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Summary: Which pathogen genotypes will develop on which crop cultivar? This is a crucial
question in plant epidemiology for understanding the link between the host population structure
and its susceptibility to disease. In the present work, we develop a theoretical approach to
investigate the conditions of emergence and establishment of a mutant pathogen with generalist
features in an agricultural landscape, then we determine the conditions of co-existence between
genotypes with specialist and generalist features. We found that the spatial structure of
landscape heterogeneity had a strong effect on the genetic structure of the pathogen population.
In particular, the geometry and size of the host genotype aggregates interacted with the initial
position of inoculums to determine the ability of the generalist pathogen to establish locally. In
addition, coexistence among generalist and specialist pathogen genotypes occurred rather easily
while only two hosts are cultivated. We finally discuss the implication of ours findings in a
management perspective.
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1. Introduction

The development of agriculture has accelerated adaptive phenotypic changes in pathogen
populations (Palumbi, 2001; Hendry et al., 2008) leading to the emergence of new species
(Stukenbrock etal., 2007; Gibbs etal., 2008) or to the differentiation and subsequent
specialisation of sub-populations (Munkacsi et al., 2008; Gladieux etal., 2010). A well-
documented example is that of the rice-infecting lineage of Magnaporthe oryzae, a fungal
pathogen causing devastating epidemics in crops. M. oryzae emerged between 5000 and 7000
years BP following a host shift from Setaria millet to rice (Couch et al., 2005). In 1989, a host
shift of the same pathogen from rice to wheat is assumed to have caused the emergence of wheat
blast in Brazil. Such major events have been described for several crop pathogens (Stukenbrock
and McDonald, 2008) and are probably unavoidable.

Although more discrete, pathogen specialisation to crop cultivars is much more common and
causes the most popular cultivars to become increasingly susceptible to different diseases.
Johnson (1961) used the term ‘Man-guided’ to describe how wheat selection for resistance
during the 20th century, as well as growing practises, have shaped the Puccinia sp. populations,
a group of pathogens causing the ‘rust’ disease on wheat. Breeding for resistance in cultivated
plants has largely relied on the exploitation of the ‘gene-for-gene’ system (Flor, 1971).
According to this system, avirulence genes in the pathogen are matched by resistance genes in
the host. These ‘qualitative resistance’ genes confer immunity to the plant, which explains their
popularity in breeding programs. They are however easily overcome by the pathogen after
mutation or deletion of the avirulence gene and, in the recent past, the release of resistant
cultivars has usually led to the adaptation of pathogen populations through accumulation of

qualitative pathogenicity factors. A very demonstrative example can be found by comparing



the French populations of Melampsora larici-populina, a pathogen causing poplar rust, on wild
and cultivated host populations (Gérard et al., 2006).

The evolution of crop pathogens driven by the ‘gene-for-gene’ system has been largely
documented (Wolfe and Schwarzbach, 1978; Hovmoller etal., 1993; Rouxel et al., 2003;
Goyeau et al., 2006; Barrés et al., 2008) but is not sufficient to explain the high specialisation
level that is observed in those pathogens. Based on a large database analysis coupling pathogen
frequency data and disease observation data, Papaix etal. (2011) showed that pathogen
specialisation in crops is largely accounted for by quantitative pathogenicity. Indeed, selection
for guantitative traits influences pathogen evolution in agricultural systems and can result in
differential adaptation to host genotypes (Pariaud et al., 2009; Lannou, 2012). Such differential
adaptation of pathogen genotypes to host genotypes largely accounts for the relationship
between the composition of the host population and its susceptibility to disease (Papaix et al.,
2011). Which pathogen genotypes will develop on which crop cultivar? is thus a crucial
question in plant epidemiology for understanding the link between the host population structure
and its susceptibility to disease. This question required the understanding of coexistence
mechanisms in heterogeneous environments.

