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Molecular mechanisms underlying microbial disease control in intercropping

Many reports indicate that intercropping, which usually consists in growing two species next to each other, reduces the incidence of microbial diseases. Besides mechanisms operating at the field level like inoculum dilution, there is recent evidence that plant-centered mechanisms with identified plant molecules and pathways are also involved. First, plants may trigger the induction of resistance in neighboring plants by the well-known mechanism of induced resistance. Second, molecules produced by one plant, either above or below ground, can directly inhibit pathogens or indirectly trigger resistance through the induction of the plant immune system in neighboring plants. Third, competition for resources like light or nutrients may indirectly modify the expression of the plant immune system. The conceptual frameworks of non-kin/stranger recognition and competition may be useful to further

Introduction

Economic, societal and environmental concerns are imposing changes in our agriculture models. In particular, there is a global trend towards re-introducing diversity in our agrosystems since it has long been shown to increase plant health (Kessing and Ostfeld, 2016;Mundt, 2002). Intercropping is a subset of diverse cropping systems that provide multiple eco-systemic effects including disease control (Gaba et al., 2015). Several definitions of intercropping can be found and here we will consider the cases where two crops from different species are grown in close proximity, at the same time. Intercropping includes strips of different crops as well as complete, intermingled mixtures of several species. The beneficial effects of intercropping systems on insect resistance have been reviewed (Ratnadass et al., 2012) and are not discussed here. Yield in intercropping systems is often more elevated than in the corresponding monoculture (Li et al., 2014) and this is strongly connected to a reduction of microbial disease (Li et al., 2009).

Among 206 studies representing more than 240 unique intercrop-disease combinations, 73% showed reduced impact of disease and only 7% showed an increase (Boudreau, 2013). For instance, wheat-faba bean intercropping reduced powdery mildew on wheat by 49% (Chen et al., 2007) and Ascochyta blight was reduced by 82% on faba beans intercropped with triticale (Fernández-Aparicio et al., 2010). These values obtained in field studies highlight the strong potential of intercropping for disease control.

As proposed by Boudreau (2013), a "theoretical framework based on a mechanistic understanding [could] allow a more methodical and efficient designer intercrop strategy".

Many factors beyond plant level interactions have been proposed to explain enhanced resistance seen in intercropping systems (Boudreau, 2013;Gaba et al., 2015;Ratnadass et al., 2012) and are out of scope of this review. They include inoculum dilution, spore dispersal interference (Figure 1A) and micro-environmental modifications. The scope of this review is Comment citer ce document : Zhu, S., Morel, J.-B. (Auteur de correspondance) (2019). Molecular mechanisms underlying microbial disease control in intercropping. Molecular Plant-Microbe Interactions, 32 (1), 20-24. , DOI : 10.1094/MPMI-03-18-0058-CR 4 to examine reports on plant-centered mechanisms that could be responsible for reduced susceptibility to microbial diseases in intercropping systems of annual crops. We propose a simple framework involving plant-derived signals (including light and exudates) and the plant immune system (understood here as the molecular responses normally triggered upon infection) as the key players to explain pathogen suppression in intercropping (Figure 1B).

Disease reduction through pathogen inhibition by allelochemicals

Plant allelochemicals, some of those having antimicrobial properties, result from exudation, decomposition, leaching or volatilization (Weir et al., 2004;Massalah et al., 2017). In intercropping systems, while pathogens adapted to one plant species can overcome host chemical barriers, non-adapted pathogens cannot. Antimicrobial compounds released by nonhost plants can help neighboring host plants to suppress disease. Indeed, there is increasing evidence from intercropping systems that root exudates released by non-host plants play an important role in suppression of plant pathogens. Here we illustrate this phenomenon with examples for soil-borne fungi, oomycete, bacteria, and nematodes.

For fungal soil-borne pathogens, root exudates of intercropped species can protect neighboring crop plants by directly inhibiting spore germination and mycelial growth, thus reducing pathogen populations in the soil. This mechanism has been documented in many systems with soil-borne fungal pathogens, such as Fusarium spp (Hao et al., 2010),

Verticillium dalhiae (Fu et al., 2015), and Cylindrocladium parasiticum (Gao et al., 2014).

Allelochemicals, especially phenolic acids (such as p-coumaric acid and cinnamic acid), have been described as major antifungal chemicals in root exudates (Hao et al., 2010;Gao et al., 2014;Ren et al., 2008).

