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Modern animal and crop production practices are associated with the regular use of antimicrobials, potentially increasing selection pressure on bacteria to become resistant. Alternative approaches are needed in order to satisfy the demands of the growing human population without the indiscriminate use of antimicrobials. Researchers have brought a different perspective to solve this problem and have emphasized the exploitation of animal- and plant-associated microorganisms that are beneficial to their hosts through the modulation of the innate immune system. There is increasing evidence that plants and animals employ microbial perception and defense pathways that closely resemble each other. Formation of pattern recognition receptor (PRR) complexes involving leucine-rich repeat (LRR)-containing proteins, mitogen-activated protein kinase (MAPK)-mediated activation of immune response genes, and subsequent production of antimicrobial products and reactive oxygen species (ROS) and nitric oxide (NO) to improve defenses against pathogens, add to the list of similarities between both systems. Recent pioneering work has identified that animal and plant cells use similar receptors for sensing beneficial commensal microbes that are important for the maintenance of the host's health. Here, we reviewed the current knowledge about the molecular mechanisms involved in the recognition of pathogenic and commensal microbes by the innate immune systems of animal and plants highlighting their differences and similarities. In addition, we discuss the idea of using beneficial microbes to modulate animal and plant immune systems in order to improve the resistance to infections and reduce the use of antimicrobial compounds.
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THE USE OF ANTIMICROBIALS IN LIVESTOCK AND CROPS: A GLOBAL PROBLEM

The increasing prevalence of antimicrobial resistance in pathogenic microorganisms of clinical importance exerts a tremendous pressure on human healthcare systems globally. There is a dramatic rise in the prevalence of infections caused by multidrug- or extremely drug-resistant pathogens, which is estimated to cause several hundred thousand deaths annually (1, 2). Perhaps the best examples are the infections caused by multidrug-resistant bacteria belonging to the Enterobacteriaceae group. This fact implies a great concern since these pathogens are common natural inhabitants of human and animal microbiomes. Moreover, infections caused by this group of bacteria are often associated with prolonged hospitalization, elevated costs and high mortality rates (1, 2). Resistance to antimicrobials is a naturally occurring phenomenon. However, the increasing use of antimicrobials by the mankind has created a strong and unnaturally high selection pressure for resistant microorganisms. The emergence and spread of antibiotics resistance in microorganisms has been accelerated around the world by several human behaviors, including inappropriate use of antimicrobial substances, poor prevention of infectious diseases, defective control of infected patients within healthcare systems, and the insufficient control of antibiotics release into the environment.

Agricultural and food industries have been benefited from the availability of antimicrobial compounds for animal production and crop protection. Antibiotics have been widely used in livestock diets during the past several decades due to their therapeutic effects (3, 4). Antibiotics are able to reduce the frequency of diarrhea and improve performance parameters like body weight gain or feed conversion ratio. These beneficial effects of feed antibiotics are generally explained by modifications of the intestinal bacteria and their interaction with the animal host, including bacterial interactions with intestinal tissues and the immune system (3, 4). Another class of agents used in agriculture are cationic metals that can be included in animal diets as nutritional supplements or spread on pastures to support crop growth and protection. Heavy metals, in particular, give rise to concerns among public health professionals, as they can persist in the environment for prolonged periods. Moreover, bacteria can also exhibit resistance to these chemical elements and the genes encoding this phenotype can be physically localized on plasmids that may also contain one or more antimicrobial resistance-encoding genes (5).

On the other hand, chemical pesticides including antimicrobials for protection of crops against bacterial plant diseases are limited in availability, use, and efficacy, and their affectivity is limited. Such antimicrobials are used for managing bacterial plant diseases of fruit trees, for which it has been proven to be economically feasible (6). Although the amount of antibacterial antibiotics used on plants is small compared to medical, veterinary, and livestock production uses, antibiotics-resistant bacterial plant pathogens have emerged, which further complicates the control of bacterial diseases of crops, especially fruit trees. In addition, the pollution with antimicrobial, mutagenic and carcinogenic compounds in aquatic and soil environments caused by the discharge industrial wastes, atmospheric deposition, and fertilizers is an emerging public health concern because of the potential in producing drug-resistant microbes that can be up-taken by food crops (7).

Antibiotics-resistant microorganisms of agricultural origin have significant public health implications since they can be transmitted to humans through the environment (8), and food products (9), and to agricultural workers by direct contact (10). It was suggested that repeated exposure to low doses of antimicrobial agents, that is the context in which growth-promoting antimicrobials are administered, creates ideal conditions for the emergence and spread of antibiotics-resistant bacteria (11).

Because of the concern that the use of antimicrobials in agricultural industry might contribute to a rise in bacterial antibiotics resistance, the use of some types of antibiotics have been restricted by some countries since the 1970's. In this regard, the European Union introduced a total ban on the application of antibiotics as feed additives from 2006 onwards (3, 12). These regulatory issues about the ban of antibiotic growth promoters together with the consumer's demand for a safe food production system have stimulated the search for alternative strategies to improve resistance against pathogens, promote growth and health of livestock (13, 14), and minimize the impact of the industry on the environment (3, 4).

In order to control infections, scientists poned that the modulation of animal and plant immune systems by using beneficial microbes able to confer health-promoting activities would be an interesting alternative. Plant and animal innate immune systems respond to pathogen infections but also regulate beneficial interactions with commensal and symbiotic microbes (15). Recent pioneering work revealed striking similarities between the molecular organization of animal and plant systems for non-self-recognition and anti-microbial defense. Studies have also identified that animal and plant cells use similar receptors for sensing beneficial commensal microbes that are important for the maintenance of the host's health. In this review we highlight current knowledge on the molecular mechanisms involved in the recognition of pathogenic and commensal microbes by the innate immune systems of animal and plants highlighting their differences and similarities. In addition, we discuss the idea of using beneficial microbes to modulate animal and plant immune systems to improve resistance to pathogen infections and to reduce the use of antimicrobial compounds in a biological way. The progress in our understanding of the cellular and molecular mechanisms of beneficial microbes-host interaction is reviewed in order to give a scientific basis for the design of new intervention strategies that can improve immune fitness of animals and plants in a more sustainable way.

INNATE IMMUNITY IN ANIMALS AND PLANTS

Animals and plants have acquired the ability to recognize conserved microbial molecules that are characteristic of microorganisms but are not found in animal or plant hosts. The recognition of these microbial molecules is a key step in innate immune defenses, and is mediated by a set of receptors referred to as pattern-recognition receptors (PRRs) that recognize the microbe-associated molecules (16). “Pathogen-associated molecular patterns” (PAMPs) is the term generally used when referring to the molecules that elicit innate immune responses. As classically defined, PAMPs are evolutionarily conserved pathogen-derived molecules that distinguish hosts from pathogens. PAMPs include, among others, lipopolysaccharide (LPS), peptidoglycan, bacterial flagellin, and yeast mannans (17). However, because non-pathogenic microbes also possess such molecules, the term “pathogen-associated” is a misnomer and a more precise term would seem to be “microbe-associated molecular patterns” (MAMPs) (16). Therefore, to avoid confusion here, the term “MAMP” is used instead of “PAMP.”