The first condition for a new pathogen genotype to maintain in a population is success in
establishment of a population (With, 2002). In homogeneously mixed host-pathogen systems
establishment success is determined by the pathogen basic reproductive number (Ro). When
two pathogens are competing for a single host genotype, the pathogen with the highest Ro will
invade the resident population. However, when dispersal is limited, the pathogen population
will typically progress in a susceptible host population as a travelling wavefront (Mundt et al.,
2009). In such conditions, a mutant genotype will be overwhelmed if it appears in the already
diseased region and it will become more likely established if it arises closer to the wavefront

(Wei and Krone, 2005). This effect is known as the ‘surfing effect’ in population genetics



(Excoffier and Ray, 2008). The effects of landscape structure on the establishment of a mutant
have been rarely investigated in the literature. Burton and Travis (2008) constructed a model
for simulating the expansion range of haploid individual. They found that landscape structure
together with the spatial location of mutant introduction have a considerable influence on the
mutant survival probability and on the population dynamics of the mutants. In particular the
landscape structure could favour deleterious mutations that would normally disappear.

When all genotypes are established in the population, the question of stable coexistence can
be addressed. A classical mechanism for coexistence is niche partitioning (Chesson, 2000). This
requires that genotypes differ in their use of resources but not necessarily that these resources
fluctuate in space (homogeneous environment). Environment heterogeneity makes however
easier a stable coexistence because it promotes mechanisms that are not possible in
homogeneous environments (Melbourne etal.,, 2007). Chesson (2000) identified three
mechanisms that depend on the variation of resources in space: storage effect, relative non-
linearity and fitness-density covariance. More recently, Débarre and Lenormand (2011) added
another mechanism: ‘habitat boundary polymorphism’. This mechanism requires both habitat
heterogeneity and distance-limited dispersal, which creates maladaptation of specialists at
habitat edges and favour the maintenance of more generalist genotypes.

However, while these theoretical considerations help understanding general mechanisms of
species coexistence, epidemiological models at the scale of agricultural landscapes are still
needed to understanding consequences of crop deployment strategies on pathogen population
structure and disease severity. We developed a spatially explicit stochastic model based on an
air-borne plant-pathogen foliar fungus. The landscape is represented as a set of fields on which
two crop cultivars are deployed with controlled proportion and spatial organisation. We
consider also several dispersal abilities and several specialisation costs for the pathogen. We

consider two case-studies: (i) the establishment of a generalist population during the spread of



the pathogen population composed of two specialised genotypes; (ii) the stable coexistence

among the three pathogen genotypes.

2. Materials and methods

2.1. Spatial structure
5 field patterns composed of around 155 fields were generated by simulating a set of crop
fields using a T-tessellation algorithm that made it possible to control the size, number and
shape of fields (Kiéu et al., 2013; Papaix et al., 2014). Then, each field was divided into patches
by intersecting a regular grid with the field pattern to account for intra-field dispersal. The patch
was then the spatial unit of the system: the pathogen population was supposed to be perfectly
mixed at the patch level and it dispersed within and among patches.

Two crop cultivars, V, and V,, were deployed on each field pattern with controlled spatial
arrangements defined by their proportions in surface coverage (10%, 30% and 50% of the
cultivar V)) and landscape aggregation level. Local aggregation was first defined as the

proportion of neighbour fields that shared the same host type. Here, two fields were considered
as neighbours if they shared a common edge. The landscape aggregation level is then the mean
of local aggregation over the landscape. We defined 3 landscape aggregation levels: mixed (low
landscape aggregation), mosaic (medium landscape aggregation) and clustered (high landscape
aggregation — Figure 1). For each combination of field pattern, variety proportion and
aggregation, two landscape replicates in the allocation of cultivars were obtained by means of

a simulated annealing algorithm.



Figure 1: Examples of simulated landscapes with a balanced cropping ratio and an
increasing global aggregation (from a to ¢, mixed, mosaic and clustered).

Table 1: Definitions of the main terms and parameters used in modelling.

