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Abstract  
When  the  temperate  phage  λ infects  its  host,  the  bacterium  Escherichia  coli  ,  it  can  either  replicate  to  form  new  progeny  (lytic  growth)  or

 integrate  its  genome  into  the  host  chromosome  (lysogenization).  Crucially,  the probability  of  lysis  or  lysogeny  is  tightly  regulated  and

 varies  with  phage  and  host  genotypes  and  the  environment.  In  particular,  the  number  of  viruses  coinfecting  the  same  host  cell  is  known  to

 have  a  strong  effect  on  the  outcome  of  the  infection,  leading  to  phenotypic  plasticity:  the  probability  of  lysogenization  is  higher  when  the

 cellular  multiplicity  of  infection  (MOI)  increases.  However,  the  selective  forces  driving  the  evolution  of  plasticity  in  phage  λ remain  unclear.

 Here,  we  analyze  the  evolution  of  the  plasticity  of  lysogenization  and  show  that  a  MOI-varying  strategy  is  adaptive  when  the  abundance

 of  susceptible  cells  fluctuates  periodically.  We  study  how  the  speed  of  these  fluctuations  and  various  within-host decision  rules  affect  the

 evolution  of  viral  plasticity.  Our  results  suggest  that  the  complex  genetic  regulation  of  lysogeny  in  temperate phages  can  be  shaped  by

 natural  selection  allowing  viruses  to  use  the  MOI  as  indirect  information  to  persist  in  environments  with  fluctuating  host  densities.
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Introduction

Bacteriophages  (‘phage’),  viruses  that  exclusively  infect  bacteria,  are

 among  the  most  abundant  and  diverse  entities  in  the  biosphere  (  Bergh

 et  al.  1989;  Edwards  and  Rohwer  2005;  Suttle  2007;  Breitbart  2012;

 Wigington  et  al.  2016;  Gregory  et  al.  2019).  Phages  can  adopt  different

 host  exploitation  strategies.  While  infections  by  virulent  phages  are

 typically  short-lived  and  end  with  bacterial  lysis  and  the  release  of

 new  virus particles,  the  life  cycle  of  temperate  phages  includes  two

 alternative  paths:  lysis  or  lysogeny.  Lysis  allows  the  temperate  phage

 to  rapidly  produce  new  virions and,  like  virulent  phages,  to  transmit

 horizontally  to  new  hosts. In  contrast,  lysogeny  is  characterized  by  the

 vertical  transmission  of  the  phage  genome  from  mother  to  daughter

 cells. 

The  discovery  of  lysogeny  a  century  ago  (  Bail  1925;  Bordet  1925;

 Lwoff  1953)  sparked  major  advances  in  molecular  biology  and  in

 deciphering  gene  regulation. In  particular,  the  study  of  the  temper-

 ate phage  λ has  shed  light  on  the  genetic  machinery  governing  the

 lysis–lysogeny  decision,  i.e.  the  probability  of  lysogenization  after

 the  infection  of  a  bacterium  (  Lederberg  1951;  Gottesman  and  Weis-

 berg  2004;  Ptashne  2004).  The  genetic  switch  that  allows  phage  λ to

 shape  the  host  fate  (lysis  vs.  lysogeny)  is  regulated,  in  part,  by  the

 expression  of  a  consortium  of  lysis-  and  lysogeny-associated  genes—a
 

more  comprehensive  treatment  is  available  elsewhere  (  Ptashne  2004;

 Golding  2011,  2018).  Briefly,  the  late  expression  of  the  gene  cI  leads

 to  the  production  and  dimerization of  the  CI  repressor  protein  that

 suppresses  the  expression  of  other  phage  genes  while  activating  its

 own  transcription.  This  down-regulation  of  lysis-associated  genes,

 including  the  cro  gene,  allows  lysogens  to  divide  and  transmit  the

 prophage  vertically.  In  contrast,  the  gene  cro  is  a  (potentially  weak)

 antagonist  of  lysogeny-associated  genes  (primarily  cII  which  then  acti-

 vates  other  genes  including  cI  )  (  Oppenheim  et  al.  2005;  Svenningsen

 et  al.  2005).  The  expression  of  cro  and  the  subsequent  up-regulation

 of  lysis-associated  phage  genes  leads  to  the  initiation  of  a  productive

 infection  and  the  lysis  of  infected  cells.
 

Systems  biology  models  of  the  within-cell  dynamics  of  the  accumu-

 lation  of  lysogeny-  and  lysis-associated  gene  products  have  explored

 the  role  of  spontaneous  biochemical  noise  in  shaping  alternative  cell

 fates  (  Arkin  et  al.  1998).  Models  have  also  shown  how  deterministic

 feedback  drives  reproducible  outcomes,  such  that  cell  fate  is  not

 driven  exclusively  by  within-host  stochasticity  (  Weitz  et  al.  2008;  Joh

 and  Weitz  2011;  Bednarz  et  al.  2014;  Gandon  2016;  Golding  2018).

 Deterministic  factors—including  phage  genotype,  host  genotype,  host

 physiology,  and  abiotic  environmental  factors—can  impact  the  prob-

 ability  of  lysogenization  upon  infection  and  the  induction  rate  of
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lysogens.  In  particular,  the  probability  of  lysogenization  of  phage  λ  has

 been  shown  to  increase  with  the  multiplicity  of  infection  (MOI)  (  Fry

 1959;  Kourilsky  1973;  Zeng  et  al.  2010;  Golding  2016,  2018;  Geng  et  al.

 2024).  Single-cell  studies  have  revealed  the  importance  of  host,  virus-

 associated,  and  environmental  factors  in  regulating  the  fate  of  an

 infected  cell  (  Shao  et  al.  2019;  Yao  et  al.  2021;  Nguyen  et  al.  2024).  Both

 population-scale  and  single-cell  studies  tend  to  show  that  the  lysis–

 lysogeny  decision  is  a  tightly regulated  phenotypic  trait  that  varies

 ‘plastically’  with  different  environmental  factors  (  Fig.  1).  We  use  the

 term  phenotypic  plasticity  here  to  refer  to  the  ability  of  a  genotype  to

 produce  different  phenotypes  in  response  to  distinct  environmental

 conditions  (  Sommer  2020).  Here,  we  study  how  a  specific  phenotype  of

 phage  λ —the  lysis–lysogeny  decision—varies  with  a  specific  environ-

 mental condition—the  number  of  phages  coinfecting  a  single  cell,  the

 MOI.  The  role  of  natural  selection  in  shaping  the  plasticity  of  the  phage

 λ genetic  switch  remains  unclear.  In  other  words,  is  the  observed

 plasticity  of  the  lysogeny  of  phage  λ adaptive?  To  answer  this question,

 it  is  necessary  to  take  into  account  between-cell  interactions  at  the

 population  level,  and  how  environmental  factors  affect  the  dynamics

 of  both  the  virus  and  its  host. 