Remarkable similarities have been uncovered in the molecular mode of MAMP perception in animals and plants, including the discovery of plant receptors resembling mammalian Toll-like receptors (TLRs) or cytoplasmic nucleotide binding domain (NBD) and leucine-rich repeat (LRR) superfamily proteins (NLR) (15, 18). Changes in cytoplasmic Ca2+ levels, the production of reactive oxygen species (ROS) and nitric oxide (NO) as well as the post-translational activation of mitogen-activated protein kinase (MAPK) cascades are commonly reported to signal the activation of innate immune responses in plants (19). Intriguingly, most of these components have also been described to be of central importance to MAMP-induced activation of innate immune responses in animal cells (20). In addition, both plants and animals synthesize a wide range of small antimicrobial peptides and both produce an oxidative burst via conserved gp91phox NADPH oxidases after the pathogen encounter (16). Therefore, common features of innate immunity in animals and plants include defined receptors for microbe-associated molecules, conserved MAPK signaling cascades and the production of antimicrobial peptides and oxidative compounds (Figures 1, 2).
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FIGURE 1. Global overview of animal and plant innate immune systems. The inflammatory response triggered by pathogens in the animal host as well as pattern recognition receptor-triggered immunity and effector triggered immunity triggered by pathogens in the plant host are shown. Pattern recognition receptor (PRR), pathogen-associated molecular patterns (PAMPs), type III secretion system (T3SS), PAMP triggered immunity (PTI), effector-triggered immunity (ETI), tumor necrosis factor alpha (TNF-α), interleukin (IL), chemokine (C–X–C motif) ligand (CXCL), C-C motif chemokine ligand (CCL), granulocyte-colony stimulating factor (G-CSF), Granulocyte-macrophage colony-stimulating factor (GM-CSF).




[image: image]

FIGURE 2. Comparison of the pattern recognition receptors and signaling pathways involved in the recognition of pathogenic microorganisms by animal and plant cells. Receptors, adaptors, signaling pathways, and effectors involved in the response of animal and plant cells to microbes are shown. Leucine-rich repeat (LRR), Toll/interleukin-1 receptor (TIR), nucleotide-binding oligomerization domain (NOD), myeloid differentiation primary response 88 (MyD88), TNF receptor associated factor (TRAF), interleukin-1 receptor-associated kinase (IRAK), mitogen-activated protein kinase (MAPK), (MAPKK), mitogen-activated protein kinase (MAPKKK), WRKY transcription factor (WRKY), nuclear factor kappa B (NF-kB), calcium-dependent protein kinase (CDPK), transcription factor (TF). NADPH oxidases are designated as RBOH in plants.



Animal Innate Immune System

In animals, epithelial cells from the skin and mucosal surfaces, including those lining the respiratory, urogenital and gastrointestinal tracts, provide a physicochemical barrier between the host cells and the outside world including microorganisms. The mucosal surfaces and the skin also have an intricate network of immune cells that perform surveillance functions and have the ability to trigger defense mechanisms against invading pathogens. Antigen presenting cells including dendritic cells and macrophages reside in tissues throughout the body and are especially abundant in areas where infections are likely to arise. In addition, epithelial cells from skin and mucosal surfaces have also immune functions since they are able to deliver signals to immune cells when potentially dangerous microorganisms have reached the host (21, 22). Therefore, when a pathogen invades a tissue, epithelial and immune cells elicit an inflammatory response in order to limit its replication and dissemination (Figure 1). This response is characterized by an initial recognition of MAMPs of pathogens by PRRs expressed in epithelial and immune cells leading to production of immune factors including type I interferons (IFNs), cytokines and chemokines. Those biological mediators are responsible for the recruitment and activation of additional immune cells that participate in the innate immune response (21, 22). Changes in the microenvironment of infected tissue induce the blood vessels to dilate and become permeable to fluid and proteins. At the same time, the endothelial cells lining the local blood vessels are stimulated to express cell adhesion proteins that facilitate the attachment and extravasion of immune cells including neutrophils and monocytes (Figure 1). Both types of phagocytes possess an extraordinary capacity to kill pathogens through a wide range of antimicrobial agents including antimicrobial proteins and oxidative compounds. Pathogenic stimuli activate pathways in neutrophils and macrophages that signal for the phosphorylation and assembly of the NADPH oxidase that then produces superoxide and H2O2 in a process known as the respiratory burst. In addition, the inducible enzyme NO synthase (iNOS) is expressed in phagocytes leading to NO production that is a gas with highly reactive properties (21, 22).

Plant Innate Immune System

The entry of pathogenic bacteria into the plants' tissues is the first and most important step in infectious diseases. Foliar bacterial pathogens mainly enter into the plant cells through the open stomata, water pores, or physical injuries (23, 24). Bacteria colonize the plant apoplast of a leaf, extensively multiply in the apoplast and inject several immune-suppressive effector molecules into plant cells through the type III secretion system (TTSS) (Figure 1). Those effector molecules induce visible disease-associated necrosis and chlorosis (25). On the other hand, bacterial pathogens living in the rhizosphere invade root tissues through small wounds after which they colonize intercellular spaces and stem tissues (26). Then, plants develop symptoms, such as bacterial wilt that are caused by suppressed water fluxes (26), or damping-off and root rot symptoms caused by degradation enzymes and toxins secreted by bacteria in vascular tissues (27).

In order to protect themselves against bacterial pathogens, plants have developed highly effective defense systems. In plants, there are no specialized immune cells such as macrophages, neutrophils, or dendritic cells that are the key players of the animal immune system. In contrast, plants are autonomously capable of recognizing the presence of pathogens and trigger defense responses at the level of each single cell (Figure 1). As plants are lacking in mobile immune cells and the cellular adaptive immune systems, they are mainly dependent on innate immunity for protection against pathogens including efficient signaling mechanisms, which is now so-called the plant immune system (15).

Once the pathogen breaks the primary defense barriers, e.g., the stomata-mediated defense system, plants can detect several MAMPs including flagellin, translational elongation factor Tu (EF-Tu), cold-shock protein (CSP) or LPS (27–29). Recognition of MAMPs by PRRs locating at the plasma membrane of plant cells activates downstream signaling cascade and a series of defense responses including the synthesis of phytoalexins, cell wall strengthening, and accumulation of pathogenesis-related proteins such as lytic enzymes (chitinases, glucanases, and proteases) (Figure 1) (30–32). The MAMP-triggered immune system, which is named “PAMP triggered immunity” (PTI), prevents the establishment of infection in non-host plants.

Bacterial pathogens have various virulence strategies that inactivate PTI. For example, toxins produced by pathogenic bacteria are able to change plant metabolism in order to establish an advantageous environment for bacterial colonization. In addition, several bacterial pathogens have developed strategies to evade PTI. Multiple effector molecules are delivered by bacterial pathogens into plant cells through the TTSS in order to suppress PTI at various steps of the defense signaling pathways that confer disease resistance (33).

