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Abstract

We have modeled the evolutionary epidemiology of spore-producing plant pathogens in heterogeneous environ-
ments sown with several cultivars carrying quantitative resistances. The model explicitly tracks the infection-age
structure and genetic composition of the pathogen population. Each strain is characterized by pathogenicity
traits determining its infection efficiency and a time-varying sporulation curve taking into account lesion aging.
We first derived a general expression of the basic reproduction number R for fungal pathogens in heterogeneous
environments. We show that the evolutionary attractors of the model coincide with local maxima of R only if
the infection efficiency is the same on all host types. We then studied the contribution of three basic resistance
characteristics (the pathogenicity trait targeted, resistance effectiveness, and adaptation cost), in interaction
with the deployment strategy (proportion of fields sown with a resistant cultivar) to (i) pathogen diversification
at equilibrium and (ii) the shaping of transient dynamics from evolutionary and epidemiological perspectives.
We show that quantitative resistance affecting only the sporulation curve will always lead to a monomorphic
population, whereas dimorphism (i.e. pathogen diversification) can occur if resistance alters infection efficiency,
notably with high adaptation costs and proportions of the resistant cultivar. Accordingly, the choice of the quan-
titative resistance genes operated by plant breeders is a driver of pathogen diversification. From an evolutionary
perspective, the time to emergence of the evolutionary attractor best adapted to the resistant cultivar tends
to be shorter when resistance affects infection efficiency than when it affects sporulation. Conversely, from an
epidemiological perspective, epidemiological control is always greater when the resistance affects infection effi-
ciency. This highlights the difficulty of defining deployment strategies for quantitative resistance simultaneously
maximizing epidemiological and evolutionary outcomes.

Key words. Basic reproduction number; Resistance durability; Adaptive dynamics; Spore-producing pathogens;
Quantitative resistance; Integro-differential equations.
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Figure S1: Shapes of the trade-off curves of the pathogen traits values on the S cultivar against those on the R
cultivar as given by wr = f(wg) with = € [ug, pr]. The trade-off can be either concave (panel A), sigmoidal (panel
B) or convexe (panel C). Inset graphs show the corresponding Gaussian functions wg(x) and wg(x) as in Figure

1B. For all panels all other parameters are set to their reference values (Table 2).
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Figure S2: An example of configuration where a polymorphic pathogen population is selected at equilibrium (panels
A, D, E, F) while a single local maximum exists for R (panel B) as confirmed by its gradient (panel C). Parameters
values are ¢ = 0.64, og = 0.06, Caqp = 0.845 and R.g = 0.985 and € = 0.002. Other parameters are set to their
reference values. The PIP in panel A visualizes the sign of the invasion fitness f,(y). The mutant strain y will
invade the resident population z if and only if f,(y) > 0.
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Figure S3: Dynamics of the density of airborne pool of pathogen A(¢,z). A-B. The resistance impacts the total
spore production (SP scenario). The dynamics of A(t,x) corresponds to the lines 1 and 2 of Figure 2: (A) ¢ = 0.5,
Cadp = 0.8 and Reg = 0.5 and (B) ¢ = 0.5, Cagp = 0.8 and Reg = 0.99. C-D. The resistance impacts the pathogen
infection efficiency (IE scenario). The dynamics of A(¢, ) corresponds to the lines 3 and 4 of Figure 2: (C) ¢ = 0.5,
Cadp = 0.8 and Reg = 0.5 and (D) ¢ = 0.5, Caqp = 0.8 and Reg = 0.99. For all panels, all other parameters are set
to their reference values (Table 2).
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Figure S4: Characterization as generalist and/or specialist of the evolutionary attractors. Due to the quantitative
interactions considered, a phenotype p* has never strictly a single host range, and its characterization depends on
a threshold set here to 0.2. Accordingly, p* is termed a specialist of the R cultivar if Rg (u*)/RE(1*) < 0.2, a
specialist of the S cultivar if R (u*)/R§ (1*) < 0.2, and a generalist otherwise. Line 1. The resistance impacts only
the total spore production (SP scenario). The evolutionary attractor is characterized as a function of the proportion
of the R cultivar at planting (x-axis) and of the relative effectiveness of the resistant cultivar (y-axis) for three costs
of adaptation (columns). The equilibrium is always monomorphic in the SP scenario with one generalist (1 G), one
specialist of the S cultivar (1 SpS) or one specialist of the R cultivar (1 SpR). Line 2. The resistance impacts only
the pathogen infection efficiency (IE scenario). In the IE scenario, the equilibrium can also be dimorphic with two
specialists (2 Sp), one generalist and one specialist of the S cultivar (1G & 1 SpS), one generalist and one specialist
of the R cultivar (1G & 1 SpR) or two generalists (2 G). For all panels, all other parameters are set to their reference
values (Table 2).
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B Properties of the mutation kernel m,

In the model, mutations randomly displace strains into the phenotype space at each generation according to the
kernel m.. In the simulations, we used a centered multivariate Gaussian distribution with standard deviation e. It
leads to m.(x —y) = EiNm (*=%). However, the kernel is not restricted to Gaussian distributions. For example,
any exponential-power kernels are possible and, in particular, “fat-tailed” exponential-power kernels which allow
long-distance dispersal events into the phenotype space can be considered (Klein et al., 2006).