Theoretical  efforts  to  examine  the  evolutionary  basis  for  the  regu-

 lation  of  the  lysis–lysogeny  decision  switch  are  rooted  in  foundational

 efforts  to  address  an  apparent  dilemma:  why  be  temperate?  In  other

 words,  what  are  the  evolutionary  advantages  of  lysogeny  when  the

 lytic  pathway  generates  far  more  virions  (and  associated  viral  genome

 copies)  in  approximately  the  same,  if  not  a  shorter,  period  of  time  than

 does  prophage  integration  and  the  establishment  of  a  lysogen  (  Stewart

 and  Levin  1984)?  Despite  the  apparent  disadvantage  of  lysogeny,  early

 population  dynamic  models  of  competing  virulent  and  temperate

 phages  revealed  that  being  temperate  was  evolutionarily  beneficial

 in  fluctuating  environments,  outcompeting  virulent  phages  during

 periods  of  low  host  abundance  (  Stewart  and  Levin  1984).  More  recent

 work  has  revealed  the  basis  for  these  findings.  First,  the  reproductive

 output  of  horizontal  vs.  vertical  strategies  measured  in  terms  of  com-

 pleted  viral  life  cycles  differs  as  a  function  of  host  availability  (  Weitz

 et  al.  2019).  In  the  limit  of  low  susceptible  cell  densities,  lysogeny  pro-

 duces  more  infected  cells  than  does  lysis,  because  the  vast  majority  of

 extracellular  virions  will  decay/degrade  before  encountering  a  host  (  Li

 et  al.  2020;  Correa  et  al.  2021).  Second,  the  optimal  degree  of lysogeny

 can  itself  be  shaped  by  the  ecological  context.  An  intermediate,  evo-

 lutionarily  stable  probability  of  lysogeny  emerges  in  fluctuating  envi-

 ronments  in  which  lysis  is  favoured  during  resource-replete  periods

 and  lysogeny  enables  persistence  during  resource-scarce  periods,  e.g.

 as  demonstrated  in  models  both  with  (  Wahl  et  al.  2018;  Goel  et  al.  2025)

 and  without  (  Maslov  and  Sneppen  2015)  explicit  ecological  feedback.

 More  generally,  eco-evolutionary  models  have  found  evidence  that  the

 degree  of  lysis  vs.  lysogeny  could  be  a  function  of  the  environment,

 including  the  presence  of  lysis-associated  signalling  molecules  (  Doekes

 et  al.  2021a;  Shivam  et  al.  2022)  and  that  viruses  whose  decisions

 are  context-dependent  can  outcompete  viruses  with  fixed  strategies

 ( Cheong  et  al.  2022).  Altogether,  these  models  imply  that  viral  plasticity

 is  de  facto  adaptive  without  establishing  how  within  and  between-host

 selection  is  coupled.
 

Here,  we  model  the  dynamics  of  the  temperate  phage  λ and  study

 how  selective  pressures  acting  on  the  lysis–lysogeny  decision  vary

 with  a  particular  feature:  the  MOI.  First,  we  focus  on  a  scenario

 in  which  the  lysis–lysogen  decision  evolves  freely  at  each  MOI. We

 show  that  periodic  fluctuations  of  host  density  drive  the  evolution

 of  plastic  strategies.  This  analysis  confirms  and  quantifies  the
 

Figure  1  Experimental  evidence  of  plasticity  of  phage  λ  .  Probability  of
 lysogeny  at  the  single  cell  level  as  a  function  of  the  cellular  MOI  (left)  and
 of  the  ratio  of  cellular  MOI/effective  volume  (right).  Experiments  done  on
 E.  coli  strain  LE392  infected  by  λ  strain  LZ2.  Original  data  from  Zeng  et  al.
 (2010),  data  courtesy  of  I.  Golding. 

intuitive  argument  that  the  MOI  provides  indirect  information  about

 the  availability  of  susceptible  bacteria  in  the  environment.  Second,

 we  extend  this  analysis  to  take  into  account  potential  constraints  and

 fitness  costs  associated  with  plasticity.  We  use  this  general  model

 to  predict  how  temperate  viruses  should  evolve  in  a  broad  range

 of  scenarios  and  identify  why  phenoptyic  plasticity  is  adapative.

 We  address  how  within  and  between-host  selection  are  coupled  by

 exploring  the  impact  of  alternative  heuristics  governing  the  lysis–

 lysogeny  decision  in  multiply  infected  hosts,  including  a  baseline

 average  case  and  a  voting  case,  consistent  with  observed  cellular

 outcomes  (  Golding  2011,  2018).  Finally,  we  discuss  the  broader

 implications  of  this  work  for  the  evolution  of  plasticity  in  other

 pathogens.
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Figure  2  Schematic  presentation  of  the  phage  λ   life  cycle.  The  fluctuation  in  the  density  of  uninfected  cells,  S(t  )  ,  is  driven  by  the  periodic  function
 θ  (t  )  .  The  cell  may  be  exposed  to  k  ∈  {1,  2,  ...,  K  }  viruses,  and  for  each  class  k   of  MOI  the  lysis–lysogeny  decision  is  governed  by  φ  k  :  the  probability  that
 one  of  the  k   coinfecting  viruses  integrates  in  the  host  genome.  With  probability  1  −  φ  k  ,  the  coinfected  cell  is  lysed  and  produces  B  virus  particles.  The
 parameter  μ   governs  the  speed  at  which  the  lysis–lysogeny  decision  is  reached.  Lysogeny  is  considered  to  be  ‘plastic’  when  φ  k   varies  with  the  MOI  k  . 

Methods  and  results

Epidemiological  dynamics  of  a  monomorphic
 bacteria–phage  interaction 

We  start  by  considering  a  population  of  bacterial  cells  infected  by  a

 single  strain  of  the  temperate  phage  λ  (which  we  denote  w  for  ‘wild

 type’).  We  track  the  dynamics  of  the  density  V
 w  (t  )   of  free  viral  particles,

 as  well  as  the  density  of  uninfected  cells,  S(t  )  ,  lysogenic  cells,  L
 w  (t  )  ,  and

 the  densities  of  infected  cells  (  Supplementary  material  S1).  Ultimately,

 we  want  to  take  into  account  coinfections  by  different  bacteriophage

 strains,  so  we  group  infected  cells  by  their  infection  status.  When

 only  strain  w is  present  in  the  population,  it  is  sufficient  to  track  the

 densities  E  k
 w  (t  )  ( 1  ≤  k  ≤  K  )  of  cells  coinfected  by  k  viral  particles,

 so  that  k  is  the  MOI,  and  K  is  the  maximum  number  of  coinfections.

 However,  with  more  than  one  strain  in  circulation,  the  infection  status

 can  be  more  complicated  (  Supplementary  material  S2).
 

We  make  some  assumptions  about  coinfections  to  simplify  our

 analysis:  (i)  the  MOI  only  refers  to  the  phages  inside  a  host  cell  and

 not  those  adsorbed  tot  he  host  surface,  (ii)  only  the  phages  inside

 the  host  contribute  to  the  lysis–lysogeny  phenotype,  (iii)  precisely

 simultaneous  coinfections  are  not  possible  and  coinfections  occur

 through  sequential  infection  events  (see  Discussion  for  more  details),

 and  (iv)  the  MOI  impacts  the  lysis–lysogeny  decision  but  not  other  viral

 traits  such  as  adsorption  rates  (  Nguyen  et  al.  2024)  and  latent  periods

 ( Bode  1967).  The  full  life  cycle  of  the  system,  accounting  for  the  above

 assumptions,  is  described  in  Fig.  2  and  in  the  Appendix.  The  parameter

 values  used  for  our  simulations  are  consistent  with  estimates  obtained

 for  phage  λ in  previous  studies  (see  Table  1).
 

We  examine  the  evolution  of  phage  phenotypes  by  modelling  envi-

 ronmental  fluctuations  as  a  periodic  influx  of  susceptible  cells  into  the

 population,  θ  (t  )  (see  Appendix  and  Fig.  2).  This  periodic  perturbation

 of  the  population  of  Escherichia  coli  cells  is  analogous  to  the  periodic

 influx  of  nutrients  into  the  gastrointestinal  tracts  of  animals  and

 humans.  We  utilize  square  wave  periodic  perturbations  to  facilitate
 

analysis,  and  we  focus  on  oscillations  with  periods  between  1.3  and

 25  h.  Under  a  constant  influx  of  susceptible  cells  (  θ  (t  )  =  θ
 0  ),  the  epi-

 demiological  dynamics  converge  to  a  single  fixed  equilibrium  point,

 where  the  MOI  is  geometrically  distributed  (  Lion  2013).  But,  when  the

 influx  of  susceptible  cells  varies  periodically,  the  system  is  attracted

 to  a  stable  limit  cycle  (  Fig.  3).  Next,  we  analyze  how  these  different

 scenarios  affect  the  selective  pressures  acting  on  phage  life-history

 traits. 

