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S1 Epidemiological dynamics of a monomorphic popu-
lation of phage A\

The epidemiological dynamics of a monomorphic population with a single wildtype strain (w)
can be modelled with the following dynamical system:

S(t) = 0(t) + rSt)(1 — kN (1)) — (d + o°h(1)S(2)
E'(t) = 6°h(t)S(t) — (d + p+ o h(t)) E*(t)

E*(t) = " Th(t) E* 2 (t) — (d + p+ o"h(t))E (1)

EX(t) = o (D EX (1) — (d+ ) EX (1)

L(t) =rL(t)(1 — kN(t)) + Zj pd"ER(t) — (d + a)L(t)

V(t) = Biﬂ(l — ¢")E'(t) + BaL(t) — (dv +aN(t)V(t)

i=1

where h(t) = aV/(t) is the force of infection and N(t) = S(t) + S5 | E*(t) + L(t). If 0(t) is
a periodic function of time, it will generate periodic fluctuations of the whole system. In the
following we examine the evolution of the virus population when the system has reached this

periodic attractor.
The dynamics of the wildtype virus can be written in matrix form with:

dn,,(t)
dt

= Ry ()n,(1) (2)

The matrix R,,(t) can be used to compute the dynamics of class frequencies and reproductive
values. In the following, we’ll often omit the time dependency for simplicity.
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Class frequencies The frequencies of the K +2 types of cells (i.e. K exposed cells, lysogenic
cells and the free virus compartment) is given by the following dynamical system

df
— =R, f -1, f

where f is the vector of class frequencies and r,, is the per-capita growth rate of the total
population size N. This yields:

fer(t) = Uklk;lh(t)fEkl(t) — (d+ p+a"h(t)) far(t) + J:laEkl(t)fv(t) = Tw (1)
fu(t) = rfr()(1 = kN(#)) + Z:Mbifm(t) — (d+a)fo(t) = rwfu(t)
folt) = Bzu(l — &) fei(t) + Bafi(t) — (dv +aN(t) fv(t) = rufv(t)

(3)
where k € {1,K}, 0% =1, E°(t) = S(t) and o = 0.

Reproductive values The dynamics of the individual reproductive values of the virus in the
K + 2 different types of host cells are given by the following adjoint system

dv’
T T
—=-—v R, +ryv

dt

where v is the vector of individual reproductive values. This leads to the following system of
equations:

b (6) = (0 o+ o () (1) — (O (6) — (6o (t) + (1= ) B () + rws ()

op(t) = ((d+ a) —r(1 — kN (t))vg(t) — aBoy(t) + ryvp(t)

iv(t) = (dy +aNO)ov() = 3 UklaEkl(t)

vk (t) + 1oy (t)

(4)

S2 Epidemiological dynamics of a polymorphic popula-
tion of phage )\

Next, we want to account for the circulation of multiple strains to determine if a mutant strain
can outcompete the wildtype. We start with a general model with N parasite strains that
circulate in a host population where individual hosts can be multiply infected by at most K
strains. Note that these multiple infections can involve different or identical strains. An infected
host is characterised by its multiplicity of infection (MOI), k (1 > k > K), and its state *. The
state of a k-infected host, =%, is an element of X}, the set of all k-permutations of {1,..., N}
(i.e. we pick k strains at random with replacement among N different strains). Let E_«(t) be
the density of hosts in state * at time ¢.

S2.1 Aggregate densities

We assume that the time at which each strain infects the host does not affect the phenotype
but that the proportion of the different strains matter. We thus need to weight the contribution

2
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of each strain i in a host with state &*. Let 7;(x*) be the fraction of strain i in a host with
state =¥ (i.e., 3, 7i(x") = 1). We may then define the total density of ¢ parasites in hosts with

MOI & as
Ef(t)= Y m(x")Eux(t) (5)

:EkEXk

The total density of hosts with MOI & is

EX(t) = kZ ; 7i(a") Epr (t)

= Y Eux(t)) 7z

zheX) i=1

= > Eux(t).

