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Abstract

Upon infecting a bacterial cell, temperate phages make a decision between lysis and lysogeny. While research has previously explored how
phages sense environmental information to make this choice, most studies have focused on modelling known mechanisms that impact the
decision. These mechanisms tell us what environmental information the phage does respond to, but not what it should respond to, as the
signals sensed by the phage may serve as proxies for other sources of information. Here, using a mechanism-agnostic population dynamics
model, we find that irreversible phage binding to lysogens protects sensitive host cells from infection. This results in lysogens being an additional
environmental factor that the phage should sense while making its decision to undergo lysis or lysogeny. Using this model, we derive a responsive
lysogeny probability for phages that respond to both cell and lysogen densities optimized towards invading phage-occupied systems, and show
that it is more capable of invading and resisting invasion than phage with fixed lysogeny probabilities across different environmental conditions.
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Introduction

Bacteriophages are viruses of bacteria that generally kill their
hosts in order to produce more of themselves through the
process of lysis. However, temperate phages have an addi-
tional strategy to replicate their genome alongside that of
their host as a prophage, thus tying their reproductive fit-
ness to that of their host. These prophage-carrying bacteria,
known as lysogens, can reactivate at a later point in time, ul-
timately releasing phage particles through the lysis and death
of the lysogen (Ptashne, 2004).

The existence of these two different modes of replication
suggests that conditions exist where each mode of replica-
tion is advantageous over the other. It has been suggested
that the lytic mode is favored at high susceptible host den-
sities and low resources, whereas the lysogenic mode is fa-
vored at low host densities and high resources (Steward &
Levin, 1984; Wahl et al, 2019; Li et al, 2020). Mathemat-
ical models of phage-bacteria populations have sought to
examine these conditions, as well as conditions that favor
intermediate strategies, where phages choose lysogeny or ly-
sis with some probability (Stewart & Levin, 1984; Maslov
& Sneppen, 2015; Sinha et al, 2017; Wahl et al, 2019).

Temperate phages, however, do not necessarily use a fixed
probability of lysogeny. Among the different phage species,
the process of undergoing lysis or lysogeny is a respon-
sive choice, decided upon during the infection of the host,
that is capable of integrating various sources of informa-
tion, the most salient of which is the number of co-infecting
phages (Zeng et al., 2010). However, various phages use
a variety of other mechanisms to gather information from
environmental factors, such as those tied to the state of
the cell (St-Pierre & Endy, 2008) and the concentration of
phage quorum-sensing molecules (Erez et al., 2017; Bruce
et al, 2021). Responsive mechanisms to different sources
of information demonstrate that the lysis-lysogeny decision

can be a dynamic process, changing with environmental
conditions.

Phages also have a variety of mechanisms to confer super-
infection inhibition, where upon infecting a cell, the phage
prevents its host from being infected by identical or simi-
lar phages. Superinfection inhibition can be broadly grouped
into two categories: superinfection exclusion, where super-
infection is interrupted prior to the injection of the super-
infecting phage DNA, and superinfection immunity, which
inhibits the replication of the post-translocated DNA (Biggs
et al., 2021). Although the host is protected from superin-
fection by either superinfection exclusion or immunity, the
superinfecting phage experiences drastically different out-
comes, as phage adsorption leads to irreversible binding,
which is generally tied to the injection of phage DNA into the
host (Silva et al., 2016). With superinfection exclusion, the
invading phage is either unable to inject the DNA or unable
to bind at all, and thereby generally has the opportunity to
unbind from the protected host and search for another tar-
get; however, with superinfection immunity, the phage has
already irreversibly injected its DNA into the immune host
and has no opportunity to back out; it is already dead. This
process is known as sorptive scavenging, originally termed
to describe the binding of phages to sediment particles and
removal from seawater (Hewson & Fuhrman, 2003), but has
later been expanded to describe the sequestration of phages
by resistant cells (Simmons et al., 2020). Sorptive scaveng-
ing increases the decay rate of phages in environments with
lysogens that can irreversibly bind to the phage, and has im-
plications on the lysis-lysogeny decision and the dynamics
of a phage-bacteria system (Berryhill & Levin, 2025).

