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Abstract: Diversification at the plot level, through the use of intercropping (mixtures of crops), is
an alternative to the conventional system of intensive agriculture, based on monospecific, usually
single-variety canopies. Intercropping has been shown to provide benefits in terms of disease control.
However, competition phenomena and the heterogeneity of the associated crops raise new ecological
questions, particularly with regard to the dynamics and evolution of parasite populations. No study
has assessed the potential impact of these associations on the dynamics of pathogenic species com-
plexes. Changes in the nutritional status of plants and therefore in their physiological susceptibility to
infection within intercropping systems could contribute to an increased diversity of ecological niches
and thus affect the composition of the parasitic complex and its spatiotemporal dynamics. In this
review, focusing on foliar diseases of fungal origin, and after outlining some elements of the biology
and epidemiology of these fungal diseases, we will (i) describe the mechanisms that contribute to
the composition of disease clusters and that drive interactions, but we will also review the strategies
that these foliar diseases have adopted to deal with these co-infections; (ii) define how intercropping
can lead to changes in epidemic dynamics, in particular by presenting the mechanisms that have a
direct and indirect effect on disease evolution; and (iii) present the approach that should be adopted
to properly study intercropping correctly in a multi-infection situation.

Keywords: disease complex; life history traits allocation; competition; sequential events; trade-off;
intercropping; ecological niches

1. Introduction

In recent decades, the loss of cultivated biodiversity has increased, with intensive agri-
cultural production focusing on only a few species [1]. Indeed, homogenization has been
the dominant paradigm of agriculture in industrialized countries, with standardization and
optimization of growing conditions based on buffering environmental variability through
mechanization and synthetic inputs [2]. These growing conditions implicate tillage systems
including various operations that manipulate the soil in order to optimize the production
of the crop and act on the dynamics and the structure of the canopy. In all the operations,
crop residue management is particularly important to manage necrotroph pathogens that
are able to survive on stubbles. However, this agricultural model is reaching its limits,
with growing awareness of its unsustainability, its contribution to climate change, and its
impact on biodiversity [3], while critical human health issues have been highlighted by
the hidden costs of pesticides [4]. The genetic homogenization of crops is well known to
facilitate the emergence and spread of pests, diseases, and weeds within fields, landscapes,
and countries [5]. Conversely, diversification is an important prophylactic measure that is

Agronomy 2024, 14, 1210. https://doi.org/10.3390/agronomy14061210

https:/ /www.mdpi.com/journal /agronomy


https://doi.org/10.3390/agronomy14061210
https://doi.org/10.3390/agronomy14061210
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://doi.org/10.3390/agronomy14061210
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy14061210?type=check_update&version=1

Agronomy 2024, 14, 1210

20f 18

essential for pesticide-free agriculture [6]: (i) production with a wider range of crops stabi-
lizes global production at the country level [7] and (ii) extending crop rotations decisively
improves weeds and pest control at the farm level [8-10], while the ecological mechanisms
are sampling effects and interspecies complementarity. The same findings apply to cover
crops, mixed crops, or cultivar mixtures [11].

Modern agricultural practices have dramatically reduced crop diversity at multiple
scales (intra and inter-varietal genetic diversity, variety richness, and evenness of varieties in
landscapes; [1,12]. The ever-growing list of environmental and health drawbacks of industri-
alized agriculture has increased the need for a paradigm shift, embodied in the agroecology
movement in society and science [13]. A central principle of agroecology is the mobilization
of crop biodiversity to enhance natural regulation and replace pesticides and synthetic fertiliz-
ers. Indeed, the benefits of diversifying cropping systems have been described in numerous
studies and meta-analyses [14]. However, a global decline in crop diversity has been reported
in Europe [15]. In France, simplification in crop rotations has also been reported [16] and has
been identified as a key explanation for yield stagnation in wheat [17].

The mobilization of diversity within a field, whether varietal or specific, can critically
promote crop health [11,18]. However, the combination of varieties and crops remains a
challenge due to a lack of knowledge on how to manage heterogeneous canopies [19].
Recently, authors have proposed the transfer of concepts from functional ecology to
crops [20-22], in particular, to promote niche complementarity and synergies and minimize
competition between crops and/or genotypes. However, biotic regulatory mechanisms,
such as disease control by cultivar mixtures [23], have rarely been hybridized with these
concepts. Ideas such as the use of competition to promote weed control [24] or synergies
between architecture and resistance traits [25] deserve to be better explored, especially
in combination with trait-based modeling approaches [19] and experiments. Meanwhile,
while most ecological theories predict higher disease resistance and higher productivity
in genetically diverse stands [26], some evolutionary theories predict the opposite [27-30].
Thus, there is a paradox regarding the effect of diversity on disease resistance in plant com-
munities. In addition, interspecific neighborhoods can alter plant physiology, sometimes
increasing disease resistance [31], and some reports indicate that immunity can be altered by
the plants neighboring other plants [32]. Except for some pieces of evidence [30,33,34], the
induction of plant immunity by intra-specific plant—plant interactions is largely unknown.
The impact of such physiological changes due to plant-plant interactions in the field is
also poorly documented. Crop diversification could reduce the incidence of pathogens,
but also hinder their adaptation and provide more durable resistance [35,36]. However,
higher pathogen diversity could also be induced by host diversity, increasing recombination
potential and possibly adaptation. Therefore, describing pathogen evolution in mixtures is
an important issue in assessing the persistence of such systems.