kaXk

Similarly, the total density of strain ¢ in the population is

B = B0 =3 3 @) Ba) (6)

k=1 wkEXk
and the total density of infected hosts is

N

B =Y B0 =3 ¥ YuahEa0=3 ¥ E=3F0. @)

i=1 k=1 gkex, i=1 k=1 zkex,

In the following we will assume that 7;(x*) is independent of time. In practice, we will also
assume that all coinfected strains take up the same amount of "space" in the coinfected hosts,
although it is possible to relax this assumption to investigate more general biological scenarios
(see Lion & Gandon in prep).

S2.2 From state-level to aggregate dynamics

Our aim is to derive the dynamics of the aggregate densities E¥(t), together with the densities
L;(t) and V().

Exposed cells We start with the change of the density at the state level. Let m;(x*) be

=
the function that returns the vector (a:k z) , i.e. this operation adds strain i as the k£ + 1th

infection of the host. We can then write

d

37 (1) = aVi(t)o" Epu (1) — (d+ p+ V) By () (8)

From this, we can derive the change in density of strain i in hosts with MOI k, EF. Note that
we can write

Ef = 3 n(@)Ew(t) =3 3 nilmy(@" ) Eryarr)(t) 9)

zheXy J=1 k-1
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k—1

because X}, is obtained from Xj;_; by combining each element « with one of the N possible

strains. We thus have
dEF(t)

I
==
N
A
S
)

T
&\_/

By RN ()

<
Il
-
8
ES
|
AR

I

s
2
6)

<
I
—_
8
1
|
=

[
M=
M 8
2
>

(25 ) (aVi ()" Egir () = (d+ o+ 08 aV (1)) B i) (1))

AV (t)o* By (1) — Y mi(@h) (d+ p+ 0" aV (t)) Epi(2)

k

<
Il
—
8
S
|
=

xr

o

<
Il
—
8
ES
|
-

7i(mj(aF 1)) aVi(6) o Egees (t) = (d + o+ o*aV (1)) EE(2)

Because we assume an equal frequency of all the coinfecting strains we obtain:

-1 .
(et ) = (et L4 O (10)
where 0;; = 1 if ¢ = j and 0 otherwise. This leads to
dE; kE—1 6y
o3 5 (e ) B a0 0 - (140 oV ) B5)
J=1%k-1

0" 12( L1 + %:Ekl(t)> aVi(t) = (d+ p+ o*aV (1)) EF(t)

and we finally obtain

dEH (1)
dt

Ek_l(t)
k

_ g <’f;1 EFL(1)aV () + av;(t)> —(d+p+ o av () EEE).|  (11)

Lysogenics cells We assume that, when an exposed cell in state 2* at time ¢ undergoes
lysogenization or lysis, which occurs at rate u, only one of the strains coinfecting the host will
survive to the next state. Hence, a host in state ¥ = {w, m} will produce lysogenic cells
either in state {w} or in state {m}. We note ¢(x",t) the probability that a host in state x*
undergoes lysogenization and we assume that with probability ¥ (x¥) this leads to a lysogenic
cell in state {i} (noted L;(t)). Note that 1 —¢(zx*, ) is then the probability that a host in state
x¥ undergoes lysis. The dynamics of lysogenic cells in state {i} is then given by:

Wlh) L)1 - kN @) — (d+ a)L +Zu > (@ v (@) Epe(t)  (12)

dt k=1 kaXk

To make progress, we can further assume that the probability ¥F(x*) is equal to the within-host
frequency of strain ¢, leading to

oHab) = m(ab)

Introducing the average lysogenization probability

= ZX qﬁ(:ck,t)n(:ck)%z;(%) (13)
we obtain
WO 1 V)LD ~ (@ + )L +Zu¢k OEN(E). (14
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Free viruses Upon lysis, a cell in state * produces i virions with probability ) (*). Noting
B the burst size, we obtain

dV;(t)
dt

= BaL(t) — (dy + aN(t) +BZM S (1= p(@F, 1)) (") Epe (1) (15)

k=1 a:’“EXk

As before, a simple model is to assume 1) (x¥) = 7;(x¥), which leads to

dVi(t)

n = BaL(t) — (dy + aN(t) +Bzu t))EF(t) (16)