More generally, the kernel function m. arising in model (2) should satisfy the following properties:

(H1) The function m. is almost everywhere strictly positive on R and should be normalised such that,
me(z)de = 1.
RN

This last condition expresses that all interactions generated on the phenotypic space of pathogens necessarily
end up somewhere on that space.

(H2) Its variation should only depend on the distance separating the points between which the interactions are
evaluated (i.e. m.(z) = m.(—z), for all x € RY).

(H3) It decays rather fast at infinity in the sense that m.(x) = e Vm(z/e) and m(z) = O (W) as [|z|| = oo.
In other words, ‘ llim |z|™m(z) = 0, for all n € N. This assumption does not mean the mutation kernel has a
T|—00
very fast decay at infinity. We emphasize that the decay of the mutation kernel distribution considered here
allows considering the tails of a wide variety of distributions.

References
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C Some special cases of the general model (2)

By omitting the age structure, we re-write model (2) as follows

S HL(0) = gk —0Hy (1) — H(t) [ Bel) Axlt, )y,

RN
%L@(u 3'}) = 6k($>Hk(t)A(ta Z‘) - (9 + dk(x) + lk(llL')) Ik:<t7x)7 (Cl)
GiA) = =0A() + Y [ ety =)o)t

wherein we take into account the (host and strain-specific) duration of the sporulation period, denoted by I (z).
Furthermore, if we assume that there are no “interactions” in the phenotypic space of pathogens, i.e. without
mutations: € — 0, then the simplified model (C.1) rewrites

9 () = ok — 0H(1) — Ho(®) | Buly)Ax(t,y)dy,

ot o
%I}C(t l‘) ﬁk({E)Hk(t)A(t, l‘) — (9 + dk(x) + lk(lx)) Ik(t,l'), (CQ)

—A t,x) Zpk Vi (t, ) — §A(t, ).
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D The fitness function

In this appendix we explain how to compute the fitness function. To that aim, by formally taking the limit € — 0
into model (2), this system becomes

H) = puh OO Hu(0) [ B0 AC )y,

ot
o 0
<8t % ) Ii(t,a,x) = — (0 4+ di(a,x)) I(t, a, x), (D3)
(8,0, 2) = Bi(2) Hy (1) A(t, ),
ﬁA(t x) = i/oo ri(a, ) (t,a,x)da — 0A(t, ).
8t Y Pt o ) ) ) i

Let us assume that system (D.3) reaches a monomorphic epidemiological equilibrium E* = (Hf, I7(-)0., A%6.),_; ..

for some trait z, before a new mutation with trait value, say, y occurs. Note that E* is the environmental feedback
of the resident z. We introduce a small perturbation in (D.3) in the phenotype trait y, so that the evolution of the
system reads as follows: Hy(t) = Hf + ui(t) and

Ii(t,a,x) = If(a)0,(z) + ji(t, a)dy(x) and A(t,z) = A%0,(z) + B(t)d,(x),

and the small perturbations for the infection, j; and B, are governed by the linearized system of equations around
E*. This reads as

(8 ) k(t,a) = — (0 + di(a,y)) jr(t, a),

ot
Jk(t,0) = Br(y)H B(t), (D.4)
Ne poo
B0 =3 [ rulainita)da - 55(0),
k=1 0

In order to study the evolution of this perturbation we will derive a renewal equation on b*(t,y), the density of
newly produced spores at time ¢ with phenotype y in the resident population with phenotype x. This term is more

precisely defined by
*(t,y) Z / (a,9)ji(t, a)da.