To date, none of the studies on intercropping and its impact on disease have considered
disease complexes. In particular, none of the various studies have addressed the issue of
ecological balances between pathogen communities and the fact that the creation of different
niches in intercropped crops compared to pure crops could alter these balances and change
the composition and prevalence of the pathogen species that make up these complexes.
Indeed, with the development of molecular tools, a high prevalence of multi-infections has
been demonstrated [37-39]. In the literature, the term “species complex” can have different
meanings, ranging from the complexity of the taxonomic dissection of what a species name
encompasses to “complex disease” where many species are associated with the disease
(co-occurrence), without understanding which are actually the causal agent(s) and which
microbial species are systematically associated with the disease without playing a role in
the infection or exploiting the symptoms as secondary invaders. Taken together, three
kinds of species complexes can be defined: (i) disease complexes with pathogens coexisting
in different ecological niches and without any physical interaction, (ii) disease complexes
where associations between different species are the norm but the impact of each pathogen
remains unknown, and (iii) actual disease complexes, where there is at least minimal
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evidence of the involvement of more than one species in disease severity [39]. Multiple
infections, either simultaneous or sequential, affecting a single plant or crop are now
recognized as common in plant disease epidemics. These multiple infections thus generate
a series of competitive interactions (exploitation competition, apparent competition, or
interference competition) that directly affect the life history traits of competitors and, hence,
their fitness. Therefore, to define an integrative experimental approach, we need (i) to
know how disease complexes function; in this case, we will focus on fungal foliar diseases,
because they alone bring together different groups of pathogens due to their trophic mode;
(ii) to redefine how intercropping can lead to changes in epidemic dynamics, in particular
by identifying the mechanisms that have a direct and indirect effect on disease development;
and (iii) to determine which approach to adopt in order to properly study intercropping
correctly in multi-infection situations.

2. Trophic Status and Biological Characteristics of Foliar Pathogens

Plants are attacked by numerous pathogens during their life cycle [40]. Among these
pathogens, fungi are among the most important causal agents of plant diseases and likely
represent the most diverse group of ecologically and economically relevant threats. In fact,
they are responsible for more than 60% of plant diseases worldwide. Fungi have developed
a plethora of strategies to colonize plants, and these interactions lead to a wide range of
outcomes, from beneficial interactions to host death. Pathogenic fungi use a diversity of
strategies to colonize plants and cause disease. Plant pathogenic fungi are divided into
three main groups: biotrophic pathogens, which form intimate interactions with plants and
can persist in and use living tissue (biotrophs); necrotrophic pathogens, which kill tissue to
extract nutrients (necrotrophs); and hemibiotrophic pathogens, which start out as biotrophs
before becoming necrotrophs. To successfully invade plant organs, pathogen development
is tightly regulated, and specialized infection structures, such as appressoria, are formed.
Although all pathogens interfere with the plant’s primary defenses, necrotrophs secrete
toxins that kill plant tissue. In contrast, biotrophs use effector molecules to suppress plant
cell death and manipulate plant metabolism in favor of the pathogen [41].

Plant pathogenic fungi are species that extract nutrients from plants and have a
negative effect on plant health. Some types of pathogens are completely dependent on
their host (obligate parasites); others form a close association with the host but can also
complete the life cycle of the plant. These facultative pathogens can thrive in a variety
of environments other than the organism (or organisms) in which they cause disease.
Pathogens with a biotrophic lifestyle are either obligate or non-obligate. Obligate biotrophs
are the pathogens responsible for powdery mildew (Ascomycota) and rust (Basidiomycota).
The latter have evolved to adapt to the life cycle of their host plants and are dependent on
them to complete their life cycle. Rusts, in particular, have developed different spore types
and developmental patterns, including infection of an alternate host after the senescence of
the primary host [42]. Obligate biotrophic species are thought to have a limited ability to
use common substrates as energy sources and are therefore completely dependent on their
host for an energy source, making them obligate parasites [40,41].

Necrotrophic plant pathogens, such as Trichoderma spp., Rhizoctonia solani, or Macrophom-
ina phaseolina, feed on dead tissue. The first stages after the initial encounter with the host are
the most critical; to survive, the pathogen must subvert the plant’s defenses and generate a
zone of dead (necrotic) tissue in which it is protected from the host and from which it can feed.
The subsequent stages of necrotrophic diseases are characterized by the spread of necrosis
around the initial zone of infection, which precedes the progression of the pathogen. It is
convenient to divide all necrotrophic pathogens into species with narrow and broad host
ranges [43]. The host specificity of necrotrophic species is conferred by the production of
host-specific toxins, which are essential factors for pathogenicity in a compatible host.

Hemibiotrophic pathogens are species that combine biotrophic and necrotrophic
lifestyles, with a variable duration of the biotrophic phase before switching to necrotro-
phy [40]. During the biotrophic phase, fungal pathogens secrete effectors to suppress plant
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defenses, in the same way as a strictly biotrophic agent. At the end of the transitional
biotrophic phase, the fungus undergoes a massive developmental change that ensures the
transition from a biotrophic to a necrotrophic mode. Hemibiotrophic species appear to
have developed highly efficient infection strategies and are among the most aggressive
plant pathogens. For example, in terms of host range, Magnaporthe oryzae can cause disease
on a limited number of grasses, but it is best known for rice blast, the most destructive
disease of rice [44]. Colletotrichum spp. cause anthracnose on over 600 dicotyledonous and
monocotyledonous plant species and are serious pathogens of important crops [45].

A final aspect to consider is the possible link between lifestyle and host specificity. As
described above, host range varies considerably, from species specific to a single host to
pathogens with a wide host range capable of causing different types of disease in the same
host or in many hosts. Obligate biotrophic species appear to have narrower host specificity
than species with hemibiotrophic or necrotrophic species. Even non-obligate biotrophic
species appear to have the ability to infect a wide range of hosts, as demonstrated by
Claviceps purpurea, which is capable of infecting over 400 plant species [46]. Furthermore, at
the genus level, even obligate biotrophic pathogens can have a wide host range. For exam-
ple, powdery mildew (Erysiphe spp., Microshaera spp., Phyllactina spp., Podosphaera spp.,
Sphaerotheca spp., and Uncinula spp.) causes disease in over 10,000 plant species, including
monocots and dicots, shrubs, and trees [47]. Consequently, species with a wide host range
appear to exist in all types of life forms.