S2.3 Dynamics of aggregate densities
Combining equations (11), (14) and (16) leads to the following dynamical system

dl’ll'

= =Ri(1)n a7)
where n; is the vector (E}, E? ..., EF, L, Vi)T, and R, is the matrix of transition rates
given by
—(d+p+ctaV(t)) 0 e 0 0 a%aS(t)
zaV(t) —(d+ p+ 2V (t) ... 0 0 T aB\(t)
Ri(t) = oK~ 11(:1 E | ; K1 EK—l
aV(t) 0 . —(d+p) 0 T aB" (1)
uek() 13 (t) o pef(t) r(1—kN()) = (d+ ) 0
Bu(1l - ¢} (t)) Bu(l—¢i(t)) ... Bu(l—of(t)) Ba —(dy +aN(t))

S3 Selection gradients

Following Lion & Gandon (2022), we calculate the selection gradient on a given trait z; affecting
the probabilities of lysogenization as

0%m

where the partial derivative is evaluated at neutrality (e.g. z, = z,). Because of the simple
structure of the matrix R;, where only the elements in the last two rows depend on the strain,
we have

0 0 0 0 0
0 0 0 0 0
IR, (1) — Ry(t)) _ : : "

0zm 0 0 - 0 0 0

n (¢m( ) %(t)) M6(¢%L(gl;¢i(t)) o u8(¢ﬁ(g)z;¢5(t)) 0

2 42 K _ 4K
and therefore the general expression of the selection gradient is
b ODR(t) — dn ) - A
~ (S "G =) (5, 0) - i) (19
k m
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If the trait is only expressed in class k (e.g. z; = 2F), then the effect of the mutation on the
probabilities of lysogenization in classes j # k is zero, leading to the following expression for
the selection gradient in class k:

O(Pm(t) — Su (1))

k
ozk,

Sk(t) = pufpe(t)

(0r(t) — Bov (1)) (19)

The direction of selection in a periodic environment is given by the average of the selection
gradient over one period (e.g. (S) = & [T S(¢)dt for a given 7).

A full calculation of the selection gradients requires us to calculate the effect of a mutation
on the differences ¢F (1) — ¢F (). Different models for the within-host viral dynamics lead to
different expressions. We explore the consequences of three different model assumptions in the
next section.

S4 Weak selection approximation of ¢ (t) — ¢F (¢)

S4.1 A model without pleiotropy

We first consider a model where the potential genetic correlations across the traits zF in the
different classes are negligible. We start from the expression of the average phenotype:
E.x(t)
k k k T
t) = " )T, (@
ohit) = 3 ofat Hmlat) g s

EkEXk

Let us define E, j(t) the density of the cells z, coinfected by k viruses among which n are

mutants. The proportion of mutant in a cell infected with k virus and n mutants is 7,,, (2, ) = %

k
and the phenotype of these cells is ¢(x,, 1) = M, where 2F is the phenotype of strain i in
a k infected host. By definition we have - _, 7., (2, 4) En k() = EE (). Then, for ¢ = z* — 2F

m
we can rewrite ¢F (t) as

(1) = 32 o) (20)

This yields the following perturbation expansion

oF (1) = 2F + Enzi:o (%ﬁf((tt))>(0) (Z)Q + 0(£?)

) for small €.

0) . . .
where ( %ﬁf(%)) is the zeroth-order term of the perturbation expansion of %g(%

A leading-order approximation of ¢ (t) can then be calculated by calculating the frequencies
En 5o (t)
Ei“nk(t)(0>
among hosts with £ infections, which is binomial with parameter p,,(t), where p,,(t) is the
overall frequency of the mutant:

in the neutral model. This quantity can be computed from the distribution of mutants

(0)
(EE:(ES)> N Mpmw(l = pm(®)""

6
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We also have

which yields

We obtain finally:

k () 2 —
o) =2E+eY (%,fé’?) (%) +0E) =2k +e (1 L ”pm) +OE  (23)

Similarly we can show that:

kt: k
o) = 2+

+ O(&?)
which finally yields:
o (t) = (1) = — + O(2).