A previous model examining the conditions for lysis and
lysogeny made the assumption that lysogen resistance was
conferred by downregulating the binding receptor, and as
such the phage cannot bind to lysogens (Wahl et al., 2019).
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However, this model did not examine how the choice of im-
munity mechanism affects the behavior of the lysis-lysogeny
decision. Other models do include the nonproductive bind-
ing of phages to lysogens, but do not focus on the impact
that sorptive scavenging has, instead often extending the
model to focus on additional mechanisms that impact the
lysis-lysogeny decision (Bruce et al., 2021). As superinfec-
tion immunity would create an environment where phages
continue to bind and inject their DNA into immune lysogens,
this would likely alter the optimal decision choice.

We begin by examining the impact of nonproductive bind-
ing of phages to lysogens on the lysis-lysogeny decision in
order to determine a responsive function that can be used as
a responsive lysogeny function. We then calculate responsive
rates of lysogeny optimizing for invasion when rare in envi-
ronments with and without binding to lysogens, and show
that phages that do not respond to lysogens perform poorly
in environments with binding to lysogens. Finally, we show
that the responsive lysogeny rate is capable of invading sys-
tems under more conditions than a fixed lysogeny probabil-
ity, suggesting the number of lysogens in the environment
is an important source of information in determining the
outcome of the lysis-lysogeny decision in environments with
sorptive scavenging by lysogens.

Methods

Epidemiological model

Our model is a simple no-delay mass-action kinetic model
with implicit resources in a chemostat-like setup (Figure
1). We track uninfected sensitive host cells S, lysogenic cells
L and free phage particles V. All cells grow at the same rate
¥, which is dependent on the total number of living cells
and the carrying capacity K of the system, with a maximum
rate of t (Figure 1A). All species flow out of the system at
the same rate w, and there is a constant inflow of sensitive
cells at rate ¢, as in a two-stage chemostat. Phage particles
bind to both sensitive cells and lysogens at rate b and are
removed from the system. If a phage particle binds to a sen-
sitive cell, the cell either transforms into lysogen with a prob-
ability p, or immediately undergoes lysis, producing 8 new
phage particles with a probability of 1-p (Figure 1B). Addi-
tionally, lysogens induce at a rate i, dying and producing 8
new phage particles (Figure 1C). We assume lysogens can-
not be reinfected, and are perfectly immune to all modelled
phages (Figure 1D). This model can be extended for up to N
phages, but in this study are limited to 1 or 2 phages.

This model was chosen to emphasize intermediate lysis-
lysogeny rates, as it has been shown that pure lysogeny is
preferred in any non-fluctuating system without an inflow
of sensitive cells (Wahl et al., 2019). The inflow of sensi-
tive cells may occur in different environments such as rivers,
sewage systems, or any such environment with a unidirec-
tional flow, in addition to environments with a resistant pop-
ulation of bacteria that loses resistance at high rates, such as
under phase variation (Shkoporov et al., 2021).

This results in the following model:

S _ s S—bSXN:V+ (1)
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Figure 1. Major transitions in the mathematical model. (A) In the
model, both sensitive and lysogenic cells self-replicate with rate ¥, which
is dependent on the total number of cells and the carrying capacity of the
system. (B) When a phage binds with a sensitive cell (with a rate of b),
the phage is consumed and the cell turns into a lysogen with a probability
p, otherwise the cell lyses and becomes B phages. (C) Lysogens have a
probability / of inducing, lysing and producing 8 phages. (D) Phages also
bind with lysogens at rate b, which destroys the phage. Not pictured: all
species flow out of the system at rate w, and new sensitive cells are
added with a rate c.