Plants have a second class of immune receptors that include intracellular immune receptors called resistance proteins (NB-LRR receptors). These intracellular receptors directly or indirectly recognize effectors secreted by pathogens into the host intracellular environment and activate effector-triggered immunity (ETI), which is often associated with rapid cell death, production of ROS and salicylic acid (SA), and the expression of defense-related genes (Figure 1) (34). Activation of ETI enables plants to respond rapidly and efficiently to virulent pathogens (35). In PTI and ETI, the production of ROS is an important early defense mechanism as in the innate immune response of animals (26, 33). Extracellular generation of ROS during the oxidative burst of plants depends on transient increases of cytosolic Ca2+ levels and appears to be mechanistically similar to the respiratory burst of animal phagocytes, which is catalyzed by an NADPH oxidase protein complex. Plants harbor a family of genes with significant homology to the human gene encoding the catalytic subunit gp91 of the NADPH oxidase complex. In addition, NO was found to be produced upon treatment of plants with MAMPs as well as upon pathogen infection, suggesting that it may be important for the activation of innate defense mechanisms (36).

RECEPTORS FOR BACTERIAL RECOGNITION IN ANIMALS AND PLANTS

The ability to distinguish between self and non-self-antigens is an important feature of all living organisms and forms the basis for the activation of innate defense mechanisms against infections (15). In animals and plants, innate immunity involves both cell surface receptors (19) and intracellular receptors of the NLR superfamily (37) (Figure 2).

Pattern Recognition Receptors for Bacteria in Animals

As mentioned before, microbial recognition by the innate immune system of animals occurs via a range of germline-encoded PRRs such as the TLR family, the NLR family, the RIG-I-like RNA helicases, the C-type lectin receptors, and cytosolic DNA sensors (38, 39). The interaction of microbial ligands with PRRs induce the activation of the innate immune system leading to diverse cellular responses including the induction of interferon regulatory factors (IRFs), activator protein-1 (AP-1), and nuclear factor-kappa B (NF-κB) that regulate the expression of cytokines, chemokines, and type I IFNs.

TLRs were the first PRRs discovered and they are the best-characterized family of PRRs. Initially, the Toll pathway was described in the pattern formation in early drosophila embryo development (40). Later, the cytoplasmic domain of Toll (the Toll–interleukin 1 (IL-1) receptor (TIR) domain) was found to have homology with the cytoplasmic domain of human IL-1 (41). In addition, the study of antimicrobial peptides genes in drosophila and their promoters suggested that they were regulated by NF-κB-like transcription factors that also function in the Toll pathway (42). Meanwhile, a human homolog of Toll was shown to activate expression of NF-κB controlled genes (43), and a year later TLR4 was identified as the LPS sensor (44).

TLRs are characterized by an extracellular LRR domain and an intracellular TIR protein-protein interaction domain. TLRs are coupled to signaling adaptors such as MyD88, which also have TIR domains. Activation of the TLR signaling cascade results in the nuclear translocation of NF-κB-like transcription factors, leading to the production of antimicrobial peptides in both insects and vertebrates and signaling molecules such as cytokines and chemokines in vertebrates (16) (Figure 3).
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FIGURE 3. Comparison of the extracellular pattern recognition receptors and signaling pathways involved in the recognition of pathogenic microorganisms by animal and plant cells. Recognition and signaling pathway mediated by animal Toll-like receptor (TLR)-4 and TLR5 and plant receptors XA21 and FLS2 are shown as examples of extracellular microbial recognition. Toll/interleukin-1 receptor (TIR), myeloid differentiation primary response 88 (MyD88), TNF receptor associated factor (TRAF), interleukin-1 receptor-associated kinase (IRAK), mitogen-activated protein kinase (MAPK), mitogen-activated protein kinase (MKK), nuclear factor kappa B (NF-kB), tumor necrosis factor alpha (TNF-α), interleukin (IL), Arabidopsis thaliana receptor kinase FLS2 (FLS2), rice receptor kinase XA21 (XA21), reactive oxygen species (ROS), calcium-dependent protein kinase (CDPK), pathogenesis-related protein (PR).



Upon interaction with their ligands, TLRs dimerize and initiate two signaling pathways: the MyD88-dependent and MyD88-independent pathways. These two types of cellular responses are mediated by a selective use of adaptor molecules recruited to the TIR domains. Four adaptor molecules have been identified so far: MyD88, TIR-associated protein (TIRAP), TIR domain-containing adaptor protein-inducing IFN-β (TRIF), and TRIF-related adaptor molecules (TRAM). MyD88 and TIRAP are responsible for the induction of pro-inflammatory genes, and TRIF and TRAM induce IFNs (45, 46).

All TLRs, except TLR3, signal through MyD88. In MyD88-dependent signaling, MyD88 is recruited to and associates with the cytoplasmic domain of the TLRs via interaction with the TIR domains (Figure 3). Then IL-1R-associated kinase 1 (IRAK-1) and IRAK-4 are recruited and activated by phosphorylation. Activated IRAK-4 phosphorylates IRAK-1, which subsequently associates with Tumor necrosis factor receptor (TNFR)-associated factor 6 (TRAF6). TRAF6 activates transforming growth factor (TGF)-activating kinase 1 (TAK1) and this factor then phosphorylates IKK-b and MAPK kinase 6 (MKK6), leading to degradation of I-kB and NF-kB nuclear translocation. The final response is the induction of genes involved in innate defense mechanisms. Activation of the MyD88-dependent pathway also results in the activation of MAPK-p38, MAPK-ERK, and MAPK-JNK, which leads to the activation of AP-1 (45–47).

In addition to the transmembrane TLRs, mammals have a family of cytosolic PRRs that belong to a family of proteins referred to as NLR proteins that are involved in apoptotic and inflammatory responses (48). NLR proteins are characterized by a tripartite domain architecture consisting of a variable N-terminal domain, a central nucleotide-binding domain and C-terminal LRRs (Figure 4).
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FIGURE 4. Comparison of the intracellular pattern recognition receptors and signaling pathways involved in the recognition of pathogenic microorganisms by animal and plant cells. Recognition and signaling pathway mediated by animal and plant nucleotide binding domain (NBD) and leucine-rich repeat (LRR) superfamily proteins (NLR) are shown as examples of intracellular microbial recognition. Caspase-activated recruitment domains (CARD), central nucleotide-binding (NACHT), pathogen-associated molecular patterns (PAMPs), microbe-associated molecular patterns (MAMPs), danger-associated molecular patterns (DAMPs), mitogen-activated protein kinase (MAPK), nuclear factor kappa B (NF-kB), interleukin (IL), NLR family pyrin domain containing (NLPR), reactive oxygen species (ROS).