Thus, to leading order the effect of the mutation on the difference in lysogenization probability
is

D0k (1) — Sh(1) _ Ok (H) ~ oh() _ 1 21
ozk Oe k
This leads to the following expression for the selection gradient on class k:
Sult) = Jpr (0% (00(t) = By (1)), (25)

S4.2 A model without plasticity

In the previous section we assume that the virus can evolve independently at each MOI k.
In the following, in contrast, we assume that the lysogenization strategy is fixed across the
different MOI. In other words, this scenario assumes there is no plasticity and thus z} = 2? =
-+ =z = 2, In this case, we can use equation (18) to obtain the selection gradient:

S(t) = (g i <t>‘,j) (bu(t) — B (1) (26)

S4.3 A model with plasticity and pleiotropy

Next we consider an intermediate scenario where plasticity can evolve but the phenotype ex-
pressed at MOI does not evolve independently from the phenotype expressed at other MOI.
More specifically, we consider mutations that affect the overall shape of a function that governs
how the MOI affects the rate of lysogenization. As explained in the main text, we assume the
following function to describe the effect of MOI on the rate of lysogenization:
kv
EERS
We could then study the evolution of the parameters v and/or £ that govern the shape of the
reaction norm. For instance, if we want to let evolve the parameter v for a fixed value of &, we
write v, = v, + €. This yields, using the chain rule:
ou
z,’;:z,’f}jtea—yk +0(?) =28 +¢

V=Uy

7 = ug(&, 1) (27)

ke & log(k)

(e + £ + O(?) (28)
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As above, we use ¢(z,;) = % and we compute ¢F,(¢) as in (23) which yields:

O50) = 32 () oD (29
m — n,k ) ITm\4Ln.k E,Yk;,l(t)
ou MO EBak(t) [n)\?
— Lk 77k n.k -
=z +e o, E_:Ek() (k:) (30)
We can then use the same tricks as above and end up with:
k . k . g aU/k 2
)= oh0 = 5| +OE

which yields, using equation (18) with z; = v;, the following selection gradient on v:

S, = Z Far(t ’“3“’“ (@L(t) - B@V(t)) (31)

Qu(t)

where

Ouy,  k¥¢log(k)
v (k4 €)?

Similarly, using equation (18) with z; = &;, the selection gradient on the parameter ¢ is:

A ouy [ . N
Se = ZfEk(t)%aik (UL(t> - BUV@)) (32)
p £

Qe(t)
where

8’U,k . kY

o (k48>
Note that a“’“ is always positive, whereas a@g is always strictly negative. Hence, @, (t) > 0 and

Qe(t) <

S4.4 Accounting for the cost of plasticity

In the above pleiotropic scenario the two parameters £ and v are allowed to evolve freely. Yet,
one may argue that the ability to modulate the phenotype with the MOI is associated with
fitness costs. Indeed, this plasticity may require some sensing mechanism allowing the virus
to “count” the number of coinfecting virus. Besides, when the information on the multiplicity
of infection is known, the switch to an alternative strategy may require a costly regulatory
process. Next, to account for these costs and to constrain the evolution of v and £ we assume
that the burst size is:

B = By(1 — ¢ & — ¢, V%) (33)

where ¢; and ¢, measure the cost of plasticity on { and v, respectively.
This yields the following gradients of selection on v:

Se = ; fEk@)Z%%’“ (@L(t) - Bfw(t)) — 2¢ & By dy (1 (Z

k

)+ >) (34)




S, =Y fEk(t)EE (@L(t) - B@V(t)) — 2¢, v By by (t) (Z - V“S Fee(t) + fL(t)> (35)
k k