dv,
5 = (1= ps) oSV, — Vs
N
—b|S+) Ly | Vi+piL, (3)
x=1

where the growth rate v is equal to:
N
p=t(1-(S+) L,|K' (4)
n=1

For ease of modeling, we assume a no-delay model, where
lysis and lysogeny are both instantaneous upon binding to
a sensitive cell, though we include models with an interme-
diate state in Supplementary Material section 5. Adsorption
is modelled as a function combining an adsorption rate con-
stant and the concentration of phages and bacteria in the
system, and follows standard mass-action kinetics. These as-
sumptions are in line with similar models (Wahl et al., 2019,
Bruce et al., 2021).

For our calculations and simulations, the parameters and
default values are provided in Table 1, unless otherwise
stated.

During invasion analysis, 0.001 of invading phage and
lysogens were added to the system to begin the invasion.
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Table 1. List of parameters in the model.

Symbol Description Default value
T Maximum growth rate 1
K Maximum carrying capacity, at 10000
flow rate 0
® System flow rate 0.2
B Phage burst size 100
b Phage binding rate 0.01
i Phage induction rate 0.01
c Sensitive cell inflow rate 150

We refrain from using units, as all parameter choices are arbitrary.

Analytical calculations and simulations were done in
Mathematica 11.1 (Wolfram Research, Inc., 2017).

Results

Nonproductive binding protects sensitive cells

In previous studies, it has been experimentally shown that
bacteria which are immune to phage but can still bind have a
protective effect on the sensitive cells in the community, with
results akin to herd immunity (Payne et al., 2018; Brown
et al., 2022), but those studies limited their models to epi-
demic infections. We therefore examined whether sorptive
scavenging produces similar protective effects in a simulated
chemostatic model, and found similar results. We find that
nonproductive phage binding to lysogens greatly increases
the number of sensitive cells at equilibrium which is driven
by a marked reduction in free phage concentrations, whereas
the number of lysogens remains relatively unaffected (Figure
2). This suggests that the lysogens serving as sinks for phage
particles lowers the free phage levels and protect sensitive
cells in the environment, even under continuous flow condi-
tions.

Numerical simulations of fixed responses for
invasion when rare

As nonproductive binding of phages to lysogens has an ef-
fect on the equilibrium of the system (Figure 2), we exam-
ined how this affects how well phages can invade equilib-
ria of systems already occupied by a phage, identical to the
invading phage other than a different fixed lysogeny prob-
ability. To this end we simulated pairwise combinations of
phages with fixed lysogeny probabilities over extended peri-
ods of time, where a small amount of the invading phage
and corresponding lysogen is added to a system at equi-
librium already occupied by a resident phage (Figure 3A),
thus invading the system when the invader is rare. The re-
sults are similar to a pairwise invasibility plot (Brannstrom
et al., 2013), but additionally plots the degree of
coexistence.

We find that an optimal intermediate lysogeny probability
exists, which is capable of both resisting invasion and invad-
ing any non-optimal lysogeny probability (Figure 3A, inter-
section of the cross, white square). A resident phage with a
lysogeny probability less than the optimum can be invaded
by any phage with a greater lysogeny probability, even p = 1
(Figure 3A, red regions on the left), whereas resident phages
with a lysogeny probability greater than the optimal value
can be invaded by any phage with a lower lysogeny proba-
bility, even p = 0 (Figure 3A, red regions on the right). Ad-
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ditionally, two coexistence regions exist, where both phage
strains are mutually invasible and coexist to varying degrees.