Selection  gradient 

We  assume  that  the  wild-type  strain  is  characterized  by  a  phenotype

 z  k
 w  that  represents  its  lysis–lysogeny  decision  strategy  in  a  host  with

 MOI  k  .  When  only  strain  w circulates  in  the  host  population,  the  prob-

 ability  of  lysogenization  of  a  cell  with  k  coinfections  is  simply  φ  k
 w  =  z  k w  .

 Suppose  we  now  introduce  a  mutant  strain  which  has  phenotype  z  k
 m  

in  cells  with  MOI  k  .  Because  strains  coinfecting  a  given  cell  do  not

 necessarily  have  the  same  strategy,  the  probability  of  lysogenization

 depends  on  the  composition  of  the  viral  population  sharing  the  same

 coinfected  cell.  We  show  in  Supplementary  material  S2  how  we  can

 average  over  all  possible  infection  states  for  a  given  MOI  to  track  the

 dynamics  of  the  densities  E  k
 m  (t  )  of  cells  with  MOI  k  that  are  infected

 by  the  mutant  strain  m .
 

Next,  we  derive  the  selective  pressure  acting  on  the  mutant  strain

 through  the  analysis  of  the  dynamics  of  the  vector  of  densities  n
 m  (t  )  =

 (
 E  1

 m  (t  )  E
 2

 m  (t  )  .  .  .  E
 K

 m  (t  )  L m  (t  )  V  m  (t  )
 )

 �
 :  

dn
 m  (t  )

dt
 =  R

 m  (t  )n  m  (t  )  (1)

 where  the  elements  r
 jk

 m  (t  )  of  the  matrix  R
 m  (t  )  refer  to  the  time-

 dependent  rates  of  transition  of  the  viral  strain  m from  a  state

 k  to  a  state  j  (the  rates  depend  on  densities,  full  definitions  in

 Supplementary  material  S2).  For  a  given  trait  z
 i  that  affects  the
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Table  1  Notation  used  in  the  model.  The  default  parameter  values  used  in  our  simulations  are  based  on  previous  experimental  studies  ( Berngruber
 et  al.  2013;  Weitz  2016;  Benhamou  et  al.  2024).
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φ  k  Probability  that  a  cell  exposed  to  k  viruses  integrates  one  of  the  k  viruses  in  its  genome  (the  subscript  w  
and  m refer  to  the  traits  of  the  wild  type  and  the  mutant,  respectively) 

ξ  ,  ν  Parameters  governing  the  shape  of  the  plasticity  of  the  probability  of  lysogeny  with  the  MOI  k  (see
 Equation  (6)) 

Variables Description 

θ  (t  )  Periodic  influx  of  susceptible  cells 
S  (t  )  Density  of  uninfected  bacteria  cells. 
E  k  (t  )  Density  of  cells  exposed  and  coinfected  by  k  virus 
L(t  )  Density  of  lysogenic  cells 
N(t  )  Total  density  of  cells:  S  (t  )  +  ∑  K

 k  E  k  (t  )  +  L(t  )  
V  (t  )  Density  of  free  viruses 
h(t  )  Force  of  infection:  a  V  (t  )  
v

 L  (t  )  ,  v V  (t  )  Reproductive  values  of  the  virus  in  a  lysogenic  cell  or  in  a  free  virus 
f

 E  k  (t  )  Frequency  of  cells  infected  by  k  viruses 

Parameters Description Default  values 

r  Growth  rate  of  uninfected  and  lysogenic  cells 1  h −1
 

κ  Density  dependence  coefficient  (inverse  of  the  carrying  capacity) 10 −9
 ml.  cells −1

 

a Adsorption  rate  of  the  free  virus  to  a  bacterial  cell 10 −7
 ml.  h −1

 

d  ,  d
 V  Natural  death  rates  of  cells  and  free  viruses,  respectively 0.9  h −1

 

σ  k  Probability  of  infection  of  a  cell  coinfected  by  k  viruses 1 
K  Maximal  number  of  coinfections  ( σ  K  =  0 ) 2–6 
α  Rate  of  reactivation  of  lysogenic  cells 10 −2

 h −1
 

μ  Rate  at  which  the  viruses  in  exposed  cells  reach  a  decision  (lysis  vs.  lysogeny) 2  h −1
 

B
 0  Maximal  burst  size  (nb  of  virions  produced  after  lysis) 80 

c
 ξ  ,  c  ν  Cost  of  plasticity  on  the  burst  size:  B  =  B

 0  (1  −  c  ξ  ξ  2  −  c  ν  ν  2  )  10 −4
 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .

Figure  3  Temporal  fluctuations  drive  the  evolution  of  plasticity.  (A)  Periodic  fluctuations  in  the  influx  of  susceptible  cells  yield  boom-and-bust
 epidemiological  dynamics  and  fluctuations  in  the  selection  for  or  against  lysogeny.  Crucially,  the  selection  for  lysis  (against  lysogeny)  covaries  with  the
 frequency  of  the  frequency  of  cells  infected  with  a  single  virus.  Hence,  the  MOI  provides  an  indirect  cue  to  time  the  lysis–lysogeny  decision.  (B)  Arrows
 indicate  the  selection  gradient  on  φ  1  and  φ  2  at  different  locations  of  the  phenotypic  space.  The  influx  of  susceptible  cells  selects  for  intermediate  level
 of  non-plastic  strategy  of  lysogeny  (white  dot)  and  higher  influx  of  suceptible  cells  select  for  lower  investment  in  lysogeny  ( Supplementary  Fig.  S1).  If
 lysogeny  can  involve  independently  at  different  MOI  (no  pleiotropy)  the  fluctuation  of  the  influx  of  susceptible  cells  promote  the  evolution  of  extreme
 ‘bang-bang’  plastic  strategy  where  φ  1  =  0  and  φ  2  =  1  (black  dot).  The  red  line  indicates  the  predicted  trajectory  of  the  phenotypic  evolution  from  the
 non-plastic  to  the  plastic  strategy.  Parameters  values  ( Table  1):  K  =  2  and  T  =  3  h . 
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probability  of  lysogenization,  we  can  show  that,  if  we  further assume

 the  phenotypic  effect  of  the  mutation  to  be  weak  so  that  z
 m  =  z  w  +  ε  ,

 with  ε   a  small  parameter,  the  selection  gradient  on  trait  z   has  the

 general  form  (  Lion  2018;  Lion  and  Gandon  2022)  

S  (t  )  =  ˆ v(t  )
 ∂  (R

 m  (t  )  −  R w  (t  ))
∂  z

 m

 ˆ
 f  (t  )  (2)

 where  ˆ f  (t  )  and  ˆ v(t  )  are  the  potentially  time-varying  vectors  of  class

 frequencies  and  individual  reproductive  values,  respectively.  The  ̂. 

notation  indicates  that  we  are  looking  at  selection  when  the  resident

 system  is  sitting  on  the  periodic  attractor  of  the  monomorphic  pop-

 ulation  of  the  wild-type  virus.  The  partial  derivative  of  the  matrix

 difference  R
 m  (t  )  −  R w  (t  )  is  calculated  at  neutrality  (i.e.  when  ε  =  0  ).