3. Drivers of the Epidemic Dynamics in the Sole Crop Canopy

Disease development in agroecosystems is strongly influenced by the agronomic
characteristics of these agrosystems and the local pedoclimatic conditions [48]. Several
factors are involved in the dynamics of disease during the growing season: (i) agronomic
choices and the surrounding landscape, (ii) inoculum pressure, (iii) pathogen aggressive-
ness, and (iv) canopy development and changes in host status. The choice of agronomic
practices applied to the crop, but also to the surrounding landscape [49], are critical to
the constitution of the disease complex infecting a crop: they determine the dynamics of
inoculum reservoirs, the connectivity between hosts, and hence, the local disease pressure
and kinetics. The development of foliar diseases is strongly influenced by the climatic
conditions actually perceived by the pathogens and the plant, and thus the microclimate of
a canopy, both at the soil surface and in the soil (temperature, humidity, wind, light, pH, soil
composition, and structure) [40]. These factors affect disease development through their
influence on host tissue growth and susceptibility, pathogen multiplication and activity, and
host—pathogen interactions. Together, these interactions determine disease severity [50].

Disease dynamics are also conditioned by the degree of aggressiveness of the pathogen
developing in the canopy. Aggressiveness refers to the quantitative variation in pathogenic-
ity on susceptible hosts [40,51]. Aggressiveness is often measured by a variety of quantita-
tive traits expressed during the host—pathogen interaction: infection efficiency, latent period,
number of spores produced, infectious period, and reproduction rate [51]. Measurements of
these traits are essential for determining the incidence, prevalence, and severity of a disease.
Variability in host and pathogen life history traits will influence disease epidemiology and
evolutionary dynamics within pathogen populations [52].

Plants can be viewed as complex structures consisting of a number of components
with specific morphological characteristics and organization [52,53]. The architecture
of the plant is the spatial distribution of leaves, stems, and flowers on the plant at a
given time. Topology includes the physical connection between different components
of the plant, as influenced by geometry and the shape, size, orientation, and position of
plant organs in space. Architecture depends on geometric and environmental factors that
affect growth and therefore changes over the growing season [54]. The architecture of
a plant is determined by an interaction between the intrinsic architecture defined by its
genome and the characteristics of the population in which it grows (plant density). Plant
canopies are complex, dynamic structures. Their architecture depends on growth stage,
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sowing density, plant layout, and plant architecture (shape, size, orientation, and spatial
positioning of different components). Changes in the canopy structure can lead to changes
in the physiological status of hosts (senescence, nutritional and defense status, etc.), thereby
influencing the plant’s susceptibility to infection.

4. Coinfection and Pathogen Interactions

Diseases in both plants and animals have long been considered to be the result of the
interaction between a single host and a single pathogen. However, with the development
of molecular tools, a high prevalence of multiple infections has been demonstrated [37-39].
Multiple infections, either simultaneous or sequential, affecting a single plant or crop are
now recognized as common in plant disease epidemics. These multiple infections thus
generate a range of competitive interactions (exploitation competition, apparent competi-
tion, or interference competition) that directly affect the life history traits of competitors,
and hence, their fitness. While a theoretical framework based primarily on three ecological
theories—niche exclusion, the ‘tragedy of the commons’, and the virulence-transmission
trade-off—provides insights into potential outcomes of multiple infections on pathogen
evolution and virulence, as well as disease dynamics, experimental observations, to date,
strongly suggest that unexpected outcomes can also occur.

The concept of ecological niche offers an interesting framework from which to ana-
lyze pathogen coexistence. This term is often misused to describe only the type of place
where each individual lives, which in fact corresponds to the ‘habitat” of the individual
considered [55,56]. The ecological niche of pathogens is highly dependent on the char-
acteristics of their host plant. While a conducive abiotic environment is also necessary
for the infectious success of pathogens, a major determinant of their niche is their host
genotype [57]. The niche of a pathogen with a complex life cycle, including host alternation
or saprophytic stages, adjusts, changes, and is affected by biotic (including the presence
of co-infected pathogens) and abiotic environment, within the limits of its genotype and
phenotypic plasticity.

Pathogen coexistence involves commensalism, i.e., the mutual use of at least one
common limited resource, necessary for development and reproduction, by at least two
individuals (different strains of the same species or several different species). It thus leads
to the establishment of interactions between these individuals [58-61]. The exploitation
of a common resource by one individual leads to a reduction in the availability of that
resource for others. The concepts of coexistence and competition are thus closely linked
and can be interpreted through the filter of niche theory, where competitive interactions
between individuals depend on the degree of niche overlap [56,58,62,63]. Several studies
have shown that resource allocation due to the coexistence of different pathogens can
modify host exploitation strategies, alter change epidemic dynamics, and also influence
the evolution of the life history traits of individuals [39,50,64-66]. These changes will
depend on the type of interactions developed between the pathogens. Three main types
of multi-infection interactions have been described in the literature: (i) resource-mediated
(exploitation), (ii) host-mediated (apparent), and (iii) interference [37,39,56,61].

Interactions between individuals may depend on the aggressiveness of the strains but
also on the sequential arrival of the infection. The first to colonize may adopt a strategy of
excluding competitors. Pathogens also interact, either directly or indirectly: directly with
some signals that can have a negative or positive effect on the other pathogen and indirectly
because they share the same resource, and if one consumes it, it is not available for the other
one. Also, if they consume leaves, this could change the microenvironment, which is the
ecological niche of the other pathogen. An ecological niche is a concept of environmental
opportunity and constraint of the environment for an individual. Any species within that
niche is part of the community niche. Any change in the composition of the community
means that the niche is evolving slightly. Change can also be seen in the abundance of
each species. There are different definitions of ecological niches, ranging from ecological
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theories to modeling parameter approaches [67]. The niche in the case of plant pathogens
is specific because the habitat and the resources are living organisms [56].