Our results are qualitatively similar to the pairwise inva-
sibility plot described in Wahl et al. (2019), which modeled
epidemic infections with an inflow of sensitive cells but did
not include sorptive scavenging by lysogens. This suggests
that nonproductive binding to lysogens does not greatly im-
pact the dynamics of phage invasion when rare, as both resi-
dent and invading phage are equally impacted by binding to
lysogens. A closer comparison between environments with
and without nonproductive binding to lysogens shows that
the optimal fixed lysogeny probability is slightly greater in
environments without binding to lysogens (Figure 3B). This
may be due to the number of sensitive cells at equilibrium; in
environments where phages bind to lysogens, the number of
sensitive cells at equilibrium increases (Figure 2), which may
be more easily invaded by a phage that tends more towards
lysis.

We also note the difference in behavior slightly above
and slightly below the optimal fixed lysogeny probability. A
phage with a lysogeny probability slightly below optimal can
take over all systems below the optimal fixed lysogeny prob-
ability and coexists with phages with a higher fixed lysogeny
probability (Figure 3C, left). A phage with a lysogeny proba-
bility slightly above optimal has the opposite behavior: it can
take over all systems above the optimal fixed lysogeny prob-
ability and coexists with phages with a lower fixed lysogeny
probability (Figure 3C, right).

Although our simulations borrow the “invasion when
rare” assumption from adaptive dynamics (Brannstrom et
al., 2013) and yield similar results to the pairwise invasibil-
ity plot from Wahl et al. (2019), our interest does not solely
lie with long-term evolutionary outcomes. We are also inter-
ested in the space of all possible equilibria, and the subset of
which it is possible to invade.

Invasibility of equilibrium states by lytic phages
and lysogens

As all single-phage occupied equilibria have some number of
phages, lysogens and sensitive cells, we wished to determine
the set of these equilibria susceptible to invasion by. Since
the resident phages do not directly interact with the invading
phages or lysogens at the moment of invasion (as the initial
growth of invading phages and lysogens only indirectly de-
pend on resident phages, see Supplementary Material section
2.2-2.3), invasion is dependent solely on the number of sen-
sitive cells and resident lysogens at equilibrium. We then an-
alytically calculated the regions in which lytic phages and
lysogens are capable of invading when rare (Supplementary
Material section 2), for systems both with and without non-
productive phage binding to lysogens (Figure 4).

Without nonproductive binding of phage particles to lyso-
gens the ability for a lytic phage to invade is solely dependent
on the number of sensitive hosts at equilibrium and fixed
environmental parameters (Supplementary Material section
2.1.2), where the lytic phage can invade under the following

circumstances:
®

S > b E—1) (35)

This directly follows from the assumption that invading
phages do not directly interact with resident phages, but
only indirectly through the sensitive cells. The number of
sensitive cells required for invasion by lytic phage increases
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Figure 2. Nonproductive binding of phages to lysogens increases the number of sensitive cells at equilibrium, while decreasing the number of
free phage. (A) The number of free phages at equilibrium decreases when binding to lysogens is included (black triangles), compared to an equilibrium
with no binding to lysogens (white triangles). (B) The number of sensitive cells at equilibrium increases when binding to lysogens is included (black
squares) compared to without binding to lysogens (white squares), though the number of lysogens are relatively unaffected (circles, overlapping).
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Figure 4. The invasibility of a phage-occupied system. \ith
nonproductive phage binding, the system can be invaded by invading
lysogens in the dark gray regions (a), and by invading lytic phages in the
light gray regions (b), bounded by equation (7). The system cannot be
invaded in the white area (c). The dotted line represents the location of
the line demarcating b without nonproductive binding,

representing equation (5). The graph is truncated to regions where the
cell population is less than the carrying capacity K. Note that cell
populations never reach the theoretical carrying capacity K due to the
constant flow of the chemostat system, and region (a) is bounded by the
maximum achievable population of lysogens, K(1 — £ — 2).

T

as the flow rate w increases. It also decreases as the bind-
ing rate b or burst size B increase, as under those conditions
a phage burst is more likely to produce a phage that will
eventually bind to a sensitive cell, increasing the effective
burst size. This corresponds with the conclusion of Wahl et
al. (2019), where lysis is favored if sensitive host cells can be
maintained at a sufficiently high level.