 

The  selection  gradient  S  (t  )  measures  the  influence  of  a  variation  of

 the  life-history  trait  z
 m  induced  by  the  mutation  on  one  component  of

 fitness  (r
 j�

 m  (t  )  −  r  j� w  (t  ))  (i.e.  the  effect  of  the  mutation  on  the  transition

 from  state  � to  state  j  )  weighted  by  the  ‘quantity’  of  the  virus  in  class

 � (measured  by  the  frequency  f  �  (t  )  of  class  � )  and  the  ‘quality’  of

 class  j  (measured  by  the  reproductive  value  v j  (t  )  ).  In  Supplementary

 material  S1,  we  show  how  these  weights  can  be  calculated  in  a

 monomorphic  population.
 

To  calculate  the  effect  of  the  mutation  on  the  vital  rates,  we  need

 to  specify  how  the  different  strategies  of  the  strains  within  a  host

 combine  to  produce  the  overall  lysogenization  probability  of  a  cell.  For

 simplicity,  we  start  by  assuming  that  the  lysogenization  probability  is

 an  average  over  the  different  strains  sharing  the  same  cell.  We  note

 z  k
 i

 the  phenotype  of  the  strain  i  expressed  at  MOI  k  .  If  we  have  n 

mutant  strains  in  a  host  with  MOI  k  ,  we  assume  that  the  lysogenization

 probability  is  φ  k  =
 (

 nz  k
 m  +  (k  −  n)z  k

 w

 )
 /k  .  Note  that  this  averaging

 rule  does  not  account  for  the  order  in  which  the  strains  enter  the

 cell  and  assumes  that  all  strains  have  an  equal  contribution  to  the

 fate  of  the  coinfected  host.  We  return  to  the  influence  of  alternative

 assumptions  regarding  the  collective  decision  in  the  Discussion;  see

 also  Supplementary  material  S4.5.  We  then  use  the  general  expression

 ( 2)  to  shed  light  on  the  selective  pressures  acting  on  the  lysis–lysogeny

 decision  switch  in  a  constant  or  in  a  temporally  variable  environment.
 

Evolution  of  lysogenization  without  plasticity 

Let  us  first  examine  the  evolution  of  the  virus  when  it  cannot  modulate

 its  strategy  with  the  MOI  of  its  coinfected  host  (  z  1
 i

 =  z  2
 i

 =  ·  ·  ·  =
 z  K

 i
 =  z

 i  ).  This  extreme  form  of  pleiotropy  among  traits  expressed  at

 different  MOI  yields  the  following  selection  gradient  on  the  non-plastic

 probability  of  lysogenization:  

S  (t  )  = μ
 ∑

 k

 ˆ
 f

 E  k  (t  )

k
 
v(t  )  (3)

 At  a  given  time  t  ,  whether  the  mutant  frequency  increases  or  not

 depends  on  the  sign  of  


v(t  )  =  ˆ v
 L  (t  )  −  B  ˆ v V  (t  ),

 which  is  the  difference  between  the  reproductive  value  of  a

 prophage,  ˆ v
 L  (t  )  and  the  reproductive  value  of  a  burst  of  B  viruses

 released  after  cell  lysis,  B  ˆ v
 V  (t  )  .  In  other  words,  
v(t  )  measures  the

 relative  advantage  of  the  lysogeny  route  for  the  phage  at  time  t  ,  in

 terms  of  its  contribution  to  the  future  of  the  viral  population.  The

 evolutionary  stable  (ES)  non-plastic  strategy  satisfies  the  condition
 

〈 S  〉  =  0  ,  where  〈 S  〉 refers  to  the  average  selection  gradient  of  the

 mutant  over  one  period  of  the  fluctuation.  As  discussed  before  in

 a  related  model  (  Bruce  et  al.  2021),  this  ES  non-plastic  probability

 of  lysogeny  decreases  when  the  mean  influx  of  susceptible  hosts  〈  θ  〉 
increases  (see  Supplementary  material  S5  and  Supplementary  Fig.  S1).

 Next,  we  relax  the  assumption  that  the  virus  cannot  modulate  its

 probability  of  lysogenization  with  MOI  k  to  identify  the  conditions

 driving  the  evolution  of  viral  plasticity.
 

Evolution  of  viral  plasticity  without  pleiotropy 

To  study  how  viral  plasticity  can  evolve  from  a  non-plastic  strategy,  we

 first  assume  that  the  traits  z  k
 i

 can  evolve  independently  at  different  MOI.

 We  want  to  see  if,  in  the  absence  of  any  constraints  among  the  traits

 expressed  at  different  MOI  (i.e.  no  pleiotropic  effects  across  the  differ-

 ent  MOI  classes),  evolution  can  favour  MOI-specific  strategies.  Using

 Equation  (  2)  for  a  fixed  MOI  k  and  using  z
 i  =  z  k

 i
 ,  we  derive  the  selection

 gradient  acting  on  the  cells  coinfected  with  k  different  viruses. We

 obtain  the  expression  of  the  selection  gradient  in  MOI  class  k  :  

S  k  (t  )  =  μ
 ˆ

 f
 E  k  (t  )

k
 
v(t  ).  (4)

 

Averaging  over  one  period  of  the  fluctuation,  we  obtain  

〈
 S  k

 〉
 ∝  〈 
v 〉  +  1〈

 ˆ
 f

 E  k

 〉
 cov

 (
 ˆ

 f
 E  k  ,  
v

 )
 (5)

 The  first  term  on  the  right  hand  side  is  the  temporal  average  of

 
v(t  )  ,  i.e.  the  difference  between  the  average  reproductive  value  of

 a  prophage,  〈 v
 L  〉 and  the  average  reproductive  value  of  a  burst  of  B  

viruses  released  after  cell  lysis,  B  〈 v
 V  〉 .  The  second  term  represents  the

 temporal  covariance  between  
v(t  )  and  the  frequency  of  cells  infected

 by  k  viral  particles.
 

Constant  envir  onment  
In  a  constant  environment,  the  temporal  covariance  is  zero,  and  the

 selection  gradient  is  constant  and  equal  to  
v in  all  MOI  classes.

 Selection  tends  to  reduce  the  difference  between  the  effective  repro-

 ductive  values  associated  with  lysis  or  lysogeny  and,  ultimately,  the

 ES  lysogenization  strategies  satisfy  
v  =  0  so  that  both  reproduction

 routes  are  equally  valuable  for  the  phage  (i.e.  ˆ v
 L  =  B  ˆ v V  ).  We  show  in

 Supplementary  material  S5  that,  if  we  start  from  a  non-plastic  state

 ( z  k
 i

 ≡  z
 i  )  that  satisfies  this  condition,  viral  plasticity  does  not  evolve.

 

Periodic  envir  onment  
In  contrast,  in  a  periodically  fluctuating  environment,  a  positive  (resp.

 negative)  covariance  at  MOI  k  indicates  that  the  virus  should  increase

 (resp.  decrease)  lysogeny  when  it  is  in  a  k  -infected  host.  This  will  read-

 ily  select  for  MOI-specific  strategies,  where  the  optimal  viral  strate-

 gies  are  different  in  each  MOI  class.  Hence,  the  temporal  covariance

 between  the  frequency  of  the  MOI  class  f
 E  k  (t  )  in  the  viral  population

 and  the  relative  value  of  lysogeny  
v(t  )  can  be  viewed  as  indirect

 information  that  may  be  used  by  the  virus  to  alter  its  lysogeny  strategy.

 A  positive  (negative)  covariance  at  MOI  k  indicates  that  the  virus

 should  increase  (decrease)  lysogeny  when  it  is  in  a  k  -infected  host.

