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S.1 Epidemiology
S.1.1 Full ODE system

With the description of the host-pathogen life cycle given in the main text, the metapopulation dynamics
are described by the following 8-equation system:

(fg = b(1—wva)—SY(d+Hy),

dftg = vab—Sh(d+oHy,),

5 b1 ) - S0+ ),

% = wvgb—SL(d+cHp), (S-1)
ddfflv = SYHy— (d+a))IY,

d(f = oSTHA — (d+ I,

(ﬁBV = S§Hp—(d+af)I}y,

df — oShHp — (d+ 51},

where
HA = (1 —m)hA+th

is the force of infection experienced by susceptible hosts in population A from either local infected hosts
(with probability 1 — m) or infected hosts of the other population (with probabilty B). Similarly, we
have

Hp = (1—m)hp +mhy

S.1.2 Dynamics

A detailed analysis of the epidemiological dynamics is beyond the scope of this article, but typical
dynamics for an anti-growth or an anti-virulence vaccine are given in figure S.1.
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Figure S.1: Dynamics of the model with (a) anti-growth and (b) anti-virulence vaccines, in the
population A (left panels) or B (right panels). We have represented the naive susceptible in plain grey,
the vaccinated susceptible in dashed grey, the naive infected in plain black and the vaccinated infected
in dashed black. Here, b=2,d=1,2=1,0 =0.75, m = 0.2 and 7; = 0.9.

S.1.3 Equilibrium

In a disease-free environment, the densities of susceptible hosts settle at an equilibrium (S(J]Y4, Sg A Sé\g,
SgB), that can be calculated as :

(1 — VA)b I/Ab (1 — VB)b VBb

However, we do not have explicit expression for an the endemic equilibrium.

S.1.4 Basic reproduction number

We use the Next Generation theorem to calculate the pathogen basic reproduction number in the
metapopulation (Diekmann et al., 1990; Hurford et al., 2009; Lion and Metz, 2018). From the dynamics
of infected hosts, we have

Iy Iy
d | 1% Iy
de |15 ) F=V) Iy
Ih If
where
(1=m)SHBY (1 —m)SH, 6% mSYBY mSpBh
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is the transmission matrix and

—(d+of) 0 0 0
V— 0 —(d+ o) 0 0
0 0 —(d+af) 0

0 0 0 —(d+ak)

is the mortality matrix. It is straightforward to check that the conditions of the NGT are satisfied
(Hurford et al., 2009), so that the basic reproduction number is given by the dominant eigenvalue of
matrix F.V™! (Diekmann et al., 1990; Hurford et al., 2009)

1-m)SMRY  (1—m)SMRY mSN RY mpBESN RE
' mSN; RY mSHs RY (1—m)SHERY (1 —m)SN,RE ’
omSEy RY omSI; RL o(1—=m)SIzRY o1 —m)SILRE
where RY = 8 /(d+ ob) and RI = g /(d + of). Thus, we can calculate Ry as
1
Ry = B ((1 —m)(Roa + Rop) + \/4(2m —1)RoaRop + (1 — m)?(Roa + ROA)2> . (S.4)

with Rox = Riv S(])\lfc + UR%SS;{, the basic reproduction number in population k, and the disease-free
equilibria Sé\fC and Sg;€ are given in equation S.2.

S.2 Evolution

S.2.1 Mutant invasion fitness

A proxy for the mutant invasion fitness can be calculated following the method used to calculate the basic
reproduction ratio of the pathogen, except that we now calculate it in the resident endemic equilibrium
(Lion and Metz, 2018). Hence, we calculate the dominant eigenvalue of the matrix F/.V/~! where F’
and V' are analogous to F and V in section S.1.4 except that the disease-free equilibria of susceptible
hosts are replaced by the corresponding endemic equilibria. We obtain:

R(z,7) = % <(1 —m)(Ry + Rg) + \/4(2m - 1R, Ry + (1 —m)*(R, + Rjg)2> , (S.5)

where the definitions of R/, and R/; are given in the main text.