When phages can bind nonproductively to lysogens, how-
ever, the ability for a lytic phage to invade additionally de-
pends on the number of lysogens at the moment of invasion
(Supplementary Material section 2.1.1), resulting in a vary-
ing threshold of sensitive cells (Figure 4) with the following
equation:

L<(/3—1)S—% (6)

Or, alternatively rearranged

L 1)
S>ﬂ—l+b(ﬂ—l) (7)

The second term in equation 7 is identical to that of lytic
invasion when lysogens do not bind to phages (Equation 35).
The difference lies in the additional first term, which is the
ratio of lysogens to the burst size. Thus, the number of sensi-
tive cells required for lytic invasion increases as the number
of lysogens increase due to sorptive scavenging, but the im-
pact of the number of lysogens decreases as the burst size
increases. Binding rate b does not play a role in this term as
the binding rate to sensitive cells and lysogens are identical,
and thus cancel out.

In our model, lysogens are identical to resident lysogens
other than producing a phage with a different lysogeny prob-
ability, and thus have the same growth rate as sensitive cells.
Thus, lysogens can invade under most conditions where the
total cell number does not exceed the carrying capacity, less
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the dilution and induction rate (Figure 4, Supplementary
Material section 2.3).

Using invasibility as a responsive function for
lysogeny

It is known that phage lysogeny probabilities are not
fixed, but instead depend on a number of external factors
(Herskowitz & Hagen, 1980; St-Pierre & Endy, 2008; Zeng
et al., 2010; Erez et al., 2017). Instead of implementing any
particular mechanism, we wished to ask the following: if a
phage genome, once injected into a susceptible host, had per-
fect information about the external environment, what infor-
mation should it respond to? and how well does it perform?
Equations 6 and 7 show that, in environments with sorp-
tive scavenging by lysogens, the number of lysogens partly
determines if lytic phages can invade. This is in addition to
the variables required in environments where phages do not
bind to lysogens: number of sensitive cells, burst size, bind-
ing rate, and flow rate.

The molecular mechanisms by which phages can sense this
information is not the focus of this work, as here we show
through mathematical analysis what information should be
sensed in order to accurately determine whether lytic inva-
sion of an equilibrium is possible, which we suggest is bene-
ficial for the phage to determine.

Using the equations above, we decided to implement a re-
sponsive lysogeny function where the phage undergoes lysis
under conditions where lytic phages can invade, and oth-
erwise undergoes lysogeny. In line with previous examina-
tions of responsive functions (Sinha et al., 2017), we fix the
probability of lysogeny to 1 in the regions where lytic phage
cannot invade, and to 0 where lytic phage can invade, with
a smooth transition fitted to the logistic function, such that
the invasion-optimal responsive lysogeny function for envi-
ronments with no binding (nb) to lysogens is

1

Db = (8)

14 ()
and the responsive lysogeny function for environments

with binding (wb) to lysogens is

1
1+ e~ (EL=((6-1)5-%))

buwb = 9)

where T L is the sum of all species of lysogens in the sys-
tem. We would like to note for clarity that this is not an evo-
lutionary stable strategy, which is unable to be invaded; in-
stead, this function maximizes its ability to invade, but does
not explicitly maximize its ability to also resist invasion.