 Figure  3A  shows  the  dynamics  of  the  relative  value  
v(t  )  together

 with  the  dynamics  of  ˆ f
 E  1  and  ˆ f

 E  2  in  the  simple  case  where  K  =  2  .
 The  grey  area  indicates  the  time  when  there  is  a  periodic  influx
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of  susceptible  cells.  This  influx  affects  the  epidemiological  dynamics

 and  the  frequency  of  coinfected  cells.  When  there  is  an  influx  of

 new  susceptible  cells,  selection  for  lysogenization  becomes  negative

 (because  of  increased  opportunities  for  horizontal  transmission).  This

 coincides  with  an  increase  in  f
 E  1  (t  )   and  the  increase  in  f

 E  2  (t  )   occurs

 later,  when  the  relative  value  of  lysogeny  flips  back  to  positive  values.

 This  dynamic  leads  to  an  increase  in  cov
 (

 ˆ
 f

 E  k  ,  
v
 )

  when  k   increases,

 and  thus  to  higher  ES  values  of  φ  k   ( Fig.  3B).  Crucially,  this  plasticity  is

 maximized  for  intermediate  values  of  the  speed  of  temporal  fluctua-

 tions  (  Supplementary  Fig.  S1).
 

When  the  fluctuations  are  very  fast  or  very  slow,  the  separation

 of  ecological  and  evolutionary  timescales  leads  to  the  evolution  of

 lower  plasticity.  When  the  fluctuations  are  very  fast  (the  period  T  is

 small),  the  system  tends  to  behave  as  if  the  influx  of  susceptible  hosts

 is  constant  and  equal  to  〈 θ  (t  )  〉 .  Hence,  the  covariance  cov
 (

 ˆ
 f

 E  k  ,  
v
 )

 

vanishes  and  plasticity does  not  evolve.  In  contrast,  when  the  fluc-

 tuations  are  very  slow  (the  period  T  is  large),  the  system  switches

 between  two  states.  First,  when  θ  (t  )  >  0  ,  the  system  reaches  an

 endemic  equilibrium where  the  virus  can  transmit  vertically  but  also

 horizontally via  the  infections  of  new  susceptible  cells  so  that  ˆ f
 E  k  >  0  .

 Second,  when  θ  (t  )  =  0  ,  the  system  reaches  an  endemic  equilibrium

 where  the  virus  is  only  transmitted  vertically.  In  this  phase  of  the  life

 cycle,  ˆ f
 E  k  =  0  (no  new  infections  are  taking  place).  In  this  situation,

 selection  without  plasticity  and  without  pleiotropy  yields  the  same

 gradient  of  selection  because  selection  on  lysogeny  only  takes  place

 when  ˆ f
 E  k  >  0  .  Because  this  selection  takes  place  when  θ  (t  )  >  0  ,  it

 selects  for  lower  investment  in  lysogeny  (  Supplementary  Fig.  S1).  In

 other  words,  selection  for  plasticity  can  only  emerge  for  intermediate

 rates  of  variation  of  the  environment.  Interestingly,  when  plasticity

 does  evolve,  it  yields  extreme  bang–bang  strategies  where  the  virus

 switches  from  a  fully  lysogenic  to  a  fully  lytic  strategy  (  Fig.  3B).  This

 extreme  strategy  is  far  from  the  plasticity  observed  in  phage  λ (see

 Fig.  1).  The  evolution  of  this  extreme  strategy  in  our  model  may  result

 from  the  unrealistic  assumption  that  lysogeny  can  evolve  without  any

 constraints.  The  within-cell  regulation  of  the  lysis–lysogeny  decision,

 however,  is  expected  to  impose  some  pleiotropy  among  the  traits

 expressed  at  different  MOIs.
 

Evolution  of  plasticity  with  pleiotropy 

To  model  the  pleioitropic  effects  among  different  MOI  classes,  we

 assume  that  the  strategy  of  the  virus  can  be  modelled  as  a  Hill  function

 of  the  MOI  k  .  For  viral  strain  i  ,  the  shape  of  this  function  is  governed

 by  two  parameters  ν
 i  and  ξ

 i  which  are  subject  to  evolution. The

 phenotype  of  viral  strain  i in  MOI  class  k  is  then  z  k
 i

 =  u
 k  (ξ  i  ,  ν  i  )  where  

u
 k  (ξ  ,  ν  )  =  k

 ν

k  ν  +  ξ  .  (6)

 

Note  that  the  parameter  ξ  governs  the  overall  investment  in  the

 lysis–lysogeny  decision:  higher  values  of  ξ  yield  higher  investment

 of  the  virus  into  lysis.  In  contrast,  the  parameter  ν  governs  the  effect

 of  the  MOI  on  this  decision:  when  ν  =  0  ,  the  virus  has  a  non-

 plastic  strategy,  but  when  ν  >  0  (resp.  ν  <  0  )  the  investment  into

 lysogeny  increases  (resp.  decreases)  with  the  MOI.  We  also  consider

 that  some  constraints  may  act  on  the  evolution  of  the  parameters  ξ  

and  ν  .  For  instance,  the  maintenance  of  the  regulation  machinery

 needed  to  modulate  the  strategy  of  the  virus  for  different  MOI  values

 may  be  associated  with  some  intrinsic  fitness  costs.  We  take  this  into
 

account  by  assuming  that  the  burst  size  of  the  virus  is  a  function  of

 the  investment  in  plasticity  B  =  B
 0  (1  −  c ξ  ξ  2  −  c ν  ν  2  )  ,  where  B

 0  is  the

 maximal  burst  size  (when  ξ  =  ν  =  0  )  and  c
 ξ  and  c

 ν  measure  the  costs

 of  plasticity  on  ξ  and  ν  ,  respectively.  The  parameters  c
 ξ  and  c

 ν  are

 meant  to  account  for  the  fitness  costs  associated  with  the  regulation  of

 the  phenotype  of  the  virus.  The  expressions  below  demonstrate  how

 these  costs  affect  the  selection  gradient.  We  use  the  general  expression

 ( 2)  with  z
 i  =  ξ  i  or  z

 i  =  ν  i  to  obtain  the  selection  gradients  acting  on  the

 parameters  ξ  and  ν  governing  the  shape  of  the  function  u
 k  (ξ  ,  ν  )  .  We

 obtain  the  following  selection  gradients:
 

S
 ξ  (t)  =

 ⎛
 ⎝ ∑

 k

 μ k  ˆ f
 E  k

 (t)

k

 ∂  u
 k

∂  ξ

 ⎞
 ⎠

 ︸  ︷︷  ︸
 Q

 ξ  (t)

 
v(t)  −  2c
 ξ  ξ  B

 0  ˆ v V  (t)
 ⎛
 ⎝  ∑

 k

 μ k  ξ

k  ν  +  ξ
 ˆ

 f
 E  k

 (t)  +  α  ˆ f
 L  (t)

 ⎞
 ⎠

 (7a)

 

S
 ν  (t)  =

 ⎛
 ⎝  ∑

 k

 μ k  ˆ f
 E  k

 (t)

k

 ∂  u
 k

∂  ν

 ⎞
 ⎠

 ︸  ︷︷  ︸
 Q

 ν  (t)

 
v(t)  −  2c
 ν  ν B

 0  ˆ v V  (t)
 ⎛
 ⎝  ∑

 k

 μ k  ξ

k  ν  +  ξ
 ˆ

 f
 E  k

 (t)  +  α  ˆ f
 L  (t)

 ⎞
 ⎠

 (7b)

 In  the  absence  of  a  cost  of  plasticity  (  c
 ξ  =  c ν  =  0  ),  the  selection  gradi-

 ents  at  a  given  time  t  are  proportional  to  
v(t  )  ,  and  the  factors  between

 brackets  give  the  magnitude  of  selection  on  each  of  the  two  traits.