1 54.5 The unanimous voting rule

The above analysis is based on the assumption that the phenotype at the scale or the cell is the
average of the phenotypes of the strains that coinfect the same host. An alternative decision
rule is the uninamous voting rule where lysogeny is decided if all the strains agree to lysogenise.
In this scenario the proportion of mutant in a cell infected with k& virus and n mutants is still
noted 7, (z,x) = 7. Noting again 2F the phenotype of strain 7, the probability of lysogenization
of these cells becomes @(z,, 1) = (2F)"(zF)*=). By definition we have S-F_ 7, (2, 1) Eni(t) =
Ek (t). Then, for ¢ = zF — 2* we can rewrite ¢* (t) as

En k(1)

nz;)gb T o) T (T ) Ek( ) (36)
= Z ( 2 )k k- ")) Tm(xnk)%g((t? (37)

This yields the following perturbation expansion

k ©) 2
o) = G+ oG 3 () T o (39
= (2)" + (1= pu(l = K))(25)" "+ O(?) (39)
Similarly we have:

() = (20)" — (1= k)pm(2)" " + O(?) (40)

o This yields:

In(t) — () = (o) """ + O(?)

w where we use the fact that (2%)¥ = ¢* in a neutral model. This expression can be used to
12 derive the selection gradient under the three scenarios considered in the main text.

143 « A model without pleiotropy
144 The selection gradient acting at MOI £ is:

Si(t) = ufer (@) (00(t) — Bov(t)). (41)

145 ¢« A model without plasticity
146 In the absence of plasticity the selection gradient on the lysogenization rate is:

= (; Fior (£) (0F) =1 ’f) (0(t) — Biv(t)) (42)
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¢ A model with plasticity and pleiotropy.

Following the above approach and using (28) the selection gradient on the parameter &

is:

8uk

k (k—1)/k Uk
MZfEk (@) ¢

Qe ()

(ﬁL(t) - B ﬁv(t)) — 205 f Bo f)v(t) (zk: /{jl:u—f ngk( ) + OéfL(t)>

where

Ouy, k"¢ log(k)
o (kv +¢€)2

Similarly, the selection gradient on the parameter v is:

(43)

Sy —MZfEk t)(¢") - Uk@;j (@L(f) —B@v(t)) —2¢, v By Oy (t (Z

k

Qu(t)

)+ afu(0)

where

auk kY

oc (kv + 92

S5 Constant environment

In a constant environment (6(t) = 6), the dynamics of vy (t) at equilibrium simplify to
0= ((d+a)—r(l —kN))v, — aBuy

and therefore we have:
v, — Buy = (r(1 — kN) —d) vg.

Hence, at a singularity, the following condition must be satisfied:

N:<1—d>1.
T K

From the dynamics of S(t), we can shown that this is equivalent to the condition

a Vs = 0,

(44)

(47)

which means that the outflow of new infections must exactly balance the inflow of new suscep-
tible cells. Under these constraints, the following conditions must be satisfied by the endemic

equilibrium and the ¢*’s:

0=0—c"hS
0=0"hS — (d+p+oc'h)E
0=0c'hE' — (d+ p+ o*h)E?

0= hEX™ — (d+ p)EX
0= ungkEk —aL

O—uBZ — ¢"VE¥ + BaL — (dy +aN)V

10
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Together with the constraint S+ ¥, E* + L = (1 —d/r)/k, we have 2K + 3 unknowns (S, E*,
L, EX LV, ¢y, ..., ¢%) and K + 4 equations, so the system is underdetermined, except in
the non-plastic case where ¢* = ¢.
From the sum of equations (48a) to (48e), we obtain

c’aVS =40 (49)
(d+p)E =140 (50)

where E = Y, E¥. Together with equations (48f) and (48g), we obtain

BE B
v=" - a (51)
dv—f—CLN (dv+CLN)(d+M)
Inserting into equation (49), we have
0 dv + CLN
= 2
S c%aB 0 —dFE (52)
Equations (48b)-(48e) allow us to write
k j—lh
B =] ———— 53
]Hl d+p+oih (53)
which can be rewritten, using (49), as
k 7j—16
H S - (54)
Zid+p+ol U()S