Symbols

Description

Value

1) Landscape spatial structure
- Number of fields
- Number of crop varieties

- Cropping ratio

- Aggregation among the varieties

2) Pathogen dispersal

M Mean dispersal distance
a Weight of the dispersal tail

3) Life-history traits

Spore production

Infection efficacy

Latent period

Infectious period

Mutation rate

Host growth rate

155, 154, 152, 153 and 156
2

10%-90%, 30%-70% and
50%-50%

3 scenarios: mixed, mosaic
and clustered

2.5, 10 and 25% of the
landscape scale
34

2 by infected site by

day

From 0.04 to 0.15 depending
on the host and pathogen
genotype

5

10

10°

0.1




2.2. Population dynamics model

2.2.1. Overview
We developed a Susceptible-Expected-Infectious-Removed (SEIR) model with spores as a

propagule state. The pathogen population was composed of 3 genotypes, B,, P, and P,. P, and

P, were both specialists of cultivars V, and V, , respectively, whereas P, had generalist features

and perceived the landscape as homogeneous. Each patch was considered as a set of infection
sites (here after denominated only by “site”) with no spatial positions. The model described the

dynamics of the number of sites in each of the following states and for each patch i: healthy

sites (S,), latent sites infected by the pathogen genotype p {Pl, P,, PS} (E; ), infectious sites
infected by the pathogen genotype p (1, ,) and removed sites previously infected by the
pathogen genotype p (R;,). We described below each step of the model according to their

chronology. Parameters are summarized in Table 1.

2.2.2. Reproduction and mutations
Infectious sites produced r =2 effective spores per day resulting from the real number of
produced spores and the leaf frailty (Soubeyrand et al., 2007). Spores belonged to the same

genotype as their parental lesion with probability m . We assumed that mutations from
genotype P to genotype p’ (p# p’) arose with probability m,, . In patch I and time t, the
number of spores of type P, , P, and P, produced by the pathogen genotype p, Miyp(t), write:

M, ,(t)~ Multi(r1, (t-1),|m_, ,m_ ,m

PPy’ TPR, pps V-

Thus, the total number of spores, Spi]p(t), belonging to the pathogen genotype P and produced

in patch i and time t was computed as Sp, ,(t)=>"[M, . (t)]

; P
P



2.2.3. Spores dispersal

Spores migrated from patch i to patch | with probability 4; ; computed from:

“.g(“z—z’ Jdzdz’
Hij = A5 A

where A; and A; were the areas of patches i and j, respectively (Bouvier etal., 2009).

g(“z - z'||) is the individual dispersal function with an inverse power law shape:

o(jz-2])= (a- 2)(a—1)(1+ lz- Z,”J_a |

27? b

where ||z—z' was the Euclidean distance between locations z and z', b>0 was a scale

parameter and a > 2 determined the weight of the dispersal tail. a was fixed to 3.4 to have a

fat tailed dispersal function. The mean dispersal distance was defined only when a>3 as
Hy = 2b/(a—3).

le(t)Ji,,-’ the element in the row i and column | of the dispersal matrix D, (t) gives the
number of spores of type p dispersing at time t from patch i to patch j:
le(t)Ji,. ~ Multi (Spi,p(t)’ [/ui,l’/ui,Z’”'])'

Thus, the total numbers of spores of type p (Spf‘p(t)) arriving in patch | at time t were

computed as Sp‘j‘f‘p(t)=Z[Dp(t)]i’j .

2.2.4. Contamination of susceptible sites

Spores arriving on a patch contaminated a susceptible site with probability

7(x)=1- exp(—l ’O(a)_(eXp)(_ %) with parameters x>0 and o> 0. Thus 7(-) decreases with
—exp(—x

epidemic development as healthy sites become rarer. The function z(-) insures that

contamination is certain (z(1)=1) if all sites are healthy and impossible (z(0) = 0) if there are
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no healthy sites. The number of new possible infections (spores that entered in contact with a

susceptible site), NeWConti(t), in patchi and time t was first computed regardless the pathogen
genotype as:

NewCont, (t)~Bin(S, (t —1), z(x; (t =1))).
Then, the new possible infections were dispatched among the pathogen genotypes according to
their proportion in the set of spores arriving in the patch i and time t and following a
multinomial distribution:

spi(t)
Z Sptot

[NewContPL o, (), NewContP; _ (t), NewContP, | ]"MU“I NewCont  (

pelpy, P2, Ps)
Note that the actual number of spores arriving on a patch was taken as a maximum for new

possible infections.