S.2.2 Selection gradient expression

The selection gradient corresponds to the derivative of the mutant invasion fitness R(z,2’) with respect
to 2/, evaluated at z = 2/. We have

_ OR(z,7))
&= 0z

2l=z

For a neutral mutant, we have R(z,z) = 1 which leads to the following equality :

VA4@2m — 1) (RaRg) + (1 —m)2(Ra+ Rp)? = 2—(1—m)(Ra+ Rp) (S.6)

which can be used to rewrite the selection gradient as

1—m ) o 14(2m — 1)(0R, R + R4ORY) +2(1 —m)?(R4 + Rp)(OR!, + OR})
S—<2 )(ORA+8RB)+4 5= (1 —m)(Ra+ Rp) .
(S.7)
After rearrangement, we obtain
S = X40R, + XpORp (S.8)
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with
2m—-1)Rp+(1—m

)
X pu—
A 2—(1—m)(Ra+ Rgp)’
(2m —1)Ra + (1 —m)
X = . S.9
B 2 — (1—m)(Ra + Rp) (5.9)
(S.10)
From eq.S.6, we can further derive the following equalities:
& 42m —1)(RaRp) + (1 —m)*(Ra+ Rp)?> = (2— (1 —m)(Ra+ Rp))*
& 4(2m —1)(RaRp) + (1 —m)?*(Ra+ Rp)* = 4+ (1 —m)*(Ra+ Rp)* —4(1 —m)(Ra + Rp)
< (1—m)(Ra+Rp)+ (2m—1)RyRp =1 (S.11)
The last equality can be used to show that
22m —1)RaRp+ (1 —m)(Ra + Rp)
XaAR XpRp =
aftat Aplts 2— (1—m)(Ra+ Rp)
_ 2(1-(1-m)(Ra+ Rp))+ (1 —m)(Ra+ Rp)
2—(1—m)(Ra+ Rp) ’
=1 (S.12)

We can then define ¢y = X R4 and cg = XgRp the class reproductive values normalised such that
ca + cg = 1 (Lion, 2018; Walter and Lion, 2021).

S.2.3 Second order derivative calculation

The second order derivative informs about the evolutionarily stability of singularities and is given by

B 0?R(z,2")

D 82’2

(S.13)

z/=z=z*

If D < 0 the evolutionary singularity is evolutionarily stable (ESS). If D > 0, the singularity is unstable
(branching point). In our model, we obtain :

1
D=3 (1 —m)(0*Ry + 9*Rlp) (S.14)
N 4(2m — 1)(0*R4 Rp + 0*RgRa + 20R,OR;) 4+ 2(1 — m)? ((OR/y + OR/5)* + (Ra + Rp)(0?R)y + 9*Rly))

24/4(2m — 1)RaRp + (1 — m)2(Ra + Rp)?
_ (4(2m —1)(OR,Rp + RAORY) +2(1 — m)*(Ra + Rp)(OR!y + 8R§))2>
4(4(2m7 1)RARB+ (1—m)2(RA+RB)2)3/2 :

Expression (S.14) can be rewritten as D = X40°R/, + Xp0* Ry + K, with :

2m2(1 — 2m)(OR!, — OR,)?

@~ (1—m)(Ra + Rp))? (8.15)
We have
aXe — (1—-m)?2+ (1 —-2m)2RsRp — (1 —2m)(1 —m)(Ra + RB)
AXB = 5 )
(2—(1—=m)(Ra+ Rp))
_ (1—-m)? —(1—2m)
(22— (1 -m)(Ra+Rp))*’
m2
T @ (- m)(Rat Ra) (510
We can then rewrite & as :
T 2(XAXB)3/21 — 2m (OR4\Rp — 8R’BRA)2 : (S.17)
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Using c4 = X4Ra=1—-—cp =1—- XpRp, we can express the second order derivative as

0?R! O?RY, OR,, OR-\%1-2m
ca N +cp Rp + (CACB) \/RARB < N Ra - (S 8)

which correspond to the equation 9 in the main text.

In addition, it is useful to note that, when the two subpopulations are completely isolated, we have
Ry =1 and Rp =1, so that, for small migration rates, we expect R4 =1+ O(m) and Rg =1+ O(m).
Hence, plugging this into the expressions for ¢4 and cp, we have

1
cACB = +O(m).

S.2.4 R4 and Rp and their derivatives

In the above calculations, we use the notations R, and Ry to characterise the mutant reproductive
numbers in the population A or B as

R, = SYRN +oSTRY =8 A PAl] +aS*T7ﬁ£[Z/]
A AT ATAT A 4 o) Ad+ L[]’
N,/ T,/
R, = SNRY +o8LRE =gy FPBLEL Pp 7] T Bpl?]
B BYE T+ 08 Bd+ a2 OBy oLl

(S.19)

We use the notation OR/; and OR’; for the first order derivative of R/, and R’y with respect to the
mutant strain 2/, evaluated at z = 2’ as

;o (d+a)opl — pioaly ((d + oh)0p — 5£aa£)
Oy = Si ( (d+ of))? ) +o5% (d+ak))? ’