 These  factors  can  be  interpreted  as  the  average  effects  of  a  mutation

 (either  on  ξ  or  on  ν  )  on  the  shape  of  the  constraint  (  6).  We  denote  these

 average  effects  as  Q
 ξ  (t  )  and  Q

 ν  (t  )  .  In  Supplementary  material  S4,  we

 show  that  Q
 ξ  (t  )  is  always  negative,  whereas  Q

 ν  (t  )  is  always  positive,  so

 that  the  selective  pressures  on  ξ  and  ν  have  opposite  signs  at  a  given

 time.  In  a  periodic  environment,  the  overall  direction  of  selection  on

 ξ  (resp.  ν  )  will  depend  on  both  〈 
v 〉  and  the  temporal  covariance

 between  
v(t  )  and  Q
 ξ  (t  )  (resp.  Q

 ν  (t  )  ).  The  fitness  costs  c
 ξ  and  c

 ν  add  a

 directional  selective  effect  towards  lower  values  of  ξ  and  ν  .
 

We  use  the  above  selection  gradient  to  obtain  the  coevolutionary

 evolutionarily  stable  strategy  (coESS)  of  ξ  and  ν  under  different  envi-

 ronmental  scenarios.  In  a  constant  environment,  the  virus  evolves

 towards  ν  =  0  which  indicates  that  there  is  no  selection  for  plasticity,

 and  the  evolution  of  ξ  allows  us  to  obtain  the  ESS  of  the  non-plastic

 ESS  strategy.  In  the  absence  of  costs  we  thus recover  the  same  non-

 plastic  ESS  as  in  the  scenario  with  no  plasticity.  In  contrast,  in  periodic

 environments,  we  can  select  for  positive  values  of  ν  .  In  the  absence  of

 fitness  costs,  the  virus  evolves  bang–bang  strategies  similar  to  the  ones

 observed  in  the  no-pleiotropy  scenario.  The  costs  of  plasticity  prevent

 the  evolution  of  extreme  strategies  and  yield  intermediate  strategies,

 where  the  probability  of  lysogenization  increases  gradually  with  the

 MOI  (  Fig.  4C).  Interestingly,  the  degree  of  viral  plasticity  (represented

 by  the  variance  in  lysogeny  of  the  ESS)  varies  with  the  period  of  the

 fluctuations  and  reaches  a  maximum  for  intermediate  values  of  the

 fluctuation  period  (  Fig.  4A).  As  discussed  above  in  the  non-pleiotropic

 case,  when  the  period  is  very  fast  or  very  slow,  the  covariance  between

 the  frequencies  of  each  MOI  class  and  
v drops:  the  MOI  does  not

 provide  reliable  information  on  the  relative  values  associated  with

 lysis  or  lysogeny.  Interestingly,  the  evolution  of  plasticity  also  increases

 the  average  level  of  lysogenization  relative  to  the  non-plastic  ESS

 strategy  (  Fig.  4B).
 

Equations  (  7a)  and  (  7b)  are  a  first-order  approximation  of  selection,

 which  assumes  that  the  mutation  effects  are  small  (e.g.  a  weak

 selection  approximation).  To  test  the  validity  of  our  approach  we
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Figure  4  The  speed  of  environmental  fluctuations  and  the  evolution  of  viral  plasticity  with  pleiotropy.  We  consider  a  scenario  with  pleiotropy  (see
 Equation  6)  and  we  show  how  the  period  T  of  environmental  fluctuations  affect  (A)  the  variance  v

 φ  =  ∑  K
 k  =1  (φ

 k
 −  ¯ φ  )  2  /K  and  (B)  the  mean  m

 φ  =  ∑  K
 k  =1  φ

 k
 /K  

of  the  norm  of  reaction  of  viral  lysogeny  with  MOI  (black  dots).  We  show  in  (C)  the  norm  of  reaction  of  viral  lysogeny  with  MOI  for  three  different
 periods  of  environmental  fluctuations:  (i)  T  =  1.3  h,  (ii)  T  =  2.3  h,  (iii)  T  =  25  h.  Interestingly,  both  the  variance  and  the  mean  of  the  norm  of  reaction
 are  maximized  for  intermediate  values  of  environmental  fluctuations.  When  plasticity  is  not  allowed  to  evolve  (white  dots),  the  mean  level  of  lysogeny
 remains  much  lower  than  when  plasticity  can  evolve.  Parameters  values  ( Table  1):  K  =  6  . 

carried  out  explicit  simulations  where  we  track  the  dynamics  of

 a  wild  type  and  a  mutant  strategy.  Doing  so  allows  us  to  check

 the  robustness  of  our  conclusions  when  phenotypic  differences

 between  competing  strategies  are  large  using  the  method  described

 in  Supplementary  material  S6.  These  simulations  agree  very  well

 with  our  analysis,  and  in  particular,  we  predict  that  the  virus  evolves

 plasticity  as  soon  as  there  is  some  variability  in  the  environment

 (Supplementary  Fig.  S2).
 

Discussion

The  ability  of  the  phage  λ to  modulate  its  lysis–lysogeny  decision  as

 a  function  of  the  MOI  is  an  archetypal  form  of  phenotypic  plasticity

 ( Ptashne  2004).  Here,  we  presented  a  theoretical  framework  to  explore

 the  adaptive  nature  of  viral  plasticity  with  a  focus  on  the  selection

 gradient.  The  derivation  of  the  selection  gradient  allows  us  to  predict

 the  plasticity  of  a  temperate  phage  under  a  range  of  plausible  eco-

 logical  scenarios  (  Fig.  4),  which  are  qualitatively  consistent  with  the

 observed  norm  of  reaction  of  phage  λ ( Fig.  1,  Supplementary  mate-

 rial  S5).  In  addition,  our  model  allows  us  to  dissect  the  evolution-

 ary  forces  acting  on  the  evolution  of  viral  plasticity.  The  increase
 

of  lysogeny  with  MOI  allows  the  virus  to  optimize  its  transmission

 strategy  in  a  environment  where  the  density  of  the  susceptible  bac-

 teria  fluctuate.  Our  theoretical  analysis  highlights  the  importance

 of  the  covariance  between  the  frequency  of  the  different  classes  of

 coinfected  cells  and  the  difference  between  the  effective  reproductive

 value  of  lysogeny  and  lysis. In  other  words,  this  covariance  mea-

 sures  the  ‘quality’  of  the  information  associated  with  the  MOI  and

 the  fluctuation  of  the  time-varying  selection  gradient  for  lysogeny

 ( Bruce  et  al.  2021;  Lion  and  Gandon  2022).  Since  this  covariance  is

 maximized  for  intermediate  periods  of  the  fluctuations  we  expect  the

 plasticity  of  lysogenization  to  be  more  pronounced  in  environments

 with  intermediate  degree  of  variability  (  Fig.  4).
 