It then follows from the jr-equation of the linear system (D.4), that

. 0 ¢ —Gt—f;_tdk(a',y)do > ¢
jult,a) = 4@~ e b [ oy
Be(y)Hi B(t — a)e 00— Jd dulow)do g < ¢,

while ,
B(t) = / b*(s,y)e =9)ds 4+ B(0)e %,
0

As a consequence, b*(t,y) satisfies the following renewal equation:

t—a
ZHk/ rk a y)ﬁk( )/ bZ(S,y)efé(tfafs)efeaffoadk(g’y)dadsda—Q—]—'(t’y,z)’ (D.5)
0
wherein we have set
Ne oo
F(t,y,2) = / ri(a, y)ji(0,a — t)e 0t e delow)do g,
k=171
Nc ¢
+ B(0 HE / (a,v)Br(y)e” §(t—a) p—fa— [ dr(o.y)do g,
k:l 0

Then (D.5) can be rewritten as

t
bt y) = / B*(a, )b (t — a,y)da + F(t,y, =),
0
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where B*(a,y) is the expected number of new infections produced per unit time, in a resident host population with
phenotype z, by an individual which was infected a units of time ago with the phenotype y, given by

Nc a
B(a,y) = e Y HiBu(y) / ri(s,y)e?* 05 dulowdog,
k=1 0

Due to the above formulation, it follows from classical adaptive dynamics (Diekmann et al., 2005; Geritz et al.,
1997; Metz et al., 1996) that the spore numbers, R(y, E#), of a rare mutant strategy, y, in the resident z-population
is given by

2

c

Ry, B7) = / B(a,y)da =" HiU4(y),
0 1

wherein Wi (y) = $8:() fy mr(a,y)exp (—0a — [ di(0,y)do) da. Then, the invasion fitness f.(y) of a mutant
strategy y in the resident z-population is given by

E
Il

f:(y) =Ry, %) = 1= > Hp¥y(y) -1 (D.6)
k=1

Note that when the environmental feedback E* is reduced to the disease-free environment, then S} re-writes as
Si = Ag’“ . And the epidemiological basic reproduction number of the pathogen with the phenotype y is calculated
as

N
A _ -

Roly) = glll(y), with U= E 0V
k=1

Once the pathogen has spread and reached the monomorphic equilibrium, the endemic feedback environment
E?# becomes

A a
Hi = gt 110 = s A esp (~0a~ [ (oo ) (D7)

where A% > 0 is the unique solution of the following equation (only defined when Ro(z) > 1):
N
c AsDk:
—— W (z) = 1. D.g8
> e (D)
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E Dimorphic or monomorphic equilibrium

To simplify the presentation, we consider system (2) with N. = 2 corresponding to S and R cultivars. Denote
by (Ho,i0(+), Ag) the endemic equilibrium of system (2) as ¢ — 0 and when only S is cultivated (i.e. when the
proportion ¢ of R is zero). From results in Djidjou-Demasse et al. (2017) we have

1
Us(ps)

Hy = (E.9)
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Now, let (Hg, Hg,is(-),ir(-), A) be an equilibrium of system (2) when a proportion ¢ > 0 of R is cultivated.
Next recall that, for k& € {S, R},

_ orA
= T A (AR

so that A(-) becomes a solution of the nonlinear equation:

and Ij,(z, a) = By(2) A(z) Hy exp <9a - /O ’ dk(a,x)da) :

oy — 3 orWr(y) _ 1 .
[ mey )ke%‘m T T 5k(z)A(2)dZA(y)dy {A). (E.10)

Using this equation we heuristically explore conditions yielding to dimorphic or monomorphic equilibrium.

Quantitative resistance impacting infection efficiencies S5 and Sr (IE scenario). We formally assume
that the population of spores writes A(z) = agd,s(x) + ardu,(z), and we plug this ansatz into equation (E.10)
above. This yields, for any x,

an [ oV R(UR) n (1-¢)¥s(ur)
0+ arBr(ur) + asPr(ps) 0+ arBs(ur) +asBs(ps

)} me(pr — )

©WR(1s) (1 —9)¥s(ps)
0+ arBr(ur) +asBr(ps) 0+ arBs(ur) +asBs(ps

= % [aR(LLR(x) + aS(S,us ({E)] .

o Jrtos -

Letting ¢ — 0 and recalling that m(z) = dp(x), one obtains

" { eV r(1R) N (1 —9)¥s(ur) } 5, ()
" 10+ arBr(ur) + asBrlus) ' 0+ arBs(ur) +asfs(us)| "
ta [ oV R (1s) N (1 - 9)¥s(ps) ] 5, ()
%10+ arBr(ur) + asPrus) 0+ arBs(ur) + asPs(us)] "
= [an8ug(0) + s (2)],
that is
arP¥r(1R) ar(l—¢@)Vs(pr)  _ ar
0+ arBr(pr) + asPr(ps) 0+ arfs(ur) +asfs(us) A’
aspVr(ps) as(1 —)Ws(us) as

0+ arBr(ur) + asBr(ps) 0+ arBs(pr) +asBs(us) A

As a consequence, for the equilibrium to be dimorphic, namely ag > 0 and ag > 0, it is necessary that there exist
ar > 0 and ag > 0 satisfying the following system of equations:

eV r(1r) n (1—-¢)Vs(pr) _1
0+ arBr(ur) + asPr(ps) 0+ arBs(ur) +asfs(ps) A
©WR(ps) (1 —¢)¥s(ps) _1
0+ arBr(pr) + asPr(ps) 0+ arfs(ur) +asfs(us) A