Simulations show that the phage with p,,, fares poorly in
environments where phages bind to lysogens. It is only capa-
ble of invading systems where the resident phages are lytic
or have a lysogeny probability greater than the optimal fixed
probability, and even then only coexists as free phages with
no lysogens (Figure SA, left). It is also susceptible to inva-
sion by phages with any nonzero fixed lysogeny probability
(Figure SA, right). This can be understood as a mismatch
between the responsive function and the environment: the
phage systematically undercalculates the decay rate of the
phage in the environment as it is unable to respond to
the number of lysogens, and consistently chooses lysis
in environments where lytic replication is not supported.
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Figure 5. Invasibility plots of fixed and responsive lysogeny rates. (A) Phages and lysogens with responsive lysogeny rate that does not respond to
lysogens (pnp) invade systems of phages with a fixed lysogeny probability at analytical equilibrium (left), or are simulated to equilibrium and invaded by
phages and lysogens with a fixed lysogeny probability (right). (B) Phages and lysogens with responsive lysogeny rate that does respond to lysogens
(pwp) invade a system of phages with a fixed lysogeny probability at analytical equilibrium (left), or are simulated to equilibrium and invaded by phages
and lysogens with a fixed lysogeny probability (right). Black lines in A and B correspond to the optimal fixed lysogeny probability, p ~ 0.527.(C) Phages
and lysogens with a fixed probability of lysogeny p = 0.527 invades a system of phages with fixed lysogeny probability at analytical equilibrium at
different flow rates (w, left) or influx of sensitive cells (c, right). (D) Phages and lysogens with responsive lysogeny rate p,,, invade a system of fixed
lysogeny phages at analytical equilibrium at different flow rates (w, left) or influx of sensitive cells (c, right). All systems were simulated to t = 70"
post-invasion. White lines in C and D correspond with the parameter set (w=0.2, ¢ = 750), which are the same parameters used in A and B.
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Pap performs better in a matched environment where phages
do not bind to lysogens (Figure S1).

On the other hand, the phage with p,,, fares well in envi-
ronments with binding to lysogens, and can invade all non-
optimal fixed lysogeny probability phage-occupied systems
at equilibrium (Figure 5B, left) with a behavior similar to
that of a phage with a fixed lysogeny probability slightly
below optimal (Figure 3C, left). Additionally, systems occu-
pied by phage and lysogens with p,,;, at equilibrium fully
resists invasion by phages with a fixed lysogeny probability
less than the optimal fixed probability, but can still be in-
vaded by phages with a fixed probability of lysogeny above
the optimal fixed probability (Figure 5B, right). This may
be due to the fact that p,,, is optimized for invasion when
rare; when the p,,;, phage is no longer rare, the function is
no longer optimal, and appears to settle on a lysogeny prob-
ability slightly lower than optimal.

Although phages with an optimal fixed lysogeny probabil-
ity can outperform those with a responsive lysogeny prob-
ability, this is strongly environment-dependent, as the op-
timal fixed lysogeny probability changes alongside changes
to the environmental parameters (Figure 5C). The respon-
sive lysogeny probability phages, in contrast, change their
behavior in response to changes in the environmental pa-
rameters, and thereby can outperform the fixed lysogeny
probability phage under a wider range of conditions
(Figure SD).

Discussion

The lysis-lysogeny decision in phages, in particular phage
lambda, has been studied in great detail since the advent of
molecular biology, unveiling the molecular machinery and
genetic regulatory networks involved in making the fate
choice between lysis and lysogeny (Ptashne, 2004). At the
same time, several models have been proposed to justify the
existence of lysogeny, often invoking changes in environ-
mental conditions which shift from favoring one life strat-
egy to another (Stewart & Levin, 1984; Maslov & Sneppen,
2015; Cheong et al., 2022).

But in order to make a decision, a system requires infor-
mation. It has been shown that a number of factors can im-
pact the lysis-lysogeny decision, such as multiplicity of infec-
tion (MOI), cell energy-growth state (Herskowitz & Hagen,
1980; Pleska et al., 2018), cell size (St-Pierre & Endy, 2008;
Zeng et al., 2010) and quorum-sensing systems (Erez et al.,
2017). These factors provide information about the state of
the external environment, such as nutrient availability and
flow rate, that the phage requires to make its decision; how-
ever, as we are limited to only known mechanisms and do not
know what environmental information is important, it can
be difficult to determine what information provided by these
mechanisms are useful. Information received by the mecha-
nism is additionally constrained by the physical limitations
of gathering the information from inside the cell, resulting
in integrating indirect information about the state of the ex-
ternal environment. For example, a phage genome within
a cell cannot directly sense the number of phages or host
availability in the environment, and must rely on indirect
sources of information instead, such as the number of con-
currently bound phages. Though much work has been done
to examine the molecular mechanisms of how all these fac-
tors interplay in the lysis-lysogeny decision, nevertheless the

1371

question remains: what information does the system actually
care about?