2.2.5. Infection of susceptible sites
A susceptible site receiving a spore (contaminated site) became infected with a probability

» the infection efficacy of pathogen genotype P on the crop variety v(i) cultivated in

patch i . We thus have:

NewE, , ()~ Bin(NewContR _ (t).e, ) )-

2.2.6. Transition from latent (E) to infectious (1) sites
Once infected, the site remained on average latent during 7=5 days before becoming

infectious. The transition from latent to infectious site was given by:

{Newl (t)~ Bln( (t—l)l—exp(—%))

(I) E,,(t- 1)+NeWE o(t)— Newl (t)

ﬁ



2.2.7. Removal of infectious hosts

After an average T =10 days of sporulation (infectious period), the infectious site was

removed. The transition from infectious site to removed site was given by:

{NewRi,p(t)~ Bin(, , t —1),1—exp(—%))

L, ()=1,,(t-1)+ Newl, ,(t)- NewR, ,(t)

2.2.8. Host growth and removal of infected hosts

In patch 1, the host grew locally until it reached the carrying capacity of that patch, K,
where K, was assumed to be proportional to the area of patch i. In addition, we considered

that only green tissues (i.e. susceptible sites S,) participated to biomass production (equivalent

to a castrating pathogen):

News, ()~ Bin(si(t -1), 5(1—(si(t —1)+Zp:Ei’p(t —1)+Zp: 1, (t —1)}/&}}

Si(t)="S;(t—1)+ News,(t)- > NewE, ,(t)

where ¢ is the intrinsic rate of biomass production.
2.3. Numerical experiments

2.3.1. Case studies

We first investigated the establishment of a generalist population. The generalist genotype

P, was assumed to be continually introduced by mutation of specialist genotypes P, and P, (
Mpp, =Mpp =10"). Because foundation effects could be of prime importance in the

establishment phase, we assumed no growth of the host (0 =0) and ran the simulation until all

sites were occupied by the pathogen. We started the epidemic with 20 infectious sites (10 of P,
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and 10 of P,) on a randomly chosen V, patch, and 20 infectious sites (10 of P, and 10 of P,)

on a randomly chosen V, patch.

We then investigated the coexistence among the three genotypes. We assumed that all
genotypes pre-existed in the population and studied the composition of the pathogen population

at equilibrium. Mutation rates were set to 0 and the host was assumed to grow continuously

(0 =0.1). Epidemics started with 30 infectious sites of each genotype in all patches.

2.3.2. Life history traits
Each specialist was confronted to a susceptible cultivar on which it benefited from a highest
infection efficacy than the generalist (specialization gain) and a resistant cultivar on which it

suffered from a lower infection efficacy than the generalist (specialization cost). Thus, with

regards to the genotype P,, V, was the susceptible cultivar and V,was the resistant cultivar.

Infection efficacy of the generalist genotype P, was fixed to 0.1. For the specialist genotypes,
infection efficacy on their susceptible cultivars (es=¢€\, =€ \, ) varied from 0.11 to 0.15 by

0.01 whereas infection efficacy on their resistant cultivars (er=€y, , =€ ,, ) varied from 0.04
to 0.09 by 0.01.
We assessed the role of the mean dispersal distance by varying 1, equal to 2.5%, 10% and

25% of the landscape scale.
For all of the 90 cross combinations of infection efficacy and mean dispersal distance 5 field

patterns x 2 landscape replicates x 2 model replicates = 20 simulations were performed.
2.4. Outputs and statistical analysis

2.4.1. Establishment of a generalist population

The capacity of the generalist pathogen genotype P, to establish a population was assessed

by computing its frequency in the total pathogen population at the end of the epidemic spread.
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In addition, to characterize whether its population was diffuse across the landscape or more

localized we computed the maximal frequency that P, reached in a field. Due to highly non-

linear responses, these two output variables were analyzed by means of generalized additive
models (gam) with tensor product smoothers using the package mgcv (Wood, 2011) of the R
software (R Core Team, 2018). The explanatory variables were variables describing the
landscape configuration (landscape aggregation level and cropping proportion) and quantitative
variables describing the pathogen traits (pathogen dispersal, infection efficacies of specialized
genotypes for their resistant and susceptible varieties)

Finally, we investigated in more details how local spatial structures in the host population

allowed local establishment of P, by studying the relationship between the intra-field

proportion of P, and the local aggregation of crop varieties. This was done by means of a linear

mixed model in the R software, with local aggregation and global variety proportion
(quantitative variables) and their interactions with landscape aggregation levels as fixed effects,

and the landscape as random effect.