The NOD1 and NOD2 receptors were the first members of the NLR family to be reported as intracellular sensors for microorganisms in mammals. The interaction of NLRs with their ligands triggers signaling cascades that induce the translocation of NF-kB, and the production of cytokines and chemokines (49). NOD1 and NOD2 receptors are located in the cytosol of host cells. However, after their interaction with their ligands they undergo redistribution to the plasma membrane from where they initiate signaling pathways (50). It should be mentioned that differences in the expression of the two receptors exists. NOD2 expression is limited to cells of hematopoietic origin and some types of epithelial cells (specially the gastrointestinal mucosa) while NOD1 is ubiquitously expressed in most cell types (51). Interestingly, the expression of NOD1 and NOD2 in macrophages can be increased by stimulation with LPS or proinflammatory cytokines such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6 (52). Both, NOD1 and NOD2 have three domains: a C-terminal domain containing LRRs, a central nucleotide-binding (NACHT) domain, and a N-terminal effector-binding domain composed of caspase-activated recruitment domains (CARD) (53). The C-terminal domain is responsible for ligand interaction while NACHT domain allows self-oligomerization and is necessary for self-activation. NOD1 has one CARD domain while NOD2 has two series-wound CARDs that mediate the interaction with intracellular proteins that form the signaling platform (53). Similar to TLRs, the major outcome of NOD1 and NOD2 signaling pathways are the activation of NF-κB, MAPK-p38, MAPK-JNK, and MAPK-ERK, with the subsequent production of inflammatory factors (54) (Figure 4). Signaling through NOD pathways involves the recruitment of the receptor-interacting protein 2 (RIP2). The adaptor protein RIP2 is a serine/threonine protein kinase that possesses a C-terminal CARD domain that allows its interaction with NOD1 and NOD2 (55). The kinase activity of RIP2 is regulated by ubiquitination and phosphorylation. Ubiquitination of RIP2 induces the recruitment of TAK1 and the subsequent recruitment of IKK kinase complexes (IKK-α, IKK-β, and IKK-γ) leading to phosphorylation and degradation of IκBα (56).

Animal NLR proteins also participate in the formation of inflammasomes (Figure 4). The inflammasomes are multiprotein platforms with cytosolic sensors for a wide range of MAMPs or damage-associated molecular patterns (DAMPs) (57, 58). Inflammasomes participate in the defense against bacterial pathogens through the activation of inflammatory caspases. As mentioned before, flagellin can be recognized by the membrane expressed-TLR5. However, this MAMP can also be delivered into the cytosol by the secretion systems present in pathogenic bacteria such as the type III (T3SS) and type IV (T4SS) secretion systems present in Salmonella typhimurium or Legionella pneumophila, respectively. Studies have established that the neuronal apoptosis inhibitory protein (NAIP)-NLRC4 inflammasome plays a critical role in anti-bacteria defenses (58). In the NAIP-NLRC4 inflammasome, NAIPs are the cytosolic receptors for flagellin and secretion systems proteins while the NLRC4 is the adapter for caspase-1 activation (57). It has been established that component of flagella are sensed by NAIP5 and NAIP6, whereas components from bacterial secretion systems are detected by NAIP1 and NAIP2 (57). Inflammasome-dependent caspase-1 activation participates in the maturation and secretion of the inflammatory factors IL-1β and IL-18, and triggers a proinflammatory form of cell death referred as to pyroptosis. Several other animal NLR proteins are involved in inflammasomes formation and innate immune responses against bacterial pathogens [for a review see (59)].

Pattern Recognition Receptors for Bacteria in Plants

Plant cells encounter a variety of microbial-associated signals when interacting with microorganisms in vivo, and the plant's ability to recognize complex MAMPs is likely to determine its efficiency in inducing innate defense mechanisms. Various pathogenic Gram-negative bacteria harbor LPS and flagellin, which stimulate plant defenses (60). These MAMPs bind to PRRs and trigger the expression of immune response genes and the production of antimicrobial compounds (61).

Arabidopsis FLS2 and EFR, which can recognize a conserved 22-amino acid peptide sequence in bacterial flagellin and active epitope of bacterial elongation factor (EF)-Tu, respectively, are typical LRR-receptor-like kinases (RLKs) acting as PRRs (62, 63). Rice receptor kinase XA21 has been identified as a rice resistance gene product conferring race-specific resistance to Xanthomonas oryzae pv oryzae (64). It has been shown to perceive ax21 protein which seems to play a role in quorum sensing (65). Interestingly, the plant RLKs have structural and functional similarity to animal TLR proteins that can recognize MAMPs of bacterial pathogens in animals thereby inducing innate immunity (18). For example, FLS2 and TLR5 are equally perceptive to bacterial flagellin, suggesting that both PRRs are conserved by convergent evolution. Interestingly, bacterial Pseudomonas pathogens have been shown to evade animal and plant immunity through the activity of the protease AprA, which degrades flagellin monomers, therewith escaping detection by the host's immune system (66). On the other hand, the downstream signaling pathways activated by recognition of MAMPs through PRRs are diversified between plants and animals, while the production of ROS, transient increases of cytosolic Ca2+ levels followed by activation of calcium-dependent protein kinase (CDPKs), activation of MAPK cascades and NO-mediated signaling seem to be common signaling events (Figure 1).

The best-characterized plant immune receptors are a large class of intracellular receptors often called NBS-LRR pathogen-resistance proteins, which have an overall tripartite structure similar to that of the mammalian NLR proteins (67). In general, plants have large families of these NLR proteins; Arabidopsis has 140 (68) and rice has over 500 (69). Most of the NLR pathogen-resistance proteins have either a TIR or a coiled-coil (CC) N-terminal domain (Figure 4). In contrast to the animal NOD1, NOD2, and NALP3 proteins, which respond to peptidoglycan degradation products, the plant NLR pathogen-resistance proteins directly or indirectly recognize pathogen effector molecules thereby activating downstream signaling pathways for induction of defense response.

It should be noted that a differential aspect between plant immune system and innate immune system in animals is that PRRs and NOD receptors equally contribute to recognize PAMPs/MAMPs in animals (Figures 3, 4). However, the plant immune system consists of two-layered defense system: first PTI is mediated through recognition of MAMPs by PRRs and second ETI is mediated through recognition of pathogen effector molecules by NB-LRR receptors (Figure 1).

MODULATION OF THE IMMUNE SYSTEM BY BENEFICIAL MICROBES IN ANIMALS AND PLANTS

Today, the world faces the enormous challenge of improving the production of livestock and crops without the indiscriminate use of antimicrobials (70). Thus, alternative approaches are needed in order to satisfy the demands of the growing human population. Scientists have brought a different perspective to solve this problem and have emphasize on the exploitation of animal- and plant-associated microorganisms that are beneficial to their hosts through the modulation of the innate immune system.

Beneficial Microbes for Animals

Studies in humans and animals have shown that beneficial microbes in the gut are able to confer several health benefits (Figure 5), including the stimulation of intestinal epithelial cell proliferation, the reinforcement and maintenance of tight junctions, the expression of antimicrobial factors, and the modulation of the mucosal immune system (46, 71). It has been demonstrated that for most of these beneficial effects PRRs play a key role in the interaction of microbes with host cells (46, 71, 72).
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FIGURE 5. Global overview of the effect of beneficial microbes on animal and plant hosts. Beneficial microbes in both animal and plants are able to increase resistance to pathogenic microorganisms by using similar mechanisms: competition for nutrients, inhibition of adhesion to host's cells, production of antimicrobial molecules, and modulation of host's immune system.