We set L

{X = X(ag,ar) = (0 + arBr(ur) + asBr(ps)) ",

) (E.11)

Y =Y(as,ar) = (0 + arfBs(pr) + asPs(pns)) -

Recall that with the IE scenario we have rg = rr and dg = dr such that the fitness function

Uy (z) = %ﬁk(x) /000 ri(a, ) exp (—9a - /Oa di (o, x)do) da,

takes the form Uy = ¢ofy for k = S, R (where ¢ is the same positive funtional for S and R). Doing that, the above

system rewrites

KX, vt = i(l, nT, (B.12)
CoA



& wherein K = ( igﬁgzg 8 B Z;gﬁgzg ) and ¢g = ¢o(ps) = co(ur). With the IE scenario (i.e. with trade-off

s on infection efficiency i), we reasonably have Sr(ur) > Br(us) and Ss(pus) > Bs(nr). Therefore, det(K) =
o ©(1 =) (Br(pr)Bs(ks) — Br(is)Bs(nr)) > 0. Then, solving system (E.12) for (X,Y) yields to

_ Bs(ps) — Bs(pr)
coAp (Br(1r)Bs(us) — Brns)Bs(1r))
v — Br(pr) — Br(ps)
coA(1 — ) (Br(pr)Bs(is) — Br(ps)Bs(kr))

o Since RE(z) = %A\Ilk(x) = %"(’”)Bk(x), the above system rewrites

>0,

> 0.

5 _pS
OX =—— R%(MS) R%(/JR) - >0,
Ro (ur)RG (1s) — R (ps)Rg (1r)
R _ PR
Y —— ROS(MR) R%(/Js) >0
R (kr)RG (1s) — Ry (1s)RG (1r)
o Coming back to the definition of X = X (ag,ar) and Y = Y (ag,ar) provided by (E.11), we then find
s (1 1 r
g(CLR7 ag) = X - 0, ? -0 s (E13)

©

> with G = < g{:gﬁg; g:gzg ) . Because det(G) = (Br(ur)Bs(us) — Br(pms)Bs(ur)) > 0, it comes that for the

o3 equilibrium to be dimorphic it is necessary that

X <1,
Yy <1,
1 1
Bs(ps) (GX - 1) > Br(s) (ay - 1) , (E.14)
1 1
Br(ur) <0Y - 1) > Bs(pr) <9X - 1) :
o4 This heuristic condition (E.14) is necessary (but not sufficient) for system (2) (here with N. = 2) to admit an

os endemic dimorphic equilibrium. The situation with a technical assumption on disjoint supports of 8, is rigorously
o studied in Burie al. (2019).
But here, in order to go slightly further in our analysis, we assume a strong trade-off on infection efficiency,
namely
U () <1 and Bi(pr) < 1 for i,k =R, S and | # k.

We deduce that the above system of equation roughly simplifies into

OV R(1R)

0+ arBr(ur)
(1-¢)V¥s(us) 1

0+asBs(us) A

=l

o7 Hence the proportions of each phenotype, s and pg, can be calculated as

 PAVR(uR) — 0 (1—@)AWs(ps) — 0
Br(1r) Bs(us) ’

provided the following threshold conditions in this strong trade-off framework

ar and ag ~ (E.15)

A A
@5\1’12(#3) >1and (1— go)gklls(us) > 1.

10
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Quantitative resistance impacting total sporulation production ps and pr (SP scenario). In this case,
using the same argument as in Djidjou-Demasse et al. (2017) we can prove that the spore population is monomorphic
at equilibrium such that A(z) = a*d,-(z); with a* > 0, providing that we are not in a strict symmetric configuration
of the fitness function. Applying the same arguments as in the previous section leads to

* *

e = ) () = T ().

0+ a*B(p*)

S

Again with ¢ — 0, it comes

with Ro(u*) > 1.
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F 'Ry as the fitness proxy

By Equations (D.6) and (D.7), it comes

N,
fy) =) Aolily) (F.16)

Using Equation (D.8) defining the resident equilibrium, i.e. R(z, E#) = 1, (F.16) becomes

N.
) =3 g e (Bel0) ~ el (F.17)

When infection efficiencies do not differ between host classes (i.e. 8y = B(x), for every k and every z). Then
(F.17) gives

1) = e (Roly) — Ro(2)),

T 0+ 4(2)
and then
sign(f2(y)) = sign (Ro(y) — Ro(z)) - (F.18)
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