2.4.2. Coexistence among pathogen genotypes

Coexistence among the three pathogen genotypes was investigated by classifying the
simulations into possible outcomes of genotype persistence. A given genotype persisted in the
pathogen population if its global proportion (infectious sites) was greater than 5%. Simulations
were then analyzed by fitting a multinomial regression model using the package nnet (Venables
and Ripley, 2002) of the R software.

In addition, we studied spatial patterns in pathogen diversity at equilibrium. We computed
genotype frequencies (infectious sites) at the field scale by averaging the values of the intra-
field patches and investigated how they were related to the local configuration of the crop

cultivars. This was done by means of a linear mixed model in the R software, with global
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aggregation, local aggregation and proportion as fixed effects, and the landscape as random

effect.

3. Results

3.1. Establishment of a population

The proportion of simulations leading to the establishment of a P, population dropped

quickly as the cost the specialists suffered on their resistant host decreased and the gain they

benefited on their susceptible host increased. In fact, 53.1% of the simulations led to the

establishment (i.e. the total pathogen population was composed of more than 1% of P,) of a
P, population when er =0.04 and es =0.1, but only 13.1% and 0.2% of the simulations led to

the establishment of a P, population when er=0.05 and es=0.12 or when er=0.06 and es=0.13,

respectively. Below we only discuss the case when er=0.11 and es=0.04. In the other cases, the

general conclusions were the same but with a lower proportion of P, .
Landscape aggregation level of crop varieties was crucial to determine the ability of P, to
establish a population, with mixed landscapes favoring the highest proportion of P, in the

pathogen population across the landscape (Figure 2). In mixed landscapes, P, cannot get
established for a low pathogen mean dispersal distance when the cropping ratio was balanced
whereas, for a high pathogen mean dispersal distance, P, cannot get established when the
cropping ratio of one of the two cultivars was low. Otherwise, the proportion of P,in the
pathogen population increased with increases in pathogen mean dispersal distance and
proportion of V, (until the cropping ratio became balanced). In mosaic landscapes (medium

landscape aggregation), the highest proportions of P, were obtained only for a high mean
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dispersal distance and around 30% of V,. The generalist was not able to establish a population

when the variety aggregation was at its maximum.

(a)

zE X z
g, g g
o o [=1
o = e
o e o © [}
@ @ @
£ o £ o £
B ° S ° G
c c c
8 = 9 = 1=
£ o £ S £
g2 2 2
o o o< o
a © a © a
000 005 010 015 020 025 0.00 005 010 015 020 025 000 0.05 010 0.45 020 025
Pathogen dispersal scale Pathogen dispersal scale Pathogen dispersal scale

Figure 2: Predicted frequency of the generalist pathogen genotype at the landscape scale as
a function of cropping ratio and pathogen dispersal scale in the 3 levels of landscape
aggregation (a, mixed ; b, mosaic ; c, clustered). These response surfaces were obtained
using the generalized additive models estimated on the simulations corresponding to

€y =€,y =0.11and e, =e,, =0.04. Note that the homogenous red colour in panel c
1,V1 21V2 1:V2 2:V1
corresponds to predicted frequencies inferior at 0.02.

(b)
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Cropping ratio
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Figure 3: Predicted maximal frequency of the generalist pathogen genotype in the landscape
as a function of cropping ratio and pathogen dispersal scale in the 3 levels of landscape
aggregation (a, mixed ; b, mosaic ; c, clustered). These response surfaces were obtained

using the generalized additive models estimated on the simulations corresponding to

e,y =€p . =0.11and e,, =e,, =0.04. Note that the homogenous red colour in panel c
1Vl 2:1V2 1V2 2:V1
corresponds to predicted frequencies inferior at 0.02.