It was reported that commensal bacteria, through the activation of TLR2, modulate the organization of tight junctions proteins (73), improve transepithelial resistance (74), and induce a rapid reshaping and stretching of epithelial cells after injury (75). In addition, activation of TLR2 and TLR4 in the animal gut have been shown to be involved in the expression of trefoil factor 3 (TFF3), epidermal growth factor receptor (EGFR), amphiregulin, and prostaglandin E2, which are important factors in wound healing and repair of the intestinal mucosa (75, 76). These studies demonstrated an important role of animal beneficial microbes in the maintenance of intestinal barrier function.

Antimicrobial peptides are constitutively produced in the animal gastrointestinal tract. However, their expression can be improved by commensal MAMPs through the activation of TLRs or NLRs (77). Antimicrobial compounds, such as regenerating islet-derived 3 (Reg3)-β protein, Reg3-γ, CRP-ductin, resistin-like molecule-β, and β-defensins are induced in intestinal epithelial cells and Paneth cells by microbial products through MyD88-dependent signaling (78–80). Interestingly, it was recently reported that the metabolic activity of intestinal microbiota also influences the production of antimicrobial factors (81). The study demonstrated that short-chain fatty acids produced by microbiota promoted the production of Reg3-γ and β-defensins in intestinal epithelial cells. The effect of short-chain fatty acids were dependent on G protein-coupled receptor (GPR), mammalian target of rapamycin (mTOR), and signal transducer and activator of transcription protein (STAT)-3 signaling. The data thereby provided a novel pathway by which animal beneficial microbes modulate the expression of antimicrobial compounds in the gut (81).

On the other hand, a plethora of evidence supports the active role of commensal bacteria in the development and maintenance of intestinal immune homeostasis in the animal host (21, 82, 83). The molecular communication between microbes and intestinal epithelial cells, and the role of this interaction in the promotion of immune homeostasis have been subjects of intense research (21). PRR signal transduction triggered by pathogens induce proinflammatory responses by intestinal epithelial cells that significantly influence the behavior of the underlying lamina propria immune cells. This PRR signaling is crucial to protect the animal hosts against infections (80, 84). In addition, intestinal epithelial cells are able to sense commensal and beneficial microbes that help to maintain immune status and inhibit excessive inflammation. Products derived from animal intestinal microbiota activate TLRs in intestinal epithelial cells, and increase the expression of negative regulators of the TLRs signaling pathway such as IRAK-M, TOLLIP, SIGIRR, A20, and peroxisome proliferator-activated receptor-γ (PPARγ). Through this mechanism, animal beneficial microbes help to control intestinal inflammatory responses (85, 86). Microbial products also stimulate the expression of proliferation-inducing ligand (APRIL) and B cell-activating factor (BAFF) (87). Both, APRIL and BAFF promote IgA class-switching responses in the intestine and are involved in the maintenance of the appropriate levels of secretory IgA antibodies that protect mucosal surfaces. In addition, interactions of animal beneficial microbes with intestinal epithelial cells modulate the function of antigen presenting cells. Intestinal dendritic cells are influenced by factors produced by the intestinal epithelium including transforming growth factor (TGF)-β, retinoic acid and thymic stromal lymphopoietin to acquire a tolerogenic phenotype (88).

Scientists have isolated and select specific microbial strains in order to improve immune functions in human and animals. The strains used to improve the health of human and animals through the modulation of the immune system are referred to as immunomodulatory probiotics or immunobiotics (46, 71, 72, 89, 90). Studies from the last decades have shown that immunobiotics are able to beneficially modulate the intestinal immune system of human (90, 91), porcine (89, 90, 92), and bovine (46, 72) hosts. Immunobiotics allow an efficient control of inflammatory responses in the gut and an improved protection against infectious diseases.

In addition, researchers have demonstrated the immunomodulatory beneficial effect of commensal microbes and immunobiotics can be extended beyond the intestinal tract. It was reported that orally administered immunobiotics are able to differentially modulate immune responses in distal mucosal tissues such as the respiratory tract (93, 94) or mammary glands (95). The release of microbial immunomodulatory molecules in the intestine that are transported to distal sites (11, 96, 97); the mobilization of immune cells from the gut into the blood and distal tissues (98–100), and the systemic metabolic reprogramming that induce the production of immunomodulatory metabolites (101) have been proposed to explain the effects of gut animal beneficial microbes on systemic and distal mucosal tissue responses.

Beneficial Microbes for Plants

The interaction of plants with particular microorganisms can be beneficial (Figure 5). Microbial populations that influence the growth, development, and health of plants can be found below and above the ground, as well as within the plant (102). Commensal and mutualistic microbes are able to provide plants essential benefits including nitrogen fixation, enhanced mineral uptake, and growth promotion (103). Microbes also help plants to resist a variety of stresses, including toxins, heavy metals, drought, salinity, and extreme temperature (70). Of interest, plants and microbes interaction modulates the plant innate immune system and improves protection from pathogens (104–106).

Pseudomonas simiae WCS417r (formerly known as Pseudomonas fluorescens WCS417r) is a non-pathogenic rhizobacterial strain that colonizes the rhizosphere in the regions where plants produce exudates and lysates (107). This strain is capable to suppress soil-borne diseases caused by infection with a broad range of pathogens (108). Beneficial rhizobacteria strains have the potential to reduce the incidence of infectious diseases through the activation of a plant-mediated defense system termed “induced systemic resistance” (ISR) (109). Arabidopsis activation of ISR by treatment of the roots with P. simiae WCS417r is not accompanied by salicylic acid (SA)-responsive PR-protein gene expression, indicating that WCS417r-mediated ISR functions independently of this plant hormone (110). This is in contrast to findings in other plant species including rice, tobacco, cucumber and tomato where SA-independent ISR has been demonstrated (11, 111, 112). Indeed, a series of studies on signaling pathways required for P. simiae WCS417r-mediated ISR using Arabidopsis mutants indicated that jasmonic acid (JA)- and ethylene (ET)-dependent signaling play a central role in the regulation of ISR (113–115). Indeed, ET accumulation is a well-known response to MAMP recognition (28). Furthermore, transcriptional co-activator NPR1 and the root-specific transcriptional regulator MYB72 have also been implicated in JA/ET-dependent ISR by P. simiae WCS417r (113, 116, 117). Recently, it was shown that MYB72 plays an important role in the rhizobacteria-induced excretion of antimicrobial coumarins that shape the assembly of the microbiome in the rhizosphere, potentially to optimize associations with ISR-inducing rhizobacteria (118).

While colonization of the roots by rhizobacteria is not generally accompanied with up- or down-regulation of defense-related gene expression or increases in the production of JA and ET, plants have enhanced defensive capacity to a broad-range of pathogens. This enhanced ability to induce basal defense system is termed “priming” (119, 120). Global gene expression analysis of P. simiae WCS417r-mediated ISR revealed that JA- and/or ET-responsive defense-related gene were primed for enhanced expression in response to challenge infection by the phytopathogenic bacteria P. syringae (121–123). In Arabidopsis, the levels of transcription factors of the AP2/ERF family including MYC2 are especially increased in the ISR-primed state (124). Since rhizobacteria-mediated ISR was compromised in MYC2-muagenized jin1 Arabidopsis mutants (125), MYC2 seems to play a key role to regulate priming during ISR. Furthermore, epigenetic regulation of defense-related gene expression including DNA methylation and chromatin re-modulation seems to be associated with the priming phenomenon (126, 127). However, the relation of rhizobacteria colonization and epigenetic regulator mechanism remains to be investigated.