In our work we find that the introduction of sorptive scav-
enging of free phages by lysogens increases the number of
sensitive cells and decreases the number of phages at equi-
librium. This leads to a small decrease in the optimal fixed
lysogeny probability, as equilibria with more sensitive cells
can be more readily exploited by phages that tend more to-
wards lysis. We show that the addition of sorptive scaveng-
ing by lysogens results in the invasibility of an equilibrium
becoming additionally dependent upon the number of lyso-
gens. We then found that, under these conditions, phages
with a responsive lysogeny probability that responds to the
number of lysogens are more capable of both invading and
also resisting invasion, compared to phages that do not re-
spond to the number of lysogens. Although the responsive
strategy cannot invade the optimal fixed strategy in a given
environment, it can invade any non-optimal fixed strategy
in any environment, thus performing well across different
environments.

Here we focus on sorptive scavenging and its effect
on what information should be sensed to make the lysis-
lysogeny decision, as sorptive scavenging is a general mech-
anism that applies to any system without superinfection ex-
clusion, independent of the mechanism by which informa-
tion is sensed. The question naturally arises, then, of how
the mechanism-agnostic responsive lysogeny function com-
pares to known biological mechanisms influencing the lysis-
lysogeny decision. Temperate phages have been shown to
have multiple systems known to influence the probability of
lysogeny, which have been thought to provide useful infor-
mation about the environment (Zeng et al., 2010; Erez et al.
2017; Silpe & Bassler, 2019).

Although not the focus of this study, a preliminary treat-
ment comparing the responsive lysogeny function to arbi-
trium or the phage/cell ratio shows that the mechanistically-
informed functions perform poorly in comparison to p,,,
(Supplementary Material section 4). Both rely on the ex-
istence of a threshold (either arbitrium concentration or
phage/cell ratio) to switch between lysis and lysogeny, and,
similar to a fixed lysogeny probability, although an opti-
mal threshold exists for a given set of environmental pa-
rameters, this threshold changes when environmental pa-
rameters change (Figures S2AB, S3AB, S4A). The respon-
sive lysogeny function p,,;, is an idealized responsive func-
tion optimized towards invasion, and, as it can directly
sense the environmental parameters (such as flow rate) and
species (such as number of cells) of the system, it outper-
forms the mechanistically-informed functions, which can
only sense those parameters indirectly if at all (Figures S2C,
S3C). Additionally, this may also suggest that responsive-
ness to phage/cell ratio and arbitrium may have evolved
in non-chemostatic conditions where environmental condi-
tions do not change, as they respond to large changes in host
availability found in fluctuating environments or epidemic
conditions (Berngruber et al., 2013; Doekes et al., 2021).

Integrating information from the environment to make
decisions in phages is not limited to the lysis-lysogeny de-
cision. Lysis timing is another decision that can vary based
on environmental conditions (Moussa et al., 2012; Bednarek
et al. 2022) and can be examined under a similar frame-
work. Additionally lysogen induction is another decision
which benefits by responding to environmental conditions,
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as it has been shown that prophages can induce in response
to changes in the environment (Ptashne, 2004; Bruce et al.,
2021).