Plant-parasitic nematodes can also be inhibited by root exudates from non-host plants. For instance, some Asteraceae species have been shown to suppress plant-parasitic nematodes when intercropped with susceptible crops (for reviews Tsay et al., 2004). Various nematicidal compounds produced by Asteraceae plants, such as thiophenes and thiarubrines, have been shown to negatively affect plant-parasitic nematodes and thus help neighbor plants in intercropping system by reducing nematode population sizes (Tsay et al., 2004). In addition to direct allelochemical effects on the nematode life cycle, some root exudate compounds produced by non-host plants can reduce nematode damage by modifying the behavior of the nematode. For example, lauric acid in crown daisy (Chrysanthemum coronarium) root exudates can attract Meloidogyne incognita and induce nematode death at low concentration, while it repels the nematode from roots at higher concentration. This pattern results from the interference of lauric acid with the expression of a nematode gene encoding a neuromodulator peptide involved in chemotaxis (Dong et al., 2014). Solanum sisymbriifolium, produces high levels of hatching agents, and is a resistant trap crop for potato cyst nematodes (Globodera spp.) (Timmermans et al., 2010;Dias et al., 2012). This plant is an excellent candidate to intercrop with a nematode susceptible host for potato cyst nematode population suppression.

For soil-borne Oomycete pathogens, some non-host plant roots can attract zoospores that later are killed by antimicrobial secreted substances against which these zoospores are not adapted.

This mechanism has been well studied for Phytophthora disease control in the maize-pepper intercropping system. Non-host maize plants could form a "root wall" below the ground that restricts the spread of zoospores in the field and thus indirectly protect host pepper plants. The maize roots attract zoospores of P. capsici into the "root wall" and simultaneously secrete antimicrobial compounds, such as 2,4-Dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H) (DIMBOA), that kill zoospores (Yang et al., 2014); this strategy has been termed "attract and kill". It differs slightly from the push-pull mechanism for insect control in intercropping where one plant repels the insect towards another attractive one (where it remains) (Ratnadass et al., 2012). This "attract and kill" phenomenon has been found for several plant species 

Modification of the plant immune system by neighbors

In contrast to the direct inhibition of pathogens by allelochemicals described above, some mechanisms involved in intercropping require the participation of plant immune responses.

Two major mechanisms, further illustrated below, could lead to the induction of resistance towards microbes in intercropping systems. First, a pathogen adapted to one plant may land on a non-host, neighboring plant, and activate the plant immune system. Second, a molecule (e.g. root exudate) and/or a perturbation of the environment (e.g. shade or competition for nutrients) by one plant could trigger the activation of an immune response in a neighboring plant. We provide below several examples illustrating these mechanisms.

Induction of the plant immune system by non-adapted pathogens produced by neighbors

Induced resistance has been documented in varietal mixtures where different genotypes of the same species are grown in the same field (Mundt, 2002). The proposed mechanism is that the virulent, adapted pathogen will multiply on the susceptible hosts, and disseminate spores to genetically resistant neighbors where they will induce the plant immune system that will be effective against another pathogen yet adapted to this plant. In the case of intercropping two et al., 2015). When this mechanism is at play, the resistance of one crop relies on the susceptibility of the neighboring one. This contrasts with the simultaneous reduction of disease on two intercropped species; as exemplified by the reduction of both leaf blight on potato and northern leaf blight on maize when these two plants were intercropped (Li et al., 2009). However, this mechanism could operate belowground; for instance one may speculate that a plant recruiting a specific microbial community could trigger in the neighboring plant an enhancement of the plant immune system.

Modification of the expression of the plant immune system in intercropping situations

Recent studies provide evidence that (i) growing two plants from different species next to each other affects the expression of markers related to the plant immune system, and that (ii) crop protection is observed when adapted pathogens challenge such plants. When watermelon was intercropped with wheat, Phenylalanine Ammonia Lyase (PAL; involved in the biosynthesis of secondary metabolites) activity was higher and the induction of several defense-related genes was enhanced upon infection compared to watermelon grown alone (Xu et al., 2015). This correlated with a strong reduction of disease incidence associated with the soil-borne pathogen Fusarium oxysporum on watermelon. When intercropped with onion, tomato showed an enhanced induction of genes involved in secondary metabolites synthesis and responses to biotic stress (as measured by RNA-Seq). This molecular response correlated with a decrease of wilt on tomato caused by the soil-borne pathogen Verticillium dalhiae (Fu et al., 2015).