Other beneficial non-pathogenic microorganisms including bacteria, fungi, and oomycetes including Bacillus spp. Serratia liquefaciens, Penicillum spp. Phoma spp. Trichderma spp. and Pythium oligandrum also induce systemic resistance including ISR to a broad range of pathogens through activation of SA, JA, or ET-responsive defense-related genes in plants. (128–133). In this regard, when tomato roots are treated with a mycelial homogenate of the non-pathogenic oomycete P. oligandrum, bacterial wilt disease caused by Ralstonia solanacearum is suppressed (134). In addition, the treatment of tomato root cells with P. oligandrum elicitin also induced JA/ET-responsive defense-related gene expression and inhibited the occurrence of bacterial wilt disease (132–134). Moreover, this response can be also obtained in jai1 mutants in which JA-signaling pathway is impaired (112). Thus, the elicitin of P. oligandrum seems to be recognized as MAMP by tomato cells thereby activating PTI. Hence, activation of defense system mediated by recognizing MAMPs of beneficial microorganisms seems to contribute their disease suppressive activity.

Recently, it was reported that insect pathogens colonizing the surface of plant leaves or natural soils have the potential to activate the plant defense system (135). Bacillus thuringiensis is a well-known pathogen that causes disease in caterpillars of various types of moths and butterflies by producing δ-endotoxins. The treatment of tomato roots with cell-free culture filtrate medium of B. thuringiensis suppressed bacterial wilt disease caused by R. solanacearum with systemic induction of ET-responsive defense-related gene expression in tomato (135–137). The cell-free culture filtrate medium of the fungal pathogens Paecilomyces tenuipes and Beauveria bassiana are also able to induce ET-responsive defense-related gene expression in tomato roots and suppress bacterial wilt disease (Takahashi et al., unpublished results). Hence, insect pathogen-mediated activation of plant defense system to pathogens seems to be consistent with a potential role of insect pathogens to protect plants against the attack of plant pathogens in nature, which has been proposed as the “Bodyguard hypothesis” (138).

Since activation of PTI in plants by recognizing MAMPs of non-pathogenic microorganisms seems to be widely distributed phenomenon (16), PTI would contribute to reduce disease incidence through the defense system activated by environmental microorganisms in nature. In recent years, research on harnessing beneficial functions of members of the plant microbiome to make them useful in sustainable crop protection emerged as one of the frontiers in plant science research (103, 139–141). Besides MAMPs, many other microbe-associated small molecules have been identified as being important for beneficial host-microbe interactions (118), providing useful tools for sustainable protection of future crops.

PERSPECTIVE OF HEALTHY GROWTH STRATEGY BY BENEFICIAL MICROBES IN ANIMALS AND PLANTS

Modern animal and crop production practices are associated with the regular use of antimicrobials, potentially increasing selection pressure on bacteria to become resistant. Considering the global intention of organizations to significantly reduce the use of antimicrobials in agriculture, the need for novel strategies to improve resistance of animal and plants against pathogens became a top priority. Agricultural Immunology is a developing research field that fuses animal, marine, and plant immunology, all of which have been previously regarded as separate topics. Agricultural Immunology therefore aims to plant the seeds for developing drug-independent safe food production systems by modulating animal and plant innate immune system (Figure 6).


[image: image]

FIGURE 6. Overview of the importance of the study of beneficial microbes within the field of agricultural immunology.



Deciphering animal–microbe and plant–microbe interactions is a promising aspect to understand the benefits and the pathogenic effect of microbes in the agricultural field. The advancement in sequencing technologies and various “omics” tool has impressively accelerated the research in biological sciences in this area. The development of new techniques in the post–genomic era has greatly enhanced our understanding of the regulation of animal and plant defense mechanisms against pathogens, and also their interaction with beneficial microbes. Thus, animal–microbe and plant–microbe associations can now be studied at a speed and depth as never before. However, a major gap in our knowledge is how recognition of beneficial microbes at the gut or root-soil interface drives the whole animal or plant body toward enhanced growth and elevated stress resistance. The first steps toward unraveling the molecular dialog between hosts and beneficial microbes eliciting distal immunological effects have been made, but major questions still need to be resolved.

The aim of the “agricultural immunobiotic approach” is to repair the deficiencies in the microbiota and restore the host's resistance to disease through the use of beneficial immunomodulatory microorganisms. Such treatments do not introduce any foreign chemicals into the animal gut or plant root and does not run the risk of contaminating and introducing hazardous chemicals into the food chain. We hope to convey the enthusiasm of this rapidly advancing field as an area of active basic and applied research that is at the cusp of exploitation to address pressing plant and animal health problems worldwide.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.

FUNDING

This study was supported by a Grant-in-Aid for Scientific Research (B)(2) (16H05019) and Core-to-Core Program, A. Advanced Research Networks entitled Establishment of international agricultural immunology research-core for a quantum improvement in food safety from the Japan Society for the Promotion of Science (JSPS). This study was also supported by grants for Scientific Research on Innovative Areas from the Ministry of Education, Culture, Science, Sports and Technology (MEXT) of Japan (16H06429, 16K21723, and 16H06435).

REFERENCES

 1. Giske CG, Monnet DL, Cars O. Clinical and economic impact of common multidrug-resistant gram-negative bacilli. Antimicrob Agents Chemother. (2008) 52:813–21. doi: 10.1128/AAC.01169-07

 2. Birgand G, Zahar JR, Lucet JC. Insight into the complex epidemiology of multidrug-resistant Enterobacteriaceae. Clin Infect Dis. (2018) 66:494–6. doi: 10.1093/cid/cix826

 3. Cho JH, Zhao PY, Kim IH. Probiotics as a dietary additive for pigs. J Animal Vet Adv. (2011) 10:2127–34. doi: 10.3923/javaa.2011.2127.2134

 4. Van Boeckel TP, Brower, C, Gilbert M, Grenfell BT, Levin SA, Robinson TP, et al. Global trends in antimicrobial use in food animals. Proc Natl Acad Sci USA. (2015) 112:5649–54. doi: 10.1073/pnas.1503141112

 5. Yu Z, Gunn L, Wall P, Fanning S. Antimicrobial resistance and its association with tolerance to heavy metals in agriculture production. Food Microbiol. (2017) 64:23–32. doi: 10.1016/j.fm.2016.12.009

 6. McManus PS, Stockwell VO, Sundin GW, Jones AL. Antibiotic use in plant agriculture. Annu Rev Phytopathol. (2002) 40:443–65. doi: 10.1146/annurev.phyto.40.120301.093927

 7. Bueno I, Williams-Nguyen J, Hwang H, Sargeant JM, Nault AJ, Singer RS. Systematic review: impact of point sources on antibiotic-resistant bacteria in the natural environment. Zoonoses Public Health (2018) 65:e162–84. doi: 10.1111/zph.12426