In general, two drivers explain the dynamics of the species complex: (i) extrinsic
factors related to the impact of man on the agroecosystem (world trade, use of genetic
resistance in the host, and use of fungicides), which are likely to have a long-term effect
on restructuring the species complexes and favor the replacement of species by others,
and (ii) intrinsic factors (environmental requirements, biological traits of the species, host
plant receptivity, and the composition of the parasitic community in the geographic area
of cultivation), which structure the local composition of the disease complexes and their
dynamics during the cropping season. With regard to extrinsic factors, studies have shown
that the distribution of crop species is often accompanied by the establishment of a pathogen
species that will eventually coexist with or replace the indigenous, often less harmful,
species. This was observed for Sigatoka disease in bananas, where the establishment
of Cavendish cultivars favored the dramatic expansion of Mycosphaerella fijiensis to the
detriment of Mycosphaerella musae [68]. Plant resistance and host tissue susceptibility are
also known to influence the composition and distribution of disease complexes. Indeed, in
most cases, plant genetic resistance is bred to control a pathogen species and if it consists of
complete major-gene resistance, it will be highly efficient in eradicating the target species,
at least in the short to medium term, if the species population is primarily avirulent.
Where species complexes are targeted, resistance will be bred against the dominant, most
damaging species. If ecological dogma is followed, it is expected that eradication of a species
will open up an ecological niche for other associated fungal species to take over. In the case
of disease complexes, this theory has rarely been challenged by field experiments [38,39].

This has been particularly observed for the disease complex of oilseed rape stem
canker. Studies showed the use of a specific resistance gene, RIm11 (known to be efficient
against approximately 95% of the Leptosphaeria maculans populations and inefficient against
Leptosphaeria biglobosa; [69]). The systematic colonization of the RIm11 isogenic line by
L. biglobosa further confirmed that the absence of L. maculans opened up an ecological or
trophic niche that benefits L. biglobosa. In the Ascochyta blight model, Peyronellae pinodes
can be favored and made dominant by the use of resistance genes. For example, in the
mid-1960s in Canada, P. pinodes became the dominant species on field peas following
the introduction of resistance to Ascochyta pisi [70]. Host tissue susceptibility varies with
host genotype and age [57,71]. This increase in resistance or susceptibility to plant or
host tissue age has been demonstrated for several pathosystems [71-75] and may affect
members of a species complex differently. For example, Le May et al. (2009) showed that
Phoma medicaginis var. pinodella species developed more readily on senescent or aged organs.
Thus, early plant attack by P. pinodes weakens plant defenses and accelerates senescence
processes, allowing P. pinodella to establish itself more rapidly.

Regarding intrinsic factors, three main factors can be considered: (i) environmental
requirements, (ii) life history traits, and (iii) genetic exchange. Regarding the first factor,
and as shown in part 2 of the manuscript, thermal (and other environmental) biology in
fungi requires complex experiments to identify conducive temperature/humidity /light
conditions for growth, sporulation, and sexual reproduction [76,77]. Thus, changes in
temperature or precipitation during the season can alter and influence the prevalence and
fluctuation of pathogen species [78-80]. Life history traits are defined as the biological
characteristics of organisms that structure their life history [56]. Assessing the life history
traits of the different species involved in disease complexes is essential for understanding
the biological and epidemiological differences at the origin of their (possible) niche differen-
tiation and coexistence. Coexistence implies the mutual exploitation of at least one common
limited resource necessary for development and reproduction by at least two individuals,
often leading to the establishment of competitive interactions [60,61]. The exploitation of
the shared resource by one individual leads to a reduction in the availability of this resource
for the other individuals, which can lead to a change in the host’s exploitation strategy
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and affect epidemic dynamics, but also affect the evolution of the life history traits of the
individuals [39,65,81].

5. How Intercropping Will Modify the Epidemic Dynamics of Foliar Diseases

Foliar diseases caused by airborne pathogens are particularly difficult to control as
they are usually spread by wind or flying insect vectors. The susceptibility of certain crops
to foliar diseases has been attributed to the over-simplification of agro-ecosystems [82].
Systemic changes that can limit pathogen development include (1) the establishment of
interspecific cover in the case of annual crops and (2) the development of agroforestry
in the case of perennial crops. Intraplot diversification may lead to the emergence of
foliar disease regulation processes that do not occur under monospecific cover [83,84].
The resource concentration hypothesis [85] reflects the fact that mixing multiple host
and non-host plant species results in the ‘dilution” of susceptible individuals within the
plant cover, thereby limiting the development of the pathogen population. Increasing
the proportion of non-host plants in a mixture reinforces this effect [83]. Variations in
host plant availability generate different direct and indirect mechanisms that, individually
or in combination, help to reduce parasite pressure on the crop. These processes are
fairly well described in the case of association crops (mixtures of two crop species) and
varietal associations (mixtures of two varieties of the same crop species). They can be
influenced by activating levers that classically allow (i) acting directly on the pathogen
to minimize initial parasite pressure by reducing (barrier effect) or diluting inoculum
sources and b modifying rainfall and microclimate properties within the canopy (direct
effect); (ii) acting indirectly on the host plant to minimize its susceptibility to pathogens by
activating allelopathic processes or indirectly inducing plant resistance (premunition) and
modifying the physiological properties of plant organs [86]; and (iii) acting indirectly on
parasitic antagonist microorganisms that regulate pathogens (Figure 1).

- Inoculum dilution/host plant
- Barrier effect

- Change in rainfall properties

- Microclimate change ——————p plant organs susceptibility \

[ Crop Diversification ] Decrease of foliar

Indirect Effect

L.

disease impact

/- Physiological susceptibility of organs \ ——
- Allelopathy
Tissue colonization
- Epidemic dynamics <

Secondary inoculum production

Induced resistance
- Premunition < Chimical induction
\ Resources competition

Figure 1. Mechanisms associated with the direct and indirect impact of crop diversification on the

epidemic development of foliar diseases.