The maximal frequency that P, reached locally responded generally in the same way that
for the average P, proportion across the landscape (Figure 3). However, P, could reach a high

frequency in the local pathogen populations even if it was not at its highest possible proportion
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across the landscape, indicating that P, could form highly concentrated and spatially limited
populations. In mixed landscapes this was the case for low proportions of V, and low mean

dispersal distances or for high mean dispersal distances and around 30% of V,. The ratio

between maximal frequency and average Ps proportion is lower in mixed landscapes than in
mosaic ones where the local frequency of the generalist could reach around 20% of the local
pathogen population even though it was present only 2% at the landscape scale.

The role of the landscape and local spatial structures in favoring the establishment of local
P, populations was further investigated by studying the proportion of P, at the field scale
against the landscape and local aggregations of the crop varieties (Table 2). The intra-field

proportion of Ps significantly decreased with the landscape aggregation level and with the
landscape proportion of V1. This effect is not significant in clustered landscape. The proportion
of P, at the field scale also decreased with the local aggregation (Figure 4), significantly in
mosaic and clustered landscapes but not significantly in mixed landscapes. In addition, as the
landscape aggregation level increased, the effect of local spatial structures (i.e. local
aggregation) on local establishment of Pz increased whereas the effect of global landscape
metrics (i.e. cropping ratio) decreased. Altogether, these results suggested that in mosaic and

clustered landscapes, the generalist preferentially established in the most heterogeneous zones
of the landscapes whereas in mixed landscapes, P, established opportunistically in the
landscape as it found a field that was not already colonized by the corresponding specialist.

However, in mosaic landscapes, the highest proportions of P, were observed in local

aggregates of V, (Figure 4). Such landscapes have complex spatial structures forming corridors,

barriers and aggregates of crop varieties. These particular structures have the potential to

hamper the spread of one of the specialists giving more chances for the generalist to establish
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a population at the population front. This could explain the highest proportions of P, observed

in locally high aggregated area (Figure 4).

Table 2: Regression of intra-field proportion of P, against the global fragmentation of the
landscape, the proportion of variety V, and the local aggregation of crop varieties.

Standard

Effect Estimate DF t-value p-value
Error

Landscape aggregation

level
Landscape Mixed -0.60 0.25 84 -2.37 0.020
aggregation  Mosaic -2.1 0.25 84 -8.32 0.0
level Clustered -4.0 0.25 84 -15.6 0.0
Local Mixed -0.20 0.17 8526 -1.16 0.25
aggregation  Mosaic -1.9 0.057 8526 -33.1 0.0
level Clustered -2.5 0.055 8526 -45.2 0.0
Proportion Mixe(_j -4.1 0.76 84 -5.40 0.0
of Vs Mosaic -1.7 0.74 84 -2.26 0.027

Clustered -0.25 0.74 84 -0.340 0.73

0
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|

"0 e M
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|

L] L S I X X _ 12 11

Local proportion of generalist (logit scale)
5
1
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Figure 4: Local proportion of the generalist pathogen (logit scale) plotted against local
aggregation for mixed (light grey), mosaic (dark grey) and clustered (black) landscapes. The

displayed simulations correspond to €, ,, =€, =0.11, e;, =¢€,, =0.04, adispersal
scale equal to 0.1, and the establishment case study.
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3.2. Coexistence among pathogen genotypes

Generally, specialists were at their advantage when their susceptible cultivar was well
represented in the landscape, the dispersal ability was not too high and the spatial aggregation
not too low. As the dispersal ability increased or the cropping ratio became more balanced, the
generalist genotype was able to persist and even to outcompete the specialists particularly in
mixed landscapes (Figure 5).

Interestingly, the coexistence among the three genotypes was easily observed across the
simulations (Figure 5). To coexist, the genotypes required both variety aggregates to allow the
specialists to persist together with heterogeneous zones where the generalist was at its
advantage (Figure 6). This was the case in mosaic landscapes and coexistence was a common
output that was also stable to variation in specialization cost and gain. In clustered landscapes
coexistence among the three genotypes was also observed but was extremely sensitive to the
specialization gain: as soon as the specialization gain increased the generalist did not persist

anymore.