Partial control of the pathogenic fungus Cylindrocladium parasiticum can be achieved on soybean by intercropping with maize (Gao et al., 2014). In this situation, soybean

Comment citer ce document : Zhu, S., Morel, J.-B. (Auteur de correspondance) (2019). Molecular mechanisms underlying microbial disease control in intercropping. Molecular Plant-Microbe Interactions,32 (1),2021222324, DOI : 10.1094/MPMI-03-18-0058-CR 8 pathogenesis-related (PR) genes were induced to higher levels after infection when maize and soybean root interacted with each other. No significant change in expression of these defenserelated genes was observed when root contact was prevented. This suggests that a diffusible signal from maize roots induced the expression of most PR genes tested as well as the PAL gene in soybean roots. Quite interestingly, exudates from maize (but not from soybean) were

shown to contain salicylic acid, a potent inducer of defense-genes and systemic acquired resistance (SAR; Fu and Dong, 2013), making this compound a good candidate for being part of the signal.

There are, however, few studies identifying molecules responsible for the modification of expression of the plant immune system in intercropping. Intercropping maize and pepper can reduce blight on pepper roots caused by Phytophthora capsici (Yang et al., 2014) as well as foliar disease on maize caused by the necrotrophic fungal pathogen Bipolaris maydis (Ding et al., 2015). More specifically, root exudates from healthy pepper could reduce lesions caused by B. maydis on maize plants (Ding et al., 2015). The expression of marker genes from several defense pathways related to the plant immune system was measured in roots and shoots of healthy maize plants treated with exudates from healthy pepper. An induction of the AOS (Allene Oxide Synthetase) and AOC (Allene Oxide Cyclase) genes involved in the biosynthesis of jasmonic acid was detected in maize roots. Although jasmonic acid was not directly measured, these results are consistent with the role of this molecule in defense against necrotrophic pathogens (Campos et al., 2014). A slight induction of the genes involved in DIMBOA biosynthesis was also observed in maize plants pre-treated with pepper exudates.

This correlated with the accumulation of this secondary metabolite in the roots and shoots of maize plants. DIMBOA and its major derivative were later shown to have an antimicrobial activity on B. maydis in vitro. Thus, an unknown element of root exudates from pepper could trigger some sort of systemic acquired resistance in maize. Interestingly, besides its antimicrobial function, DIMBOA and some of its derivatives were shown to affect histone deacetylases and subsequently the transcription of several hundreds of plant genes in Arabidopsis, among which a large set are known to be involved in response to biotic stress (Venturelli et al., 2015). Therefore, one can speculate that some molecule(s) from pepper exudates activate defense-related genes in maize roots and the production of molecules, including DIMBOA, which would exert their effects through direct antimicrobial activity (as in Yang et al., 2014) and indirectly through the further activation of defense-related genes.

This example suggests that molecules known for their allelopathic effects on microbes (see above) could also affect the plant immune system. More recently, it was shown that pcoumaric acid secreted by rice roots could inhibit the germination of fungal spores and constitutively induce PR gene expression in watermelon, conferring protection against F.

oxysporum when directly applied to watermelon (Ren et al., 2008;2016). Likewise, a large set of potent inducers of the plant immune system like salicylic acid (Khorassni et al., 2011) and jasmonic acid (Strehmel et al., 2014) have been found in root exudates.

Finally, VOCs emitted by neighboring plants could also play a role in intercropping by modifying plant resistance (reviewed in Heil and Karban, 2010). However, the majority of the reports on VOCs in intercropping deal with the induction of defense against insects and there are only few reports on the role of VOCs in intercropping against microbial diseases (e.g. Gomez-Rodrıguez et al., 2003).

Stranger recognition may change the expression of the plant immune system

Several studies investigating plant adaptation to non-kin/stranger recognition also provide evidence that expression of plant immune system can be influenced by neighboring plants.

Stranger recognition, which is well-known in animals, is defined as the ability to differentiate related individuals from non-related ones either within species (conspecific) or between species (heterospecific) (Biedrzycki and Bais, 2010 et al., 2011). In particular, it was shown that PR genes were more highly expressed in the case of plants grown next to non-kin. However, this over-induction of defense was not correlated with reduced susceptibility to the bacterium Pseudomonas tomato.

When examining analysis of heterospecific competition, a global trend emerges with respect to its effects on the expression of the plant immune system. A pioneer study by Schmidt and Baldwin (2006) showed that several defense genes were expressed to higher levels in et al., 2015).