The  evolutionary  outcomes  of  the  model  depend  on  the  choice  of

 heuristics  governing  the  cellular  level  decisions  in  hosts  infected  by

 different  strains.  While  we  do  not  explicitly  model  the  underlying

 lysis–lysogeny  decision  circuit,  the  anlayses  in  the  main  text  leverage  a

 baseline  heuristic  correspond  to  phenotypic  averaging  of  cellular  level

 fate  (  Golding  2011,  2018).  In  the  analysis,  we  assume  that  the  overall

 probability  of  lysogeny  is  averaged  over  all  the  contributions  of  the

 coinfecting  virus  strains,  irrespective  of  the  time  at  which  the  different

 strains  infect  the  host.  In  contrast,  experimental  studies  suggest  that
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the  decision  rule  may  be  governed  by  the  ‘unanimity  voting  rule’  in

 which  each  of  the  coinfecting  viruses  must  initiate  lysogeny  to  avoid

 lysis  (  Zeng  et  al.  2010).  This  alternative  decision  heuristic  is  supported

 by  the  observation  of  an  increase  in  the  ‘lyso-lysis’  phenomenon  in

 multiply  infected  hosts  where  some  phage  integrates  its  DNA  into

 the  host  followed  by  cell  lysis  (  Shao  et  al. 2017).  Our  theoretical

 framework  can  be  readily  modified  to  account  for  this  alternative  way

 the  collective  decision  making  is  reached  by  the  virus  sharing  the  same

 coinfected  host.  As  shown  here,  the  unanimity  voting  rule  yields  a  sim-

 ilar  selection  gradient  (e.g.  compare  Supplementary  material  S4.1  and

 Equation  (4))  and  all  the  above  qualitative  predictions  regarding  the

 influence  of  periodic  fluctuations  of  the  environment  hold  (compare

 Supplementary  Fig.  S4  and  Fig.  4).
 

The  present  study  comes  with  some  caveats.  We  simplify our  model

 by  assuming  that  coinfections  occur  through  sequential  infection

 events  and  that  precise  simultaneous coinfections  are  impossible.

 While  phages  can  block  future  infection  through  receptor  blocking

 and/or  intracellular  antiphage  repression,  superinfection  exclusion

 takes  time  to  develop.  For  example,  it  can  take  ∼ 4–8  min  for  super-

 infection  immunity  to  develop  in  a  E.  coli-phage  T4  system  (  Vallée  and

 Cornett  1972).  Secondary  infections  occur  every  6  min  (on  average)

 in  our  model  with  most  secondary  infections  occurring  much  faster.

 Thus,  we  can  reasonably  assume  that  coinfections  can  occur  through

 sequential  infections  before  superinfection  exclusion  mechanisms

 affect  the  MOI.  If  superinfection  exclusion  were  to  be  faster  or  sec-

 ondary  infections  slower,  the  probability  of  observing  higher  MOIs

 would  be  lower,  weakening  selection. Because  late-arriving  strains

 may  contribute  less  to  the  lysogeny  decision  (  Cortes  et  al.  2017),  an

 alternative  would  be  to  explicitly  model  the  dominance  of  earlier-

 arriving  strains—a  subject  of  future  work.  However,  previous  studies

 have  shown  that  infected  cells  can  have  reduced  adsorption  rates

 ( Nguyen  et  al.  2024)  and  increased  latent  periods  (  Bode  1967).  These

 observations  suggest  directions  to  generalize  the  present  findings  of

 plasticity  to  additional  phenotypes  beyond  the  lysogenization  proba-

 bility  to  other  viral  life-history  traits.
 

Viruses  may  use  different  mechanisms  to  respond  plastically  to

 variations  in  the  environment.  For  example,  other  temperate  phages

 produce  diffusible  signals  that  provide  information  on  the  environ-

 mental  state  (  Erez  et  al.  2017).  The  phages  of  the  SPbeta  group  produce

 a  small  peptide  (arbitrium)  that  influence  the  outcome  of  the  initial

 lysis–lysogeny  decision  when  susceptible  cells  are  infected.  In  this

 case,  the  plasticity  of  lysogeny  is  not  governed  by  the  MOI  of  the  host,

 but  by  fluctuations  in  arbitrium  density  (  Bruce  et  al.  2021;  Doekes  et  al.

 2021b;  Shivam  et  al.  2022;  Bruce  et  al.  2026).  One  important  differ-

 ence  between  the  present  work  and  previous  models  developed  for

 arbitrium  is  the  necessity  to  account  for  the  contribution  of  multiple

 viruses  in  the  lysis–lysogeny  decision  when  MOI  ¿  1.  Yet,  MOI  and

 arbitrium  can  both  be  viewed  as  distinct  ‘social  cues’  used  by  different

 viruses  as  indirect  information  on  the  availability  of  uninfected  hosts.

 This  homoplasy  among  different  viruses  further  supports  the  hypoth-

 esis  that  phenotypic  plasticity  in  cell-fate  determination  is  adaptive.

 The  model  also  provides  quantitative  predictions  that  may  be  testable

 experimentally.  Lysogenization  is  well  characterized  genetically  and

 this  trait  could  evolve  to  adapt  to  new  environmental  conditions

 ( Berngruber  et  al.  2013,  2015).  Besides,  viral  plasticity  has  also  been

 shown  to  be  an  evolving  trait  (  Leggett  et  al.  2013)  and  differs  between

 strains  (  Kourilsky  1973).  It  would  thus  be  particularly  interesting  to

 explore  whether  and  how  phages  evolve  their  reaction  norms  as  an

 adaptation  to  a  temporally  fluctuating  environments  (  Fig.  4)  using

 experimental  evolution.
 

Many  other  ecological  factors  may  affect  the  evolution  of  plasticity

 in  natural  populations.  For  instance,  the  ability  of  some  phages  to

 infect  multiple  host  species  may  affect  the evolution  of  MOI-dependent

 plasticity  because  the  MOI  in  one  cell  may  not  reflect  the  availability

 of  alternative  hosts  in  the  environment.  This  may  explain  why  the

 probability  of  lysogeny  in  phage  P1,  known  to  infect  a  broad  range

 range  of  bacteria,  does  not  vary  with  the  MOI  (  Zhang  et  al.  2021).  Many

 other  biological  factors  like  polylysogeny,  spatial  structure,  and  envi-

 ronmental  and  demographic  stochasticity  remain  to  be  investigated.

 The  theoretical  approach  we  developed  provides  a  general  framework

 to  explore  the  influence  of  all  these  scenarios  as  well  as  to  consider

 the  evolution  of  other  phenotypic  traits.  The  single-cell  monitoring

 of  bacteria  exposed  to  phage  λ is  revealing  the  precise  regulation  of

 viral  life-history  traits  and  the  effect  of  cell  size  (  Zeng  et  al.  2010),  the

 time  since  infection  (  Luque  and  Silveira  2020;  Yao  et  al.  2021;  Geng

 et  al.  2024),  and  the  physiological  state  of  the  host  cells  (  Nguyen  et  al.

 2024).  These  new  dimensions  of  the  environment  could  be  added

 to  our  model  to  explore  the  adaptive  nature  of  these  other  forms  of

 viral  plasticity  (  Correa  et  al.  2021).  Beyond  temperate  phages,  this

 theoretical  approach  provides  a  new  way  to  investigate  the  evolution

 of  plasticity  in  a  broad  range  of  pathogens  (  Kochin  et  al.  2010;  Mideo

 and  Reece  2012;  DeLong  et  al.  2022).
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Appendix

A.  Population  dynamics 

The  dynamics  of  a  monomorphic  population  of  the  wild-type  virus  is

 captured  by  the  following  dynamical  equations  which  compute  the

 transitions  between  the  K  +  2   different  stages  of  the  virus  life  cycle

 ( Fig.  1):  

˙
 S(t  )  =  θ  (t  )  +  rS(t  )(1  −  κ  N  (t  ))  −  (d  +  σ  0  h(t  ))S(t  )

 ˙
 E  1  (t  )  =  σ  0  h(t  )S(t  )  −  (d  +  μ  +  σ  1  h(t  ))E  1  (t  )

 .
 .
 .

 ˙
 E  k  (t  )  =  σ  k  −1

 h(t  )E  k  −1
 (t  )  −  (d  +  μ  +  σ  k  h(t  ))E  k  (t  )

 .
 .
 .