 8. Graham JP, Evans SL, Price LB, Silbergeld EK. Fate of antimicrobial-resistant enterococci and staphylococci and resistance determinants in stored poultry litter. Environ Res. (2009) 109:682–9. doi: 10.1016/j.envres.2009.05.005

 9. Price LB, Johnson E, Vailes R, Silbergeld E. Fluoroquinolone-resistant Campylobacter isolates from conventional and antibiotic-free chicken products. Environ Health Perspect. (2005) 113:557–60. doi: 10.1289/ehp.7647

 10. Smith TC, Gebreyes WA, Abley MJ, Harper AL, Forshey BM, Male MJ, et al. Methicillin-resistant Staphylococcus aureus in pigs and farm workers on conventional and antibiotic-free swine farms in the USA. PLoS ONE (2013) 8:e63704. doi: 10.1371/journal.pone.0063704

 11. You Y, Silbergeld EK. Learning from agriculture: understanding low-dose antimicrobials as drivers of resistome expansion. Front Microbiol. (2014) 5:284. doi: 10.3389/fmicb.2014.00284

 12. Hughes P, Heritage J. Antibiotic growth-promoters in food animals. In: Jutzi S, editor. Assessing Quality and Safety of Animal Feeds. Rome: Food and Agriculture Organization of the United Nations (2002). p. 129.

 13. Simon O. Micro-organisms as feed additives–probiotics. Adv Pork Produc. (2005) 16:2161. Available Online at: https://www.banffpork.ca/documents/BO07-SimonO.pdf

 14. Piva A, Galvano F, Biagi G, Casadei G. Intestinal Fermentation: dietary and microbial interactions. In: Mosenthin R, Zentek J, Ebrowska TZ, editors. Biology of Nutrition in Growing Animals. Philadelphia, PA: Elsevier (2006). p. 1–31.

 15. Jones JDG, Vance RE, Dangl JL. Intracellular innate immune surveillance devices in plants and animals. Science (2016) 354:aaf63951–8 doi: 10.1126/science.aaf6395

 16. Ausubel FM. Are innate immune signaling pathways in plants and animals conserved? Nat Immunol. (2005) 6:973–9. doi: 10.1038/ni1253

 17. Underhill DM, Ozinsky A. Toll-like receptors: key mediators of microbe detection. Curr Opin Immunol. (2002) 14:103–10. doi: 10.1016/S0952-7915(01)00304-1

 18. Ronald PC, Beutler B. Plant and animal sensors of conserved microbial signatures. Science (2010) 330:1061–4. doi: 10.1126/science.1189468

 19. Jonak C, Okresz L, Bogre L, Hirt H. Complexity, cross talk and integration of plant MAP kinase signalling. Curr Opin Plant Biol. (2002) 5:415–24. doi: 10.1016/S1369-5266(02)00285-6

 20. Barton GM, Medzhitov R. Toll-like receptor signalling pathways. Science (2003) 300:1524–5. doi: 10.1126/science.1085536

 21. Allaire JM, Crowley SM, Law HT, Chang SY, Ko HJ, Vallance BA. The intestinal epithelium: central coordinator of mucosal immunity. Trends Immunol. (2018) 39:677–96. doi: 10.1016/j.it.2018.04.002

 22. Eyerich S, Eyerich K, Traidl-Hoffmann C, Biedermann T. Cutaneous barriers and skin immunity: differentiating a connected network. Trends Immunol. (2018) 39(4):315–27. doi: 10.1016/j.it.2018.02.004

 23. Imam J, Singh PK, Shukla P. Plant microbe interactions in post genomic era: perspectives and applications. Front Microbiol. (2016) 7:1488. doi: 10.3389/fmicb.2016.01488

 24. Melotto M, Underwood W, Koczan J, Nomura K, He SY. Plant stomata function in innate immunity against bacterial invasion. Cell (2006) 126:969–80. doi: 10.1016/j.cell.2006.06.054

 25. Alfano JR, Collmer A. Type III secretion system effector proteins: double agents in bacterial disease and plant defense. Annu Rev Phytopathol. (2004) 42:385–414 doi: 10.1146/annurev.phyto.42.040103.110731

 26. Peeters N, Guidot A, Vailleau F, Valls M. Ralstonia solanacearum, a widespread bacterial plant pathogen in the post-genomic era. Mol Plant Pathol. (2013) 14:651–62. doi: 10.1111/mpp.12038

 27. Yadeta KA, Thomma BP. The xylem as battleground for plant hosts and vascular wilt pathogens. Front Plant Sci. (2013) 4:97. doi: 10.3389/fpls.2013.00097

 28. Boller T, Felix G. A renaissance of elicitors: perception of microbe-associated molecular patterns and danger signals by pattern-recognition receptors. Annu Rev Plant Biol. (2009) 60:379–406. doi: 10.1146/annurev.arplant.57.032905.105346

 29. Pelt MJC, Pieterse CMJ. Microbial recognition and evasion of host immunity. J Exp Bot. (2013) 64:1237–48. doi: 10.1093/jxb/ers262

 30. Alvarez ME. Salicylic acid in the machinery of hypersensitive cell death and disease resistance. Plant Mol Biol. (2000) 44:429–42. doi: 10.1023/A:1026561029533

 31. Bolwell GP, Bindschedler LV, Blee KA, Butt VS, Davies DR, Gardner SL, et al. The apoplastic oxidative burst in response to biotic stress in plants: a three-component system. J Exp Bot. (2002) 53:1367–76. doi: 10.1093/jxb/53.372.1367

 32. Kombrink E, Somssich IE. Pathogenesis-related proteins and plant defense. In: Carroll GC, Tudzynski P, editors. Plant Relationships. Part A. Berlin-Heidelberg: Springer-Verlag (1997). p. 107–28.

 33. Pfeilmeier S, Caly DL, Malone JG. Bacterial pathogenesis of plants: future challenges from a microbial perspective: challenges in bacterial molecular plant pathology. Mol Plant Pathol. (2016) 17:1298–313. doi: 10.1111/mpp.12427

 34. Win J, Chaparro-Garcia A, Belhaj K, Saunders DGO, Yoshida K, Dong S. Effector biology of plant-associated organisms: concepts and perspectives. Cold Spring Harb Sym Quant Biol. (2012) 77:235–47. doi: 10.1101/sqb.2012.77.015933

 35. Roux F, Voisin D, Badet T, Balagué C, Barlet X, Huard-Chauveau C. Resistance to phytopathogens e tutti quanti: placing plant quantitative disease resistance on the map. Mol Plant Pathol. (2014) 15:427–32. doi: 10.1111/mpp.12138

 36. Clarke A, Desikan R, Hurst RD, Hancock JT, Neill SJ. NO way back: nitric oxide and programmed cell death in Arabidopsis thaliana suspension cultures. Plant J. (2000) 24:667–77. doi: 10.1046/j.1365-313x.2000.00911.x

 37. Jacob F, Vernaldi S, Maekawa T. Evolution and conservation of plant NLR functions. Front Immunol. (2013) 4:297. doi: 10.3389/fimmu.2013.00297