The mechanisms behind non-kin/stranger recognition in plants have been little studied but unidentified root exudates seem to play a role in Arabidopsis (Biedrzycki and Bais, 2010). It is likely that some of the allelopathic compounds produced by roots and known to participate in competition may also be responsible for the modification of defense in intercropping. For instance, the volatile alpha-pinene, produced by the roots of many plant species when competing with other species, was shown to increase H 2 O 2 production and the activity of several enzymes related to the oxidative burst (Singh et al., 2006), which is also involved in the response to pathogens. Since alpha-pinene was initially described as a potent inhibitor of root growth required for plant-plant competition, this example suggests that the detrimental effects of plant-plant competition may also indirectly contribute to an enhancement of the plant immune system and therefore to an ecologically positive effect (by protecting their neighbors).

Relationships between nutrition, light and disease in intercropping

Intercropping is well-known to improve yield and this effect is in part due to improved nutrition. For instance, the uptake of P and micro-nutrients like Fe, Zn and Mn is improved in several intercropping systems (Li et al., 2014). On the other hand, mineral nutrition is paramount for plant health and competition for nutrients may strongly impact plant physiology (Dordas, 2009). One may thus expect indirect effects on plant health in intercropping through plant nutrition. For instance, increasing P, Fe, Zn or Mn reduces in most cases disease susceptibility (Dordas, 2009), consistent with disease suppression in intercropping systems. Yet, in the case of nitrogen, there is a paradox between its improved uptake in intercropping and the reduction of disease (Chen et al., 2007). Indeed, for most obligate pathogens, nitrogen increases plant susceptibility (Dordas, 2009). For instance, the Other mechanisms linking plant defense to competition-related pathways may also occur in intercropping. For instance, shade avoidance, one of plant's responses to competition for light, is in part regulated by the ratio of red and far-red light perceived by plants, a ratio that can be affected in intercropping situations (Zhu et al., 2014). Shade-avoidance has been shown to affect the expression of many classical defense-related genes and this was associated with modifications of the susceptibility of plants to various pathogens (reviewed in Ballaré et al.,

2012).

Future challenges

Intercropping thus seems to directly and indirectly affect the plant immune system. Although only few molecules in root exudates have been shown to induce the plant immune system,

there is yet no proof that they are responsible for the increased protection observed in intercropping. Mutants for the production of these molecules will be required to test this hypothesis. It remains difficult to assess whether intercropping is priming the plant immune system, enabling plants to over-react only upon pathogen attack or constitutively activating strong defenses. This question is critical to answer, as both strategies are likely to have different effects of plant fitness and thus yield. the watermelon/rice intercropping system, strong changes of microbial communities were observed, with bacterial populations increasing by more than two-fold in watermelon rhizosphere intercropped with rice (Ren et al., 2008). However, the link between these changes in microbial community and disease protection in intercropping remains to be established.

As it is clear that some species mixtures work better for protecting their neighbors than others (see for instance Fernandez-Aparicio et al., 2010;Boudreau, 2013), it will be important to investigate the potential of a large combination of plant species to provide additional solutions for crop protection. Understanding why disease severity can sometimes increase in intercropping will also be important to improve this agronomic practice.
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 1 Figure 1. Field and plant-centered mechanisms underlying microbial disease suppression in intercropping systems. A maize and pepper plant system was chosen to illustrate field (A) and plant-centered (B) mechanisms responsible for the reduction of microbial diseases in intercropping. (A) At the field level, a pathogen on a first host species (maize) disseminates to a healthy, neighboring host plant (1) with lesser efficiency because of inoculum dilution (2) caused by the intercropped non-host plant (pepper) and also microclimatic changes. On the other hand, a non-host plant species (maize) may create a physical barrier reducing the dispersal of pathogen from host to host (3). (B) Three types of plant-centered mechanisms can contribute to the modification of the plant immune system in intercropping systems: induced resistance, indirect changes in the expression of the plant immune system through competition for resources (e.g. shade avoidance), and direct and indirect effects of the production of molecules (including allelopathic compounds). Above ground mechanisms include induced resistance by non-adapated pathogen (yellow arrow), production of volatile organic compounds (VOCs) that could activate the plant immune system (purple arrows) and/or

  in wheat leaves intercropped with faba bean was associated with a reduction (and not an increase) of disease caused by powdery mildew on wheat(Chen et al., 2007). The mechanisms that allow increased N content without increasing disease thus merit further investigation.
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