To activate the first management lever, measures must be taken to limit the dispersal of
auto-inoculum (already present on the plot) and allo-inoculum by wind or rain (dispersal
by splashing). Auto-inoculum can take different forms: survival structures present in the
soil (chlamydospores, sclerotia, and fungal mycelium) on the surface or brought up by
tillage, crop residues from the previous season, infected stubble, or even weeds, which can
be secondary hosts (especially of phytoviruses). To limit the availability and spread of this
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inoculum, in the case of winter crops, the soil can be covered with freeze-dried plants like
clover before the cash crop develops. Thus, by covering the soil in early autumn, the clover
can prevent the auto-inoculum from spreading to the plants. Allo-inoculum from outside
the plot can also come from secondary host plants in the wild parts of the agro-ecosystem.
To activate the second management lever, minimizing host plant receptivity, diversification
within the field must allow the expression of different epidemiological regulatory mech-
anisms [84], which involve (1) resource dilution, (2) disruption of the spatial component
of epidemic dynamics, (3) disruption of the temporal component of epidemic dynamics,
(4) allelopathic effects, (5) immunity or physiological resistance of cash crops, and (6) direct
and indirect physical architectural effects (Figure 1). Concerning the direct effects, variation
in the availability of host plants generates various mechanisms, which, individually or in
combination, help to reduce parasite pressure on the cash crop. The theoretical mechanisms
involved include (1) dilution of the inoculum, (2) the barrier effect on inoculum dispersal,
(3) change in rainfall properties, and (4) microclimate changes. Concerning the indirect
effects, increasing genetic diversity within cropping systems through the use of species
mixtures helps to limit disease development and stabilize yields by modifying epidemic
dynamics. Plant-plant interactions can induce replacement, facilitation, and niche comple-
mentarity effects, but can also lead to competition for resources (water and minerals) and
light, thereby modifying the receptivity (physiological susceptibility of organs) of these
plants to pathogens or inducing premunition mechanisms and allelopathy.

5.1. Direct Effect Associated with Dilution and Barrier Effects

The amount of inoculum (primary and secondary) that reaches the crop is a critical
factor in the epidemic dynamics of pathogens. It determines how early and how fast an
epidemic develops. By introducing a degree of heterogeneity into the crop cover (creating
microhabitats with different physical and physiological characteristics) and increasing the
average distance between two host plants, intercropping reduces the amount of inoculum
to which they are exposed. The use of spore traps (vaseline pads) in pure canopies or in
associations has shown an effect of the association on the number of spores dispersed in
the canopy during the season. For example, the use of an intercrop in a tomato crop helped
to limit the dispersal of Alternaria solani spores developing on the tomato [87].

Intercropping helps to dilute the inoculum produced by a pathogen in the canopy,
thereby reducing the parasite pressure on the crop. In fact, the intensity of an epidemic
is determined by the proportions of inoculum available that lead to autoinfection (the
spread of spores on the same plant) or allo-infection (the spread of spores on neighbor-
ing plants) [88]. However, this dilution effect has a different impact depending on the
mode of dispersal, as suggested in the study by [89] on sorghum anthracnose caused by
Colletotrichum sublineolum, where the inoculum is dispersed by splashing. Although wind
dispersal of foliar pathogens also occurs over long distances, it can be disrupted by physical
barriers at the intraplot scale [84]. For example, by altering the canopy structure, archi-
tecture, and microclimate, intercropping alters access to the most susceptible crops [83].
This mechanism is crucial for regulating epidemics associated with polycyclic diseases
such as Ascochyta blight due to P. pinodes [90]. Indeed, in this study, the intercropping was
responsible for a reduction in disease severity partially due to a change in microclimate
conditions, especially the leaf wetness duration during and after flowering. Depending
on the organization of the intercropped area (mixed or strip crops), inoculum dispersal
by wind and rain is limited. This limitation results either from a physical barrier effect or
from an indirect modification of the properties of wind (turbulence level) or rain (drop size
and kinetic energy). Research carried out under controlled conditions, simulating different
levels of rain intensity, has shown an effect of rain intensity on spore dispersal capacity. In
particular, the work of [90] showed that the architecture of associated canopies, through its
barrier effect, contributed to a 39 to 78% reduction in the level of spore dispersal.

Another study showed that reducing host density by increasing the land species
richness significantly reduced the severity of foliar diseases [87]. In another example, where
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the density of Alternaria solani spores developing on tomato was reduced by mixing tomato
with marigold (Tagetes erecta) or pigweed (Amaranthus hypochondriacus), the beneficial
effect was partly attributed to the physical barrier [91]. In their study, [91] showed that
Tomato-Marigold and Tomato-Pigweed intercropping reduced the conidial density near
the tomato plants by 64-73% and 27-38%, respectively, showing an important barrier
effect. This barrier effect has also been widely described for wheat septoria caused by
Zymoseptoria tritici in the case of wheat—pea or wheat—clover associations: by acting as a
“sieve”, the clover undergrowth partially hinders the vertical dispersal of the spores that
contribute to the development of the epidemic. Similarly, it has been shown that a cover of
Sudan sorghum (Sorghum bicolor var. sudanensis) has been shown to reduce the dispersal
of Colletotrichum acutatum spores responsible for strawberry anthracnose in intercropping
systems [92]. According to the stage of the cropping season, the reduction in spore splash
ranged from 4 to 9%, and this variation was essentially explained by the recovery of the
companion plant and the ability of the pathogen to reproduce and release spores. Similarly,
in their study on the Anthracnose of hot pepper due to Colletotrichum scovillei, ref. [93]
showed that intercropping systems could decrease air spore density by 90%.