Hence, at a singularity, the expressions for V, S and E* are all independent of the ¢*’s. Because
of the constraint N = S + E + L, L is also independent of the ¢*’s.
Equation (48f) tells us that, at a singularity, we have

1Y ¢*EF = aL. (55)
k

Because L and the E*’s are independent of the ¢*’s, there is an infinity of combinations
(qbl .., ¢®) that satisfy this condition (just pick K — 1 random values between 0 and 1 for ¢!,
., @1 then choose the value for ¢* as (aL/p — S5t EF).
However, there is a unique non-plastic solution ¢* = ¢ which satisfies

ol  a(d+ p)

d)*zﬁ— 00 L (56)

Hence, ¢* = 0 when L = 0 and ¢* = 1 when L = u/(a(d + ).

We now turn to the problem of determining whether a plastic strategy can evolve from a
non-plastic initial condition. To do this, we use the canonical equation of adaptive dynamics
(Dieckmann & Law, 1996; Geritz et al., 1998; Leimar, 2009) for the vector of traits z, which

has the form
dz

“_c
a8

11
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where g is the gradient with elements S*. If we assume that the mutation covariance matrix
C is diagonal with elements C} (no genetic correlations between classes), we have

d k
dizt = Cpfpr(vy — Buy) = Ci fevy (r(1 — kN) — d)

In addition, we have at the endemic equilibrium:

k
0=(r(1—kN)—d)L+> p¢*E" —aL

k

and we have ¢* = 2* in a monomorphic population. Therefore

k .
dd¢t = Cpf*(vr — Boy) = Gy f*or (a - ;%W%)

We rewrite the dynamics of ¢* as

dg* o B
= Crler <¢ ;M L—;M b7

or .
(¢F —¢*) = CkkaLZMj(d)* - W)bz

d
dt

Noting 6% = ¢* — ¢*, we obtain

dok i .
- igi =
& Crf UL%:M i
which can be written as 45
L
— = —2Ad
dt L
where
Cifp
A=- : (,ulEl MKEK>
CKfEK

Thus, if we start from § = 0 (i.e. ¢* = ¢* for all k’s), the dynamics will not deviate from this
non-plastic state.

S6 Explicit simulations of the competition between mul-
tiple viral strains

We use a multi-strain version of the system S1 to explicitly simulate the competition between
n viral strains competing for the same host. For simplicity, we assume that a cell can have

12



190

191

192

193

194

195

198

199

200

201

202

203

204

205

206

multiplicity of infection of at most two (i.e., K = 2) which yields:

S(t) = 0(t) + rS(t)(1 — kN(t)) — (d + aV (t))S(t)
E}(t) = aVi(t)S(t) — (d + p+ aV (1) E} ()
E}(t) = aVi(t) Bl () — (d + p) B3 ()

Li(t) = r(1 — kN (£))Li(t) — (d + a) Li(t) + pe; B} (1)

+’2‘i( SER() + 0L E()

Vi(t) = B;Li(t) — (dy + aN())Vi(t) + Bu(l — ¢ EX(t) (57)
# B (1165 B0) + (1~ 5)E),
N(t) = S(t) + zn;(E}(t) + Li(t)) + Enjl f:l E(t) — f:lﬁﬁ

where S(t) is the density of susceptible cells while V;(¢) and L;(t) denote the densities of free
virions and lysogens of strain ¢, respectively. When a susceptible host cell is infected by a strain
i virion it becomes a singly infected exposed cell E} (i.e. we assume o' = 1). When an exposed
cell E} is subsequently infected by a strain j virion, it becomes a doubly-infected exposed cell
Efj All exposed cells reach a decision between lysis and lysogeny at rate p. An exposed cell
E} become a lysogen with probability ¢; or is lysed by the virus with probability (1 —¢}). A
exposed cell E2 becomes a lysogen L; with probability qﬁ /2, a lysogen L; with probablhty

