, A lysogens, and AVi-resistant bacteria were infected with a
temperate A-phage, coding for a kanamycin resistance gene, AKAN, As anticipated, the phages
replicated on the sensitive non-lysogens but not the AVi"-resistant . coli. However, not anticipated
was the marked increase in the density of free phages in the control experiment with A lysogens

infected by temperate A-phage (Figs. 3A and 3B, shaded areas).
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To test the hypothesis that the resistance of naturally occurring lysogens to the phages coded by
their prophages is a property of the bacteria rather than that of the prophages, we constructed
lysogens by infecting E. coli C with each of the wild phages (Table S2). All ten wild phages formed
lysogens with E. coli C. These lysogenic E. coli C did not appear refractory to their respective free
phages (Fig. 3B). They behaved like A lysogens infected with A (Fig. 3B, shaded area). Most
intriguingly, similar to the A lysogens in the control experiment (shaded areas of Fig. 3), when the
E. coli C lysogens were infected with a low density of free temperate phages, high densities of free

phages were produced.

The observation that when infected with free phages, both the A and E. coli C lysogens generated
high densities of free phages (Fig. 3B) was unexpected. It suggested that lysogens were induced
when infected with the temperate phages coded by their prophage. We postulated that infections
with temperate phages induced lysogens by mounting an SOS response, as would be the case when
exposed to ultraviolet light or other SOS-inducing insults (/7-19). To test this hypothesis, a Arec4
E. coli construct obtained from the KEIO collection was lysogenized with A and reinfected with
free A (20). Contrary to that observed with the recA™ lysogen (Fig. 3B), infection of the ArecA A
lysogen with free A-phage did not generate a high density of free phage (Fig. S6A). To further test
the hypothesis that infections with free A induce A lysogens by generating an SOS response, we
transformed the ArecA E. coli A lysogens with plasmids either lacking or bearing recA (Fig. S7).
With the cells bearing a functional recA in trans, the lysogens were induced at a high rate (Fig.

S6B). This did not occur with the plasmid without rec4 (Fig. S6C).
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Discussion

We set out to explore the validity of the generally assumed distinction between immunity and
resistance — two mechanisms bacteria employ in response to phage infection. Contrary to the
traditional assumption that lysogenic bacteria are solely immune to the phage coded by their
prophage (21), the results of our study suggest that they are also likely to be resistant (refractory).
Our mathematical models, computer simulations, and experiments with E. coli and the phage A
predicted this result. Our tests using naturally occurring lysogenic E. coli, support this prediction,

as all ten wild lysogens tested were refractory to the phage coded by their prophages.

These models and experiments also predict that if the bacterial community includes virulent phages
that share the same receptors as the temperate phage, the lysogenic population will be dominated
by cells that are resistant (refractory) to the temperate phages. Overall, in this study, we predict
that naturally occurring lysogenic bacteria will be both immune and resistant to the phages coded

by their prophage.

From an ecological and evolutionary perspective, resistance to the phages coded by their prophage
would be an asset. The prophage genome will be transmitted vertically, and the free temperate
phages will be continually produced by induction. These free temperate phages will then be
capable of infecting sensitive non-lysogens, thereby expanding the range of bacteria bearing that
prophage. Simultaneously, these lysogens, and thereby the temperate phages they encode, will not
be subject to extinction by virulent phages capable of adsorbing to the same receptors as those of

the temperate phages.

The high rate of induction noted after the sensitive lysogens encountered the temperate phages
coded by their prophage was unexpected. Prophage excision owing to phage infection by

dissimilar infecting phages has been reported (22, 23). However, we were unable to find reports
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of infections with temperate phages for which the bacteria are already immune leading to excision

of prophages.

The molecular biologist Jacques Monod quipped that “What is true for E. coli is true for elephants,
only more so” (24). While we appreciate this form of inductive inference, we understand that all
of the experiments reported here were conducted only with E. coli. We postulate that naturally
occurring lysogenic bacteria of any species that can produce resistant mutants will be resistant to

the phages coded by their prophage.
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Fig. 1. Model of population and evolutionary dynamics of temperate and lytic phages.
Population and evolutionary dynamics of lytic and temperate phages with non-lysogenic and
lysogenic bacteria are shown. There is a population of temperate phage, P; a population of
virulent phage, V, that shares the same receptor with the temperate phage; a phage-sensitive non-
lysogenic bacterial population, N; a refractory non-lysogenic bacterial population, Ng; a virulent-
phage-sensitive lysogenic bacterial population, L; and a refractory lysogenic bacterial

population, Lr. For the definitions, dimensions, and parameter values, see Table S1.

Fig. 2. Population dynamics for lysogeny in mixed populations with and without the
presence of a virulent phage. (Top section) Simulation results with parameter values in the
range estimated for Escherichia coli and lambda (A) phage (Table S1). (Lower section)
Experiments with sensitive and A-resistant E. coli, AN, and AV". Changes in bacterial (colony-
forming units per mL) and phage (plaque-forming units per mL) density in 24 h serial transfer
populations with a 1/100 dilution factor are shown for: (A) Simulation initiated with 10°
sensitive bacteria and 10* resistant non-lysogens with 10° temperate phage per mL; (B)
experimental culture initiated with ~10° A-sensitive E. coli and ~10* A-resistant STRR E. coli,
and ~10° temperate phage with kanamycin resistance, A*AN; (C) simulation initiated with 10°
phage-sensitive bacteria, 107 temperate phages, and 107 virulent phages that share the same
receptor as the temperate phage; (D) experimental culture initiated with ~10° A-sensitive
bacteria, ~107 temperate phage with kanamycin resistance, AKAN, and ~107 virulent mutants of A,

kVir

Fig. 3. Susceptibility and resistance of naturally occurring and E. coli C constructed
lysogens. Ratios of free phage density after 0.5, 1, and 3 h relative to that at 0 h (To). Means and

standard deviations of the ratios of three replicas are presented. (Shaded regions) Infections with

13


https://doi.org/10.1101/2022.05.11.491505
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.11.491505; this version posted May 11, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.
phage lambda (1) in three distinct bacterial states: A-sensitive (A-S), A-lysogen (A-L), and A-
resistant (A-R). (A) Naturally occurring lysogens (W) infected with a low multiplicity of
infection of their induced free phages for which they are lysogenic. (B) Constructed E. coli C

lysogens (L) infected with a low multiplicity of induced free phages for which they are

lysogenic. See Table S2 for designations and sources of the strains.
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