5.2. Direct Effect Associated with Defense Induction

Many plant-associated microbes are pathogens that impair plant growth and repro-
duction. Plants respond to infection using a two-branched innate immune system. The first
branch recognizes and responds to molecules common to many classes of pathogens, while
the second branch responds to pathogen virulence factors, either directly or through their
effects on host targets. Resistance induced by non-host species has been demonstrated for
several pathogens such as root-knot nematodes, herbivorous insects, Botrytis cinerea, and
bacteria like Pseudomonas syringae pv. syringae in the context of intercropping [94]. Two main
mechanisms have been identified. The first involves the recognition of a plant-influenced
pathogen by a neighboring non-host plant. The second involves the release of molecules
(e.g., in root exudates) and/or disturbance of the environment (e.g., shade or competition
for nutrients). The volatile or soluble compounds responsible for modifying the expression
of the plant immune system in intercrops are still poorly identified. In the case of the
pepper-maize association, ref. [94] suggested that root exudates from healthy peppers
lead to a reduction in maize attack by Bipolaris maydis. More specifically, by looking at the
expression of defense genes associated with the plant immune system, the authors showed
that these exudates activated the expression of the AOS (Allene Oxide Synthetase) and
AOC (Allene Oxide Cyclase) genes, which are involved in the biosynthesis of jasmonic
acid, a molecule that is itself involved in defense against necrotrophic pathogens [95]. The
induction of genes involved in the biosynthesis of DIMBOA (a benzoxazinoid antibiotic
that is part of the chemical defense system of grasses with growth-inhibitory properties
against bacteria and fungi) was also observed in maize plants pretreated with pepper
exudates [31]. In their study, ref. [96] showed that maize intercropped with legume species
showed a 48% decrease in rust disease severity compared to a monoculture of maize. This
decrease was closely related to the enhanced acquisition of nutrients (zinc, copper, and iron)
that can enhance the resistance to crop diseases, driven by stronger interspecific facilitative
effects in the intercropping system.

5.3. Indirect Effect Associated with a Change in Foliar Receptivity

Interactions between two or more species that coexist for a period of time can lead
to more efficient use of resources through niche differentiation and complementarity and
changes in plant susceptibility to foliar diseases induced by modulating access to soil nutri-
ent resources [97]. Another study showed that growing tomatoes on vetch mulch enhanced
plant metabolism and protected against disease spread. In complex, heterogeneous systems,
the interception of radiation by each plant species is a competitive factor that can lead to
changes in the physiological state of another species and hence its susceptibility to foliar
pathogens [98]. The work carried out on protein peas showed that plant architecture and



Agronomy 2024, 14, 1210

10 of 18

the distribution of the Leaf area index (LAI) on the nodes of the plant could contribute to
modifying radiation penetration, but also accelerating leaf senescence processes [99].

Heterogeneous plant communities have been shown to produce more total biomass
than monocultures [18]. This limits negative competitive interactions by reducing niche
overlap but also improves resource availability through direct facilitation, such as the
secretion of organic acids and phosphatases by some plant species, which increases phos-
phorus availability in acid soils or the transfer of nitrogen from legume fixers to companion
species [97]. Ref. [100] showed that intercropping systems combining several plant species
improved the uptake of phosphorus and micro-nutrients such as iron (Fe), zinc (Zn), and
manganese (Mn). This coexistence can also lead to competition between species, which
modulates access to soil nutrient resources and modifies the susceptibility of the plant
to foliar diseases. According to [101], the susceptibility to certain diseases increased by
excess nitrogen could be related to high levels of amino acids and reducing sugars in plant
tissues, which would facilitate the development of pathogens such as Pyricularia oryzae
responsible for rice blast. There is a paradox between improved nitrogen uptake in inter-
crops and reduced disease intensity. Indeed, while nitrogen increases plant susceptibility
for most obligate biotrophic pathogens, this can lead to a reduction in powdery mildew
(Peronospora viciae) attacks in wheat intercropped with faba bean [31].

Competition for light, which modulates the susceptibility of the crop to foliar pathogens
depends on the leaf area index (LAI), the relative height of the plants, the growth dynamics
of each of the associated species, and also its architecture and height relative to that of
the other associated crop [102]. Due to the spatial heterogeneity of the canopy, which
varies over the growing season, light energy is primarily available to the dominant species.
A previous study [99] demonstrated an increase in the susceptibility of peas to Ascochyta
blight caused by Peyronellaea pinodes via a modification of canopy architecture and light
penetration. This change, which depends on the architectural characteristics of the cultivars,
accelerates the senescence of certain organs (stipules and pods) and leads to a reduction in
the levels of pisatin, a phytoalexin in the pentose phosphate pathway involved in plant
resistance to disease.

5.4. Indirect Effect Associated with Microclimate Change

The development of foliar diseases is strongly influenced by the climatic conditions
actually experienced by the pathogens and the plant, and thus the microclimate of a
canopy, both at the soil surface and in the soil (temperature, humidity, wind, light, pH, soil
composition, and structure) [40]. These factors affect disease development through their
influence on host tissue growth and susceptibility, pathogen multiplication and activity, and
host-pathogen interactions. Together, these interactions determine disease severity [50]. By
modifying the characteristics of a heterogeneous canopy (plant density, spatial arrangement
of organs, and distribution of leaf area), intercropping can increase or reduce the duration
of leaf wetting and thus favor or limit the development of epidemics [90]. Another work
showed that intercropping contributed to changing the architecture of faba beans (internode
size and leaf area), which in turn reduced the ability of the fungus Botrytis fabae to spread
the disease [103]. Similar changes in the temperature of plant organs, particularly the
day/night temperature differential, can modulate the development of epidemics, which
are often known to be correlated with the sum of mean daily temperatures [99]. The
work of [104] reported that shading could reduce brown spot disease caused by Cercospora
coffeicola by 35% to 65% in dry, low-lying coffee-growing areas of Central America.

Crop diversification in annual systems can alter the microclimate and pathogen de-
velopment in ways and with intensities that are difficult to predict [102]. For example,
intercropping marigold (T. erecta) with tomato (Solanum esculentum) reduced the duration of
periods of high humidity periods (95% relative humidity), creating unfavorable conditions
for the development of the tomato pathogen Alternaria solani [91]. A reduction in P. pinodes
attacks on pea pods and stems in pea—cereal combinations could also be partly explained
by the combined effect of a change in the microclimate within the canopy, in particular
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a reduction in the duration of wetting of sensitive organs. A similar effect was observed
in mixed crops of faba beans and cereals (barley, oats, wheat, or triticale) in reducing the
severity of botrytis (Botrytis fabae) on faba beans [103]. In their study, ref. [93] showed that
powdery mildew infection on peas was reduced when peas were intercropped with barley
or faba beans (a decrease of 44% and 32% of SAUDPC, respectively). This decrease was
explained by changes in microclimate conditions. Indeed, higher biomass and plant height
of Barley and faba bean will contribute to the modification of the microclimate within the
canopy, particularly by increasing the relative humidity by 1.3 to 4.7% and decreasing the
temperature (0.6 to 3.1 °C) and the sunlight intensity (445 to 8194 lux) within the canopy.