7./2 or is lysed with probability (1 — ¢7;), releasing B/2 virions of type i and B/ 2 virions of
type j. The probabilities of lysogen formation, ¢; and, gzﬁlj are related to the traits 2 using the
average phenotype rule (see Methods):

¢1 = zl
2 _ z + 2 (58)
ij 2

As expected, when n = 1 the system (57) reduces to the dynamics of the monomorphic pop-
ulation defined by equation (1). The system (57) can be used to check the robustness of our
evolutionary predictions when K = 2 (Figure S1), which are based on the invasion analysis
of a mutant strain in a wildtype population and rely on the assumption that the mutant has a
weak phenotypic effect relative to the wildtype. In contrast, our explicit simulations using (57)
allow the viral strains to take any phenotypic value (the phenotypes can be very different). Be-
sides, our explicit simulations allow us to to study the competition among more than two strains.

One-to-one competition: First, we use explicit simulations to check that the predicted ES
strategy outperforms all other strategies. Figures S2A and S2D show the periodic attractor
of the ES strategies (¢* = 0,¢% = 1) and (¢! = 0.061, ¢*> = 0.881) for the non-pleiotropic and
pleiotropic cases, respectively. A mutant is then added to the system when the resident is in
its periodic attractor and the initial exponential growth rate of the mutant over 20 cycles is
estimated by fitting an exponential to the peaks of the mutant fraction in the first 20 cycles.
Figures S2B and S2E show the mutant fraction for a sample mutant added to the system
when the resident is in its periodic attractor. Figures S2C and S2F show the initial exponen-
tial growth rate for mutants with phenotypes (¢!, ¢*). The black dots denotes the predicted
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27 ES strategy. The figures show that the initial growth rates for all mutant strategies are neg-
28 ative, indicating that none of the mutants are able to invade the ES resident. These results
200 indicate that even in the absence of weak selection approximation, with mutant phenotypes
a0 significantly different from the resident phenotype, our selection gradient approach, correctly
o predicts evolutionary trajectories.

212

213 Multistrain competition: Second, we use explicit simulations to track the mean class-specific
24 phenotypes, ¢! and ¢2, across time when we start with polymorphic populations composed of
25 100 different plastic strategies (Figures S3A and S3D). We find that the mean trait values
26 (defined as mutant frequency weighted averages) converge to the predicted class-specific ES
a7 strategies (Figures S3B and S3E). Further, we note that the standard deviation of the trait
28 values also reduce — asymptotically approaching zero over time (Figures S3C and S3F).

2 S7 Reparameterization of the epidemiological model

20 The system of ordinary differential equations (S1) is difficult to solve by standard explicit time
21 step methods when we use the parameter values given in Table 1 due to the stiffness of the
22 dynamical system. One simple way to facilitate the numerical integration of the system it to
23 rescale the dynamical variables. We start from a version of the model when K = 2 which yields:

0(t) +rS(t)(1 — kN (t)) — (d + o°h(t))S(1)
E'(t) = 0°h(t)S(t) — (d+ p+ o' h(t))E'(t)
: o h(t) B (t) — (d+ 1) E2(t) (59)
L(t) = rL(t)(1 — kN(t)) + Zk P EN(E) — (d+ ) L(t)
Vity=BY, (- gbk)Ek( t) + BaL(t) — (dy + aN 1)V (#)

24 For simplicity we assume h(t) = a V (t) and 0° = ¢! = 1. In addition we introduce the following
»s change of variable z = kX and A = a/k which yields h(t) = Av(t)

5(t) = kO(t) +rs(t)(1 —n(t)) — (d+ h(t))s(t)
e(t) = h(t)s(t) — (d+ p+h(t))e' (1)
(1) = WD)l (1) - (d+u) (1) 0)
I(t) = ri(t)(1 — n(t)) + ”Zk (PR — (d+ a)i(t)
o(t) = “Zz (1= ¢")e'(t) + Bal(t) — (dv + An(t))v(t)