 ˙
 E  K  (t  )  =  σ  K  −1

 h(t  )E  K  −1
 (t  )  −  (d +  μ)E  K  (t  )

 ˙
 L(t  )  =  rL(t  )(1  −  κ  N  (t  ))  +

 K
 ∑

 k  =1

 μφ  k  E  k  (t  )  −  (d  +  α  )L(t  )

 ˙
 V  (t  )  =  B

 K
 ∑

 k  =1

 μ  (1  −  φ  k  )E  k  (t  )  +  Bα  L(t  )  − (d
 V  +  aN  (t  ))V  (t  )

 where  h(t  )  =  aV  (t  )  is  the  force  of  infection  and  N  (t  )  =  S(t  )  +
 ∑

 K
 k  =1  E

 k
 (t  )  +  L(t  )  .  The  influx  of  susceptible  cells  is  governed  by  the

 periodic  function  θ  (t  )  .  For  simplicity,  we  assume  that  this  function

 varies  as  a  square  wave  that  varies  between  0  and  θ
 max  with  a  period

 T  ( Fig.  3).  Eventually,  the  above  system  will  reach  a  periodic  attractor

 and  the  densities  of  the  different  stages  of  the  virus  life  cycle  will  fluc-

 tuate  over  time  (  Fig. 3).  The  ̂. notation  indicates  that  we  are  looking  at

 selection  when  the  resident  system  is  sitting  on  the  periodic  attractor

 of  the  monomorphic  population  of  the  wild-type  virus.  Note  that  the

 parameter  values  we  used  to  simulate  the  dynamics  of  the  phage  λ 

are  summarized  in  Table  1  and  are  based  on  previous  experimental

 studies  (  Berngruber  et  al.  2013;  Weitz  2016;  Benhamou  et  al.  2024).
 

B.  Evolutionary  dynamics 

Next,  we  assume  that  a  mutant  virus  (  m )  is  introduced  in  the  system

 when  the  wild-type  virus  (  w )  is  on  its  periodic  attractor.  The  dynamics

 of  the  strain  i  ∈  {w,  m} of  the  virus  is  captured  by  the  (K  +  2)  ×  (K  +  2)  

matrix  R
 i  ,  which  computes  the  transitions  between  the  different  stages

 of  the  virus  life  cycle  (  Fig.  1).  Following  Lion  and  Gandon  (2022),  we

 derive  the  selection  gradient  on  a  given  trait  z
 i  affecting  the  probability

 of  lysogenization  of  the  strain  i of  the  virus.  Assuming  that  mutations

 have  small  phenotypic  effects  (i.e.  z
 m  =  z  w  +  ε  ),  we  can  write  the

 selection  gradient  on  the  mutant  strain  as  

S  (t  )  =  ˆ v  �  (t  )  ∂  (R  m  (t  )  −  R w  (t  ))
∂  z

 m

 ˆ
 f  (t  )  +  O(ε  2  )

 where  the  partial  derivative  is  evaluated  at  neutrality  (e.g.  z
 m  =  z  w  )

 and  the  vector  ˆ v  �  (t  )  =
 (

 ˆ
 v

 E  1  (t  )  .  .  .  ˆ v E  K  (t  )  ˆ v L  (t  )  ˆ v V  (t  )
 )

 collects

 the  reproductive  values  associated  with  the  different  stages  of  the

 virus  life  cycle,  and  the  vector  ˆ f  (t  )  =
 (

 ˆ
 f

 E  1  (t  )  .  .  .
 ˆ

 f
 E  K  (t  )

 ˆ
 f

 L  (t  )  ˆ f V  (t  )
 )

 

collects  the  class  frequencies  associated  with  these  different  stages.

 These  two  vectors  are  computed  from  the  dynamics  of  the  wild-type
 

virus:  

dn
 w  (t  )

dt
 =  R

 w  n  w  (t  )

 where  n
 i  (t  )  =  (E  1

 i
 (t  ),  ...,  E  K

 i
 (t  ),  L

 i  (t  ),  V  i  (t  ))  is  the  vector  collecting  the

 densities  of  the  different  stages  of  the  strain  i  ∈  {w,  m} of  the  virus.

 The  vectors  f  (t  )  and  v  �  (t  )  are  conormalized,  so  that  v  �  (t  )f  (t  )  =  1  and

 they  satisfy  the  following  dynamical  equations  

df
dt

 =  R
 w  f  −  r w  f

 dv  �

dt
 =  −v  �  R

 w  +  r w  v  �

 

C.  Different  scenarios  for  the  evolution  of  the
 lysis–lysogeny  decision 

We  consider  three  main  scenarios: 

1.  Evolution  without  plasticity.  

In  this  scenario,  we  assume  that  the  virus  does  not  have  the

 ability  to  modulate  the  probability  of  lysogeny  with  the  number

 of  coinfecting  strains  φ  k  =  φ  .  The  selection  gradient  is  given  by

 Equation  3.  

2.  Evolution  of  plasticity  without  pleiotropic  constraints.  

In  this  scenario,  we  allow  each  trait  φ  k  to  evolve  independently.

 The  selection  gradient  is  given  by  Equation  4.  

3.  Evolution  of  plasticity  with  pleiotropic  constraints.  

In  this  scenario,  we  assume  that  the  regulation  of  the  trait  φ  k  

also  affects  the  expression  of  the  traits  φ  k
 ′

 ,  where  k  ′  �  =  k  .
 More  specifically,  we  assume  the  norm  of  reaction  linking  the

 MOI  k  and  the  probability  of  lysogenization  φ  k  follows  the

 Hill  function  given  in  Equation  6.  So  the  norm  of  reaction  is

 governed  by  two  parameters  ν  and  ξ  .  In  addition,  we  introduce

 the  parameters  c
 ν  and  c

 ξ  which  measure  the  cost  of  plasticity

 associated  to  ν  and  ξ  (higher  values  of  the  cost  reduce  the

 burst  size  B  ).  The  selection  gradients  on  ξ  and  ν  are  given  by

 Equations  7a  and  7b. 

D.  Different  collective  decision  rules 

When  cells  are  coinfected  by  different  strains  we  need  to  specify  how

 the  composition  of  this  polymorphic  within-host  population  affects  the

 phenotype.  We  consider  two  main  rules:
 

1.  Average  phenotype 

The  evolutionary  predictions  presented  in  Figs  3  and  4  are

 based  on  the  assumption  that  the  phenotype  at  the  scale  of  the

 coinfected  cell  is  averaged  over  the  phenotypes  of  the  different

 strains.  For  instance,  if  there  n mutants  and  k  −  n wild  type:

 φ  k  =
 (

 nz  k
 m  +  (k  −  n)z  k

 w

 )
 /k  . 

2.  Unanimous  voting  rule  

An  alternative  decision  rule  is  the  uninamous  voting  rule

 where  lysogeny  is  decided  if  all  the  strains  agree  to  lysogenize.

 For  instance,  if  there  n mutants  and  k  −  n wild  type:  φ  k  =
 (z  k

 m  )
 n

 (z  k
 w  )

 k  −n
 .  This  alternative  collective  decision  rule  yields

 Supplementary  Fig.  S4. 
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E.  Evolutionary  predictions 

Our  evolutionary  analysis  and  the  predictions  presented  in  Figs  3

and  4  are  obtained  from  our  selection  gradients  (Equations  3,  4,  7).

 These  selection  gradients,  however,  assume  selection  to  be  weak  (the

 mutation  has  small  phenotypic  effects  on  lysogenization).  To  check  the

 robustness  of  our  results  we  performed  explict  numerical  simulation

 when  K  =  2  where  we  allowed  the  wild  type  and  the  mutant  strains

 to  have  very  different  phenotypes  (see  Supplementary  material  S6)

 These  explicit  simulations  confirmed  the  robustness  of  our  predictions

 based  on  the  weak-selection  approximation  of  the  selection  gradient

 ( Supplementary  Figs  S2  and  S3).
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