G+51+52

Cropping ratio
Cropping ratio
Cropping ratio

T T T T 1
0.05 010 015 020 0.25 0.05 0.10 015 0.20 025 0.05 010 0.5 020 0.25
Pathogen dispersal scale Pathogen dispersal scale Pathogen dispersal scale

G+5S S51+52 G+51+52
The generalist One of the The generalistand  The two The three
alone specialists one specialist specialists genotypes

Figure 5: Predicted coexistence among the pathogen genotypes obtained by means of the
multinomial regression in mixed (a), mosaic (b), and clustered (c) landscapes. Other

parameters are: €, =€, =0.11and e,, =e,, =0.04.
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.0
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0.0 0.2 0.4 06 08
Local proportion
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L L L L L

o Egcalogggrgaatigﬁ . ” Eécalngggrgﬁgatigﬁ e ° Egcalogggrgaatigﬁ b
Figure 6: An example of a simulation where the three pathogen genotypes coexist. (a)
Landscape structure (dark grey, variety V1; light grey variety V). (b-d) spatial repartition of
the generalist (P3), the specialist of variety V1 (P1) and specialist of variety V2 (P2),
respectively. The grey scale represents the proportion of each genotype and range from 0
(white) to 1 (black). (e-g) intra-field proportion of the generalist (Ps3), the specialist of variety
V1 (P1) and specialist of variety V2 (P2), respectively, plotted against local aggregation.
Fields with the variety V1 are displayed in red, those with variety V- in black.

4. Discussion

During both the population establishment phase and the coexistence at population
equilibrium, landscape structure had a strong effect on the genetic structure of the pathogen
population. Highly fragmented landscapes were found favorable to the generalist genotype.
When the variety aggregation level was high (mosaic or clustered), the generalist genotype had
more difficulties establishing a population but the geometry and size of the variety aggregates
interacted with the initial position of inoculums to produce local populations. Such effect could
give opportunities for the generalist to locally build a population. Another output of the study
was that coexistence between the three genotypes occurred rather easily.

Our study is an illustration of the application of the classical theory of hard and soft selection
(Christiansen, 1975; Wallace, 1975) to an epidemiological question in a spatially explicit

model. Hard and soft selection theory predicts that coexistence occurs in subdivided
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populations when selection is soft (i.e. selection occurs before dispersal) whereas when
selection is hard (i.e. selection occurs after dispersal and then), coexistence is impossible. In
our model, we expected selection to be hard (Vale, 2013) but, as previously shown by Débarre
and Gandon (2011), we found that in heterogeneous environment, the selection become softer
when the specialist cost is weak and when the environment heterogeneity is high. Moreover,
we show that local specificity of spatial heterogeneity can create areas of soft selection enabling
coexistence even when global landscape descriptors indicate hard selection. During the
establishment phase, two kinds of spatial structures were obtained for the mutant population.
Highly fragmented landscapes led to diffuse generalist populations, whereas higher aggregation
levels of the cultivars led to the establishment of local populations. This can be of practical
interest for disease management since localized populations can be controlled more easily by
crop rotations or local pesticide applications (Carolan et al., 2017), while diffuse populations
seem more difficult to handle. However, the establishment of large local populations of the
generalist genotype makes it less susceptible to demographic or environmental stochasticity.
The high variability of the size of the mutant population was also discussed by Burton and
Travis (2008). They found substantial variation in the fate of mutations depending on where
they arise in space during the population expansion, in particular when corridor structures were
present in the landscape. Corridor structures tended to slow down the resident population and
so allowed the mutant population to get locally established through foundation effects. Our
model also produced similar effects. On the contrary to Burton and Travis (2008), we
considered a resident population composed by two genotypes each one specialized on one
variety. In addition to the interaction between landscape structure and initial position of
inoculums, there was also a strong effect of the relative position of initial inoculum of each
genotype. Given that mutants appear at the highest frequency in the most diseased areas, then

in direct competition with wild types, the establishment of a mutant population seems not easy
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to obtain (Wei and Krone, 2005). Our study suggests that spatial local structures of the
cultivated landscape play a crucial role in allowing the establishment of mutant populations.
Such effects are probably extremely difficult to control by crop management strategies.