The effect of nonproductive binding can also impact other
phage life strategies. Pseudolysogeny occurs when phages do
not integrate their genome into the host, yet still persist and
transmit vertically, and can become resistant to other sister
phages (Méntynen et al., 2021). It has been shown that pseu-
dolysogeny can be MOI-dependent, with increasing MOI
decreasing lysis probability (Sanchez-Martinez et al., 2025),
which suggests that the nonproductive binding of phages to
pseudolysogens could also reduce free phage and thus effec-
tive MOL.

Some phages can also adopt a lifestyle of productive
chronic infection, where, instead of lysing the host cell, the
chronically infected cell can constantly release phage parti-
cles without lysing (Mantynen et al., 2021). Nonproductive
binding by chronically infected cells, however, would reduce
the total number of free phages in the environment as the
number of infected cells increase, and may result in changes
in budding rate to reduce the resources spent on producing
phages that have a low chance of finding a susceptible host.

Our system models a continuous mass-action kinetics
chemostatic environment, with a constant inflow of sensi-
tive cells. This was chosen to model steady-state dynamics
and invasion at equilibrium, as it has been previously shown
that, in systems without periodic fluctuations, pure lysogeny
is preferred when there is no inflow of sensitive cells (Wahl
et al., 2019). Environments with a consistent inflow of sen-
sitive cells can exist in rivers, sewage systems, or any such
environment with a unidirectional flow, in addition to envi-
ronments with a resistant population which loses resistance
at high rates, such as under phase variation (Shkoporov et
al., 2021).

Our model is not without caveats, as we used a simple
model for demonstration purposes. In reality, phage infec-
tions take time to progress and do not occur instantaneously.
During that time, it is possible for superinfections to oc-
cur, which would both sorptively scavenge more phages and
can provide information to the phage to make its lysogeny
decision. Binding of phages to these intermediate infected
cells increases the decay of free phages in the environment,
which thereby increases the number of sensitive cells re-
quired for lytic invasion (Supplementary Material section 3,
Figure S6AB). Additionally, the longer the intermediate in-
fected state persists, the more effective it is at reducing the
number of free phages (Figure S6CD).

We also assume that lysogens have perfect immunity, that
the cells do not evolve resistance, that phages, lysogens and
cells all have identical decay rates, and that lysogens and
cells have identical growth rates. Imperfect immunity would
drive down lysogen numbers as they are predated upon, but
would strongly depend on the magnitude of immunity. Addi-
tionally, imperfect immunity would provide a selection pres-
sure towards losing the receptor (Berryhill et al., 2023) and
may be a driver towards phages adopting superinfection ex-
clusion rather than immunity. The evolution of resistance
would eventually lead to the system being dominated by re-
sistant non-lysogens, as the lysogen population is constantly
being reduced by induction, unless the lysogens are able to
compensate with higher growth rates. Differing growth or
decay rates between species would affect how sensitive the
responsive lysogeny function responds to each, but would
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still respond to the number of lysogens. We use concepts bor-
rowed from adaptive dynamics to evaluate our phages, such
as the assumption that mutants invade only when the sys-
tem is at dynamical equilibrium (Brannstrom et al., 2013),
which we recognize may be of limited applicability in phages
as phages have a high mutation rate and can greatly vary in
phenotype with small mutations.

Finally, we should acknowledge that these simulations are
that of well-mixed environments, as opposed to structurally-
organized environments such as biofilms and microcolonies.
Phages coexist in nature with the hosts they predate upon,
and in many cases their hosts form a spatial structure that
impacts the dynamics and spread of phages (Abedon, 2012),
but result in systems that are more complex to implement
and analyze.

In conclusion, lysogens that sorptively scavenge phages
from the environment protect sensitive cells from infection.
This results in a decreased optimal fixed lysogeny probabil-
ity as the number of sensitive cells increases, and additionally
increases the number of sensitive cells required at equilib-
rium for lytic phages to invade. We further show that, un-
der these conditions, phages with a lysogeny probability that
responds to the number of lysogens outperform those that
cannot, suggesting that it may be beneficial for a phage to
sense the number of lysogens in its environment.
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