6. Pathogen Interactions in an Intercropping Context

While the benefits of diversifying cropping systems are now well established [14,18],
effectively combining different species and cultivars remains a challenge due to a lack
of knowledge on how to manage heterogeneous canopies. While most current ecologi-
cal theories predict better disease control and higher productivity in genetically diverse
canopies, others have long suggested the opposite [105]. Crop diversification could not
only reduce the incidence of foliar diseases but also favor the adaptation of the parasite
complex by maintaining greater intra- and interspecific diversity of pathogen populations
locally. Understanding how pathogens evolve in intercropping is a critical research is-
sue for assessing the sustainability of these systems. This is all the more important as
the scientific literature points to antagonistic effects, particularly in the regulation of leaf
diseases associated with biotrophic and necrotrophic fungi. Indeed, plants are in contact
with a wide variety of pathogens [39] that share microhabitats but also specific niches
within heterogeneous canopies [50,106]. Their coexistence as a parasitic complex and the
differentiation of ecological niches within a plant canopy is due to (i) spatial separation,
such as two pathogens occupying different plant tissues/organs at the host plant level,
(ii) temporal separation, which may correspond to one species developing at the expense
of another throughout the course of a season, and (iii) separation in resource use, which
may result in different abilities of pathogen species to colonize live/dead plant tissues [60].

Processes that reduce the overall disease incidence act either physically or physiologi-
cally on the target pathogens [18]. Some processes (dilution, barrier effect, microclimate,
and stand structure) have predominantly physical and spatial determinants, while others
(resistance induction and resource provision) have physiological and biochemical determi-
nants. The actual impact of these processes on the ability of plant associations to regulate
foliar diseases is therefore highly dependent on the biology of the pathogen, the architecture
of the plant, its stage of development and physiology, and, of course, numerous environ-
mental variables. On the temporal scale, two elements are of paramount importance for
future work: the state of the host canopy, as influenced by the crop developmental stages,
and the dynamics of primary inoculum sources (Figure 2). As highlighted above, the physi-
ological and ecophysiological status of the host (senescence, nutritional and defense status,
etc.) is key in shaping the receptivity of the plant to infection, but also in modulating the
different types of competitive interactions that take place within disease complexes. Indeed,
antagonistic effects are also observed in the competition for resources (light and nutrients)
between plants present in a plot, exacerbated by changes in the microclimate. In the case
of competition for light, certain diversified cropping systems can lead to an acceleration
of senescence processes, favoring the dynamics of leaf diseases caused by necrotrophic
pathogens. While canopy aeration is thought to reduce humidity and discourage disease,
some studies conducted in agroforestry systems suggest that wind movement may lead to
increased plant contact, resulting in injury and increased infection [84]. To date, despite the
availability of various sensors, we know of no practical means of reliably assessing the host
status in situ. It is likely that rapid advances in multispectral image analysis will provide
such means in the near future.



Agronomy 2024, 14, 1210

12 of 18

Field network survey

’ Spatio-temporalepidemicdevelopmentof diseasecomplexes in
intercropping

Intercropping characterisation

e Canopyfeatures

/
I
1
'
'
1
'
1 & Hostphysiologicaltatus
'
'
'
\

® Miroclimatameasurement

- N

sTTTTTT T T T T T TS s ~
/
| Involvement of disease in the complex
e Sequentiabrrivalofdiseases
e Diseasedistribution on plant

\
'
'
1
'
'
1
'
: e Incidence andeverityofeachdisease
'

'

1
1
]
i
I
1
I
I
|
\

\

Statistcal tests (ordination,randomization indicatorspeciesanalyses)

Modelling approach

C itionand pr of the involves in
the complex
\\ \ e Spores trap ® Moleculamnaysis
‘,l",\' ;‘“\ (sequencingQ-PCR)
f I g
N M\
‘ |
‘l:"ﬁ \ }’/b[\ | 6 Sequentialarrival of pathogen
,‘\b ‘1 "\4 Inoculum availability and climatic conditions
V N
“
\L I av 4# &

amm——)
0

Inoculum pressure andavailability

10

Plant Pathology experiments

Life History Traits

o Biologicalandecologicafeatures
« Colonizationstrategy
o Life HistoryTraitsdiversity

Interactions between
species in planta
o Impact ofcompetitionon LHT
o Effect of indirect and indirect

competition
o Effect of sequentiabrrival

o Effect of genotpye(resistacne
level, age of organs)

Bl Ceee

[ ==

Figure 2. Experimental steps to study disease complexes in intercropping. Methods allowing detec-
tion and characterization of plant disease complexes dynamics in intercropping. (1) The identification
of causal agents from a pool of potential pathogens through trap systems and molecular diagnosis.
(2) The characterization of pathogen prevalence, and sequential arrival on the crop during the grow-
ing season. (3) Pathogenicity tests to assess the infection capacity of pathogens in the case of direct or
sequential co-infection and help to understand how these pathogens interact in the field.