;o (d+ O‘B)aﬁB ﬁgaag> &T ((d + ag)aﬁg - 5%80%)
ORy = S5 < (d+ag)? % (d+ap)? '

(S.20)

We use the notation 9>R/, and §*R/; for the second order derivative of R/, and Ry, with respect to
the mutant strain 2/, evaluated at z = 2/ as

PR N (z/jA (@) = (d+ )P} 20aN0BY = 0°8Y >+
A A (d+al))3 (d+al)? " d+al
_gr (_BA(d+a})0*a] — 2(00%)*) 200405, 984
4 (d+ k)3 (d+ah)2 " d+ak)’
2R, — &N (2B§ (Oag)® — (d+ap)0®ay  2005dBy By > n
B B (d+ k)3 d+al)? " d+al
S &T <_B£((d +ap)0%af; — 2(0af)?) 2003085 | 9B >
P (d+ak)3 (d+aL)2 " d+ak)’

(S.21)

S.2.5 Anti-infection and anti-transmission vaccines

Anti-infection vaccines aim to reduce host susceptibility to pathogens and anti-transmission vaccines
reduce the transmission of infected to susceptible hosts. With these vaccines, we have the following
measure of pathogen fitness in population A :

BN
TN
d+aj

R, = (Y +@-m)a-r)8T) .
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Setting Za = SY + (1 —r1)(1 — r3)S5%, it simplifies to R’y = R\ Za.

The only difference between subpopulations A and B is their vaccine coverage, and therefore naive
hosts have the same transmission and mortality. Thus R/AN = Rlév = R'N and the selection gradient eq.
6 in the main text can be expressed as :

RN
S = W(ZACA + ZBCB) (822)

Because the susceptible densities (Zy) and class reproductive values (ci) are positive, S = 0 is equivalent
to RN = 0. Finding the evolutionarily singularities z* therefore boils down to maximizing 8 /(d+a'N).
Hence, z* is independent of r; and 73, and therefore anti-infection and anti-transmission vaccines do not
affect long-term the evolutionary outcome.

S.2.6 Pairwise Invasibility Plots and density plots

Under adaptive dynamics assumptions, starting from a monomorphic resident population, there are three
different types of monomorphic evolutionary singularities in our model of pathogen evolution. First, we
can observe an evolutionary stable virulence (ESS, figure S.2), that is, when a mutant reaches this
singularity, it cannot be invaded by another mutant strain. Second, the singularity can be a branching
point (BP, figure S.3, that is it can be invaded by neighbouring mutants, and potentially lead to
polymorphism. Third, we can observe a bistability (figure S.3), that is, a repellor surrounded by two
ESSs. Note however that this analysis is local: while the two ESSs are locally stable in the bistable
case, there is also a global stable polymorphic equilibrium (Débarre et al., 2013; Mirrahimi and Gandon,
2020). Hence, numerical simulations with continuous trait distributions will typically converge towards a
dimorphic equilibrium distribution instead of converging towards a unique ESS depending on the initial
condition (as predicted by AD).
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Figure S.2: Evolutionary stable virulence (ESS) for an anti-growth vaccine. This corresponds to m =
0.45 and 0 = 0.75 in figure 3 in the main text. (a) Pairwise Invasibility Plot where the mutant strain wins
the competition in white areas and the resident strain wins in black areas. (b) Simulated evolutionary
tree in a polymorphic population (see Appendix S.4). The orange dotted line shows the ESS predicted
by adaptive dynamics. (c¢) Virulence distribution in a polymorphic population. In (b) and (c), the initial
distribution of trait centred on z = 5 and mutations are rare and have small effect (© = 0.001, V,,, = 0.01).
Here ro = 0.9, and other parameters are as in figure 1 in the main text.
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(a) Branching point (BP)
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Figure S.3: Branching point (BP) for an anti-growth vaccine. This corresponds to m = 0.35 and
0 = 0.75 in figure 3 in the main text. (a) Pairwise Invasibility Plot where the mutant strain wins the
competition in white areas and the resident strain wins in black areas. (b) Simulated evolutionary tree
in a polymorphic population (see Appendix S.4). The orange dotted line shows the branching point
predicted by adaptive dynamics. (¢) Virulence distribution in a polymorphic population. In (b) and (c),
the initial distribution of trait centred on z = 5 and mutations are rare and have small effects (x = 0.001,
Vi = 0.01). Here ro = 0.9, and other parameters are as in figure 1 in the main text.
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Figure S.4: Bistability for an anti-growth vaccine. This corresponds to m = 0.2 and § = 0.75 in
figure 3 in the main text. (a)Pairwise Invasibility Plot where the mutant strain wins the competition in
white areas and the resident strain wins in black areas. (b) Simulated evolutionary tree in a polymorphic
population (see Appendix S.4). The orange solid lines show the predicted monomorphic ESSs, the orange
dotted line shows the predicted repellor, all calculated by adaptive dynamics. Note that the polymorphic
simulatiosn converge towards the globally stable dimorphic ESS, and not towards one of the locally stable
monomorphic ESSs. (c) Virulence distribution in a polymorphic population. In (b) and (c), the initial
distribution of trait centred on z = 5 and the mutations are rare and have small effects (u = 0.001,
Vi = 0.01). Here ro = 0.9, and other parameters are as in figure 1 in the main text.