Hallatschek and Nelson (2009) developed and analyzed a model that described the
population dynamics and the genetic segregation on expanding microbial colonies. They
proposed several relationships between the observed genetic patterns and the selective
advantage / disadvantage of mutations. As an example, they showed that beneficial mutations
give rise to sectors with an opening angle that depends on the selective advantage of the
mutants. However, they did not consider heterogeneous environments. In our case, we were
able to provide some relationship between landscape structure and observed pathogen genetic
patterns. Nevertheless, the description of the structure of the pathogen genetic pattern and the
shape of the variety aggregates needs to go further in order to extract as much information as
possible on which landscape structure, in interaction with the initial position of inoculum, gives
rise to which spatial pattern of the mutant population (Mébius et al., 2015).

After the establishment phase, at the population equilibrium, the coexistence among
pathogen genotypes was highly stable between landscape structures, as long as the variety
proportions and aggregation level and the spore dispersal range did not vary. In accordance
with Débarre and Lenormand (2011), we found that habitats boundaries provide opportunities
for the generalist genotype to persist in the landscape. In our study, however, the ‘habitat
boundary polymorphism’ acted within a more flexible framework, including complex
landscape structures, an explicit life-cycle and stochasticity in the pathogen life events. In
addition, it was also possible to observe coexistence among the three pathogen genotypes in a
quasi-neutral model, i.e. when dispersal scale was high, aggregation was low and the varieties
were in balanced proportions. Habitat boundaries are highly diversified zones. In agro-

ecosystems, particular boundaries are those between production and natural components of
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agricultural landscapes. It is recognized that the agro-ecological interface significantly
influences disease dynamics and evolution of plant pathogen (Burdon and Thrall, 2008; Papaix
et al., 2015). Agro-ecosystems provide a range of situations including both agricultural crops
and wild reservoirs. Our study highlights the importance of borders as a diversity reservoir
contributes to answering the question of the effect of the agro-ecological interface on
evolutionary changes in plant pathogens.

Our study shows that the structure of cultivated landscapes, in terms of cultivar composition
and spatial distribution, influences the probability for mutant population establishment. It also
shows that local structures may have great consequences by allowing a mutant population to
establish. Even though such a population is restricted to a small area, it may persist and spread
over the years, depending of the changes in the host population. We described here the
competition between generalist and specialist pathogen genotypes. In order to interpret the
results for crops health management, one has to decide which of the generalist or the specialist
is the less damaging for the crops. This is not a trivial question and probably depends on the
context. In most cases, diversification schemes aiming at the control of epidemics are based on
the mixtures of varieties with major resistance genes that will discriminate compatible (or
virulent) stains among the pathogen population. Typically this is the case of variety mixtures
(Mundt, 2002) but the idea has been extended to the landscape scale (Brophy and Mundt, 1991;
Zhu et al., 2000; Papaix et al., 2018). This kind of strategy is based on the idea that specialists
will develop less damaging epidemics in a diversified environment, due to dilution effects
(Keesing etal., 2006). In that case, a generalist pathogen becomes a problem and the
diversification strategy has to be adapted to avoid the establishment and development of a
generalist population (Lannou and Mundt, 1997). A different context is the introduction of a
new cultivar in a cultivated landscape confronted to an already diversified pathogen population.

A population study on leaf rust of wheat in France showed that quantitative differences in
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pathogenicity among pathogen - host genotype combinations accounted for the pathogen
population structure and distribution over the host varieties as well as the disease levels on the
different host varieties (Papaix et al., 2011). Moreover, this population analysis exemplified
how a specialist pathogen could produce devastating epidemics on a susceptible host, whereas
generalist pathogens, less pathogenic, remained less damaging.

There is probably no absolute answer to the question of whether specialist or generalist
pathogens are more damaging for crops. This depends on the context, including the pathogen
population structure, the host distribution, the kind of resistance genes involved (qualitative or
quantitative resistance, or both), etc. This paper does not give a direct answer on how to deploy
varieties in an agricultural landscape but rather indications on the different effects that should

be considered, and their possible consequences.
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