The dynamics of the primary inoculum also remain poorly understood. Most experi-
mental studies still consider this a ‘black box” due to the inherent difficulties in sampling,
quantifying, and identifying small, fragmented, and often cryptic populations [40,107].
Progress in this regard could be made by measuring “proxy’ traits for pathogen survival
between epidemics. These include the number /spatial density of dormant structures, ex-
tinction rates (estimated from genotype frequencies), or the infectious capacity of dormant
spores [107]. Dynamics of species complex compositions are often apparent at the time of
cropping over one growing season or, for perennial plants, at the scale of the plant’s life. The
order in which different pathogens infect a plant may condition the type of interactions that
will be established. Field surveys can be used to determine the prevalence of each species
in the complex and to record the simultaneous or sequential presence of these species.
However, this approach is only possible for pathogenic species that are distinguished using
diagnostic visual (no confusion between symptoms) and/or molecular (correct assignment
of sequences) tools. This highlights the importance of coupling these approaches with
molecular diagnostics based on barcode sequences or whole genome sequencing [108], but
also establishing tools to monitor the dynamics of disease establishment, particularly in
the case of simultaneous infections (e.g., combining spore trapping with real-time qPCR to
identify the potential pathogens at play) (Figure 2). Field surveys allow us to identify ther-
mal/environmental preferences, differences in epidemiology, differences in susceptibility
to disease, and the effect of co-occurrence on disease severity. While the sequential arrival
of pathogens may help to structure the intra-host species complexes within the host and
the subsequent epidemiology of disease components, such ‘priority effects’ [109,110] have
rarely been studied for fungal disease complexes in the context of differences in the timing
of infection within a growing season [111,112]. In annual crops, differences in epidemiology
between different members of a species complex are likely to influence the composition of
the species complex at different times of the growing season or on different plant organs.
Currently, studies have mainly addressed the epidemiology of different diseases [113,114].

To study the epidemic dynamics of disease complexes, it is essential to have reli-
able identification and quantification tools. Disease assessment usually begins with the
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traditional visual search for symptoms. Symptoms are naturally influenced by environ-
mental conditions, pathogen genotypes, plant genotypes, and their physiological status.
Thus, the identification of pathogenic species has always been a challenge for plant pathol-
ogists, with observations of a host symptomatic state ranging from typical to atypical
and undiagnosable. The development of image-based web and mobile applications for
the diagnosis of plant diseases such as those available on the INRAE portal e-phytia
(https:/ /ephytia.inra.fr/en/Home/index (accessed on 1 May 2024)) represents a signifi-
cant breakthrough but remains limited in the case of symptom similarities between different
diseases or multiple infections. The development of molecular techniques has often led
scientists to use DNA barcode sequences as a new way to bypass the taxonomic expertise
required to identify fungal species morphologically [115-117].

This review highlighted the importance of life history traits as predictors and markers
of multi-infection performance, and selection both within and between epidemic stages
is crucial for the evolution of pathogen populations [118,119]. The analysis of pathogen
interactions under controlled conditions has been the subject of numerous publications
in recent years, but they have rarely (or only marginally) addressed the specificities of
complex fungal pathogens of plants [39,120,121]. The analysis of pathogen interactions on
young plants is an approach that makes it possible to mix different inoculation protocols
and conditions for the co-occurrence of the pathogens studied. It is also possible to study
the effect of the location of competing pathogens on the plant, the sequential arrival of
infections, and the age of the host plant (Figure 2).

The final challenge is to link the ecological and evolutionary dimensions of multi-
infections. This review has highlighted the importance of life history traits as predictors and
markers of multi-infection performance, and selection both within and between epidemic
stages is crucial for the evolution of pathogen populations [118,119]. Since co-infections are
an integral part of plant disease epidemics and affect crop health in ways that go beyond the
simple additive effects of their individual components, risk prediction models and decision
support systems should take multi-infection fully into account. Indeed, there cannot be
true Integrated Pest Management (IPM) systems without effective management of multi-
infections and disease complexes. In parallel, concepts and tools developed in community
ecology can be applied to plants infected by species complexes to understand the assembly,
dynamics, and management of within-individual host-species ecosystems [122]. Given that
many species within disease complexes have identical or very similar infection and host
exploitation feeding strategies to exploit hosts, such tools may help to define ‘functional
groups’ into which parasites are grouped in terms of their infection characteristics (infection
site and resources consumed) and how the host immune system responds to their infection.
This could allow predictions of the likely direct and indirect effects of one pathogen on
another and help to determine whether a fungal pathogen will successfully infect a host
and how this infection will affect the host state [122]. In the same vein, other authors
proposed that evolutionary game theory provides an appropriate theoretical framework
to analyze mixed plant-virus infections and predict the long-term evolution of the mixed
populations [123]. It would be interesting to evaluate the same approaches to analyze
fungal infections due to species complexes. Another possibility is to use the indicator
species analysis proposed by [124] to estimate the strength of association of a species with
a priori groups of interest and randomization tests to assess the probability of association.
This approach was used to identify the causal agent(s) of an unknown squash disease from
a pool of 10,000 isolates corresponding to 15 fungal species.

7. Conclusions

When it comes to changing production systems, intercropping is an interesting way of
stabilizing yields and reducing the risk of disease. However, like varietal resistance and
pesticides, it is a lever that is still being perfected and its long-term effects may be limited
if its use is not anticipated and managed in the region. Crop diversification could reduce
the incidence of pathogens but also hinder their adaptation and provide more durable
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resistance [35,36]. However, higher pathogen diversity could also be induced by host
diversity, increasing recombination potential, and possibly adaptation. The generation of
heterogeneous canopies could affect the composition and epidemic dynamics of disease
complexes. In a context of global change, where the emergence of new diseases has become
inevitable, it is necessary to anticipate these changes and to integrate this notion of the
evolution of the ecological balance for diseases that develop on crops and therefore within
the framework of associated systems.

Therefore, describing pathogen evolution in mixtures is an important issue in assessing
the persistence of such systems. Several review papers recently addressed the issues
linked to these coinfections with ecological concepts turning the plant and its environment
into a whole ecosystem for a cohort of pathogens [39,122,125]. Disease complexes are
highly dynamic at all temporal scales, with documented historical replacement of one
prior dominant species by another, and, for some annual crops, reports of variation in
composition within a growing season. As part of our understanding of how disease
complexes work, it is essential to integrate this component, which will affect the ability of
pathogen species to establish and develop, for better management of intercropping.
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