S.3 Combination of vaccines

We have explored a combination of vaccine of different mode of action, ro with r1 or r3 (figure S.5), ry
with 71 or r3 (figure S.6) and ry with r4 (figure S.7).
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(b) Anti-growth (r2) with anti-transmission (r3)
3
0 0.3 0.6 0.9
— |
| _
ESS values
0.6
I 1
9
Iy 7
5
0.3 3
1 &— No vaccination
No
05- vaccination
£ 025- Bistability
0- BP
0 05 1

Figure S.5: Long-term evolutionary state calculated using adaptive dynamics, for anti-growth vaccine
combined with (a) anti-infection and (b) anti-transmission, as a function of to m and §. The region with
a branching point (BP) is represented in yellow, the bistability region in pink, and the ESS region in a
gradient of blue that represents the absolute value of ES virulence. Other parameters as in figure 1 in
the main text.
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(a) Anti-virulence (r4) with anti-infection (r;)
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Figure S.6: Long term evolutionary state calculated using adaptive dynamics, for anti-virulence vaccine

combined with (a) anti-infection and (b) anti-transmission, according to m and ¢. See figure S.5 for the
legend.
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Figure S.7: Long-term evolutionary state calculated using adaptive dynamics, for anti-growth vaccine
(r2) combined with anti-virulence (r4), as a function of m and §. See figure S.5 for the legend.

S.4 Evolution in a polymorphic population

In addition to our monomorphic adaptive dynamics anlaysis, we also numerically investigate a metapopulation
model with a phenotypic distribution of pathogen strains. This polymorphic pathogen population evolves

by mutation-selection until an equilibrium distribution is reached, which can be either unimodal or
bimodal. We can thus compare the results with the AD predictions. Model eq. 1 in the main text is
then modified into the following diffusion model :

dSﬁf _ N
ds¥
d_tA = vpb— Szg(d—i—a((l —m)ha; +mhp;)), (S.23)
sy N
T = (]. —I/B>b—SB (d+(1_m)h3,1+mhA,Z)7
dst T
S8 = ypb— SE(d+ (1 - m)hpi +mhi), (5.24)
dary, N vor . VLY,
o = Sald—mhai+mhp;) = (d+ax)la;+ 55",
dIy; T pyor | Vm L+
& = 0S4((1 —m)ha;+mhp;) — (d-l-aA)IA’i-i- 5 o2
ary, N vy, Vm P,
i = Se((—mhptmhag) = (d+ap)lp;+ 55"
drg, Vm 0°15 ;+
DL = oS8R = )b+ mhag) — A+ BTG+ ~m B

where 7 is the strain index which varies between 1 and n, and Vm is the variance of the mutation times
the probability of the mutation (Débarre et al., 2013). We note that the susceptible equations remain
very similar, but we have added a diffusion parameter in the infected hosts equations. Moreover, we have
4 x n type of infected hosts. In numerical simulations, the diffusion parameter is discretised in class k



(N or T) as,

l 7é 17 i 7& n, é If\,i*l - 212# + IllgviJrl)
). 1 ( 1k k
5.2 — =1 az a2 — IA,l)

. 1 k k
t=n, dz IA,n—l - IA,n)

with dz the mutational step.

The initial condition of the simulation is a Gaussian distribution for strains densities, which is typically
centered on z = 5 with a variance of 1, and the strains values varies in 0.8 and 12 by 0.1.