»s In the non-plastic case we have ¢! = ¢? = ¢ and if we write e(t) = e!(t) + €*(t) we obtain:

s(t) = kO(t) + rs(t) (1 — n(t)) — (d+ h(t))s(t)
e(t) = h(t)s(t) — (d + pe(t) (61)
i(t) = ri(#)(1 = n(t) + pee(t) — (d+ a)l(t)

0(t) = B u(1 — ¢)e(t) + Bal(t) — (dv + An(t))v(t)
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Figure S1: The speed of environmental fluctuations and the evolution of viral plas-
ticity with or without pleiotropy when K = 2 and for increasing influx of susceptible
hosts. We consider a scenario with or without pleiotropy (black or gray dots, respectively) and
we show how the period T" of environmental fluctuations affect the variance (A, C and E) and
the mean (B, D and F) of the plasticity function (as in Figure 4). Note that when plasticity
evolves without pleiotropy (gray dots) it only evolves a bang-bang strategy where ¢! = 0 and
¢? > 0. This implies that the mean lysogeny without pleiotropy is ¢?/2 (gray dots in B, D
and F) and the variance is (¢*)?/4 (gray dots in A, C and E). When plasticity is not allowed
to evolve (white dots), the mean level of lysogeny remains much lower than when plasticity
can evolve. Same parameter values as Figure 4 but with K = 2 and the periodic function 6(¢)
fluctuates as a square wave between 0 (i.e. no influx of susceptible cells) and 108 cells.ml~'.h™!
(in A and B), 3 x 10%cells.mi"*.h~! (in C and D) and 5 x 10® cells.mi~'.h~! (in E and F).
Since we assume influx of cells only occurs during the first 10% of the cycle, the mean influx
(over one period fo the fluctuation) of 107 cells.mI='.h~! (in A and B), 3 x 107 cells.mi~*.h~!
(in C and D) and 5 x 108 cells.mI='.h~" (in E and F).
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Figure S2: Invasion fitness of mutants relative to a ES resident. Population dynamics
of the evolutionarily stable strategy (A) without and (D) with pleiotropy once the resident
system has reached its periodic attractor. (B, E) Sample time series of the fraction of mutant
genome copies in the first few cycles after the introduction of the mutant (black). The red
curve is an exponential fit to the peaks of the mutant fraction trajectory. (C, F) Heatmaps
of the initial exponential growth rate ‘r’ of the mutant obtained from the exponential fit in
(B, E) for mutants with various strategies (¢*, ¢?). Note that the invasion fitness is always
negative, indicating that the ES resident is never invaded by a mutant with a different strategy.
Parameters values (Table 1): K = 2, 0., = 10® cells/ml/h and T' = 3 h.
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Figure S3: Evolution of the probability of lysogeny in polymorphic populations. (A,
D) Strategies of various virus types initially present in the simulations with equal frequencies,
marked by x-s in the (¢!, ¢?) space. Black dots indicated the predicted ES strategies.(B, E)
Mean values of ¢! (solid red) and ¢* (dashed red) over time. The dashed lines indicate the ES
values of ¢! and ¢?. (C, F) Standard deviations of ¢! (solid red) and ¢* (dashed red) over time.
These values decrease, showing that the population evolves over time to have mean trait values
closer to the ES strategy, with a narrower distribution of deviations from the mean. Parameters
values (Table 1): K = 2, Oyax = 10® cells/ml/h and T = 3 h.
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Figure S4: Evolution under the unanimity voting rule. Same as Figure 4 but using
a different rule for the decision reached at the scale of the cell. Here we use the “unanimous
voting rule” (Appendix section A.4.5).
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Figure S5: Model captures qualitative features of experimental data. Overlay of data
from Figure 1 (left) and model results from Figure 4C showing qualitative agreement between
the model and experimental data. In all cases, singly infected cells are more likely to undergo
lysis while multiply infected cells are increasingly likely to become lysogens.
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