The forces of infection becomes:

hji = Z ( gNng]\é + BJTZIJTZ) (S.25)

S.5 Numerical exploration of all combinations of v4 and vg, with different migration
rates or efficacy, for anti-growth and anti-virulence vaccines

In the main text, we have restricted the study to the case v = 0.5, with v4 € [0;0.5] and vp € [0.5;1].
Here, we explore different values of average coverage, with v4 € [0;1] and vp € [0; 1] with anti-virulence
or anti-growth vaccine, with different vaccine efficacy, for different value of pathogen migration (m).

(a) Anti-virulence vaccine (ry = 0.7)
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(b) Anti-virulence vaccine (r4 = 0.9)
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Figure S.8: Long term evolutionary state calculated using adaptive dynamics, for anti-virulence
vaccines, with (a) 74 = 0.7 and (b) r4 = 0.9 with m = 0.02 or m = 0.1. ESS are represented in
blue, branching point (BP) in yellow and bistability in pink.
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(a) Anti-growth vaccine (ry = 0.7)
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Figure S.9: Long term evolutionary state calculated using adaptive dynamics, for anti-growth vaccines,
with (a) ro = 0.7 and m = 0.02 or m = 0.1 and (b) ro = 0.9 m = 0.02,0.1,0.2,0.3,0.4,0.5. ESS are
represented in blue, branching point (BP) in yellow and bistability in pink.

S.6 Prevalence and death flow

Here, we highlight that the anti-virulence vaccine increases significantly the prevalence and the death
flow, regardless of the numbers of strains that coexists. The same observation applies to the anti-growth
vaccine, although in smaller proportions. Thus, polymorphism affects neither prevalence nor the cumulative
number of deaths, although, as we note in the main text, this will depend on the exact assumptions we
make on the epidemiological dynamics.

The prevalence in the metapopulation is numerically calculated at the singularity, as > . > . =
IF/(SF + IF), with i the class (N or T') and k the population (A or B). The death flow, @ is numerically
calculated in a polymorphic population of pathogens, whose traits varies between 0 and 11 by 0.1 (111
strains). The strains are initially present in equivalent frequencies, and we calculate the death flow at
equilibrium as @ =Y, >, oFIF/(SF + IF).
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Figure S.10: The prevalence in the metapopulation numerically calculated at the singularity, as
S IF/(SE + IF), with i the class (N or T') and k the population (A or B) and the death flow numerically
calculated in a polymorphic population of pathogens, whose traits varies between 0 and 11 by 0.1 (111
strains). The strains are initially present in equivalent frequencies (10~%), and we calculate the death
flow at equilibrium as @ = Y, 3", ofIF/(SF + IF), for (a, b) anti-infection, (c, d) anti-growth, (e, f)
anti-transmission and (g, h) anti-virulence vaccine, with r; = 0.9, and the other parameters as in figure
1 in the main text.

S.7 Adult vaccination

In the main text, the model implicitly considers that only newborn hosts are vaccinated. Here, we modify
the model to account for vaccination of adult hosts and present additional results showing that the main
qualitative results of the model in the main text are preserved. With adult vaccination, the dynamics
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with b the birth rate, d the natural death rate, m the migration between the two subpopulations, that
varies between 0 (no migration) and 0.5 (full migration), and v4 and vp the vaccination rates in the
supopulations A and B. Note that, in the adult vaccination model, we are dealing with rates, which vary
between [0; co[, and not with probabilities.

In figure S.11 and S.12, we present the long term stability of the virulence evolution according to
v4 and vg. Figure S.13 can be compared with to the figure 3 in the main text.
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Figure S.11: Anti-growth (r2). Long-term evolutionary state calculated using AD, according to the
coverage in the subpopulations A, f(v4) and B, f(vgp), where f(v) = (1 — v)/v, for different values of
migration, m. ESS’s are represented in blue and branching points in yellow. The black lines represent the
values of v4 and vp used to calculate § in the figure S.13. All produced with b=1.5,d =1, 7 = 0.9.
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Figure S.12: Anti-virulence (r4). Long-term evolutionary state calculated using AD, according to the
coverage in the subpopulations A, f(v4) and B, f(vp), where f(v) = (1 — v)/v, for different values of
migration, m. ESS’s are represented in blue and branching points in yellow. The black lines represent the
values of v4 and vp used to calculate § in the figure S.13. All produced with b=1.5,d =1, r4, = 0.9.

(a) Anti-growth (r2) (b) Anti-virulence (r4)
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Figure S.13: Long-term evolutionary state calculated using adaptive dynamics, for (a) anti-growth (rz)
and (b) anti-virulence (r4), ESS are represented in blue, BP in yellow and bistability in pink, according
tom and 4, with v = 0.575 and § = vg — v4.
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