 38. Takeda K, Akira S. Toll-like receptors in innate immunity. Int Immunol. (2005) 17:1–14. doi: 10.1093/intimm/dxh186

 39. Ablasser A, Charrel-Dennis M, Bauernfeind F, Horvath G, Caffrey DR, et al. AIM2 recognizes cytosolic dsDNA and forms a caspase-1-activating inflammasome with ASC. Nature (2009) 458:514–51. doi: 10.1038/nature07725

 40. Belvin MP, Anderson KV. A conserved signaling pathway: the Drosophilatoll-dorsal pathway. Annu Rev Cell Dev Biol. (1996) 12:393–416. doi: 10.1146/annurev.cellbio.12.1.393

 41. Gay NJ, Keith FJ. Drosophila Toll and IL-1 receptor. Nature (1991) 351:355–6. doi: 10.1038/351355b0

 42. Sun SC, Lindstrom I, Lee JY, Faye I. Structure and expression of the attacin genes in Hyalophora cecropia. Eur J Biochem. (1991) 196:247–54. doi: 10.1111/j.1432-1033.1991.tb15811.x

 43. Medzhitov R, Preston-Hurlburt P, Janeway CA. A human homologue of the Drosophila Toll protein signals activation of adaptive immunity. Nature (1997) 388:394–97. doi: 10.1038/41131

 44. Poltorak A, He X, Smirnova I, Liu MY, Van Huffel C, Du X, et al. Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in tlr4 gene. Science (1998) 282:2085–8. doi: 10.1126/science.282.5396.2085

 45. Kawai T, Akira S. TLR signaling. Cell Death Differ (2006) 13:816–25. doi: 10.1038/sj.cdd.4401850

 46. Villena J, Aso H, Kitazawa H. Regulation of toll-like receptors-mediated inflammation by immunobiotics in bovine intestinal epitheliocytes: role of signaling pathways and negative regulators. Front Immunol. (2014) 4:1–12. doi: 10.3389/fimmu.2014.00421

 47. Albiger B, Dahlberg S, Henriques-Normark B, Normark S. Role of the innate immune system in host defence against bacterial infections: focus on the Toll-like receptors. J Int Med. (2007) 261:511–28. doi: 10.1111/j.1365-2796.2007.01821.x

 48. Athman R, Philpott D. Innate immunity via Toll-like receptors and Nod proteins. Curr Opin Microbiol. (2004) 7:25–32. doi: 10.1016/j.mib.2003.12.013

 49. Fritz JH, Ferrero RL, Philpott DJ, Girardin SE. Nod-like proteins in immunity, inflammation and disease. Nat Immunol. (2006) 7:1250–7. doi: 10.1038/ni1412

 50. Lecine P, Esmiol S, Metais JY, Nicoletti C, Nourry C, McDonald C, et al. The NOD2-RICK complex signals from the plasma membrane. J Biol Chem. (2007) 282:15197–207. doi: 10.1074/jbc.M606242200

 51. Travassos LH, Carneiro LA, Ramjeet M, Hussey S, Kim YG, Magalhães JG, et al. Nod1 and Nod2 direct autophagy by recruiting ATG16L1 to the plasma membrane at the site of bacterial entry. Nat Immunol. (2010) 11:55–62. doi: 10.1038/ni.1823

 52. Takahashi Y, Isuzugawa K, Murase Y, Imai M, Yamamoto S, Iizuka M, et al. Up-regulation of NOD1 and NOD2 through TLR4 and TNF-α in LPS-treated murine macrophages. J Vet Med Sci. (2006) 68:471–8. doi: 10.1292/jvms.68.471

 53. Boyle JP, Mayle S, Parkhouse R, Monie TP. Comparative genomic and sequence analysis provides insight into the molecular functionality of NOD1 and NOD2. Front Immunol. (2013) 4:317. doi: 10.3389/fimmu.2013.00317

 54. Strober W, Murray PJ, Kitani A, Watanabe T. Signalling pathways and molecular interactions of NOD1 and NOD2. Nat Rev Immunol. (2006) 6:9–20. doi: 10.1038/nri1747

 55. Zhang D, Lin J, Han J. Receptor-interacting protein (RIP) kinase family. Cell Mol Immunol. (2010) 7:243–9 doi: 10.1038/cmi.2010.10

 56. Hasegawa M, Fujimoto Y, Lucas PC, Nakano H, Fukase K, Núñez G, Inohara N. A critical role of RICK/RIP2 polyubiquitination in Nod-induced NF-κB activation. EMBO J. (2008) 27:373–83. doi: 10.1038/sj.emboj.7601962

 57. Lage SL, Longo C, Branco LM, da Costa TB, Buzzo Cde L, Bortoluci KR. Emerging Concepts about NAIP/NLRC4 inflammasomes. Front Immunol. (2014) 5:309. doi: 10.3389/fimmu.2014.00309

 58. Zhao Y, Shao F. The NAIP-NLRC4 inflammasome in innate immune detection of bacterial flagellin and type III secretion apparatus. Immunol Rev. (2015) 265:85–102. doi: 10.1111/imr.12293

 59. Man SM, Kanneganti TD. Converging roles of caspases in inflammasome activation, cell death and innate immunity. Nat Rev Immunol. (2016) 16:7–21. doi: 10.1038/nri.2015.7

 60. Lee J, Klessig DF, Nürnberger T. A harpin binding site in tobacco plasma membranes mediates activation of the pathogenesis-related gene HIN1 independent of extracellular calcium but dependent on mitogen-activated protein kinase activity. Plant Cell (2001) 13:1079–93. doi: 10.1105/tpc.13.5.1079

 61. Thoma-Uszynski S, Stenger S, Takeuchi O, Ochoa MT, Engele M, Sieling PA, et al. Induction of direct antimicrobial activity through mammalian toll-like receptors. Science (2001) 291:1544–7. doi: 10.1126/science.291.5508.1544

 62. Gomez-Gomez L, Boller T. FLS2: an LRR receptor-like kinase involved in the perception of the bacterial elicitor flagellin in Arabidopsis. Mol Cell (2000) 5:1003–11. doi: 10.1016/S1097-2765(00)80265-8

 63. Zipfel C, Kunze G, Chinchilla D, Caniard A, Jones JD, Boller T, Felix G. Perception of the bacterial PAMP EF-Tu by the receptor EFR restricts Agrobacterium-mediated transformation. Cell (2006) 125:749–60. doi: 10.1016/j.cell.2006.03.037

 64. Song WY, Wang GL, Chen LL, Kim HS. A receptor kinase-like protein encoded by the rice disease resistance gene, Xa21. Science (1995) 270:1804–6. doi: 10.1126/science.270.5243.1804

 65. Lee SW, Han SW, Sririyanum M, Park CJ, Seo YS, Ronald PC. A type I–secreted, sulfated peptide triggers XA21-mediated innate immunity. Science (2009) 326:850–3. doi: 10.1126/science.1173438

 66. Bardoel BW, Van der Ent S, Pel MJC, Tommassen J, Pieterse CMJ, Van Kessel KPM, et al. Pseudomonas evades immune recognition of flagellin in both mammals and plants. PLoS Pathog. (2011) 7:e1002206. doi: 10.1371/journal.ppat.1002206

 67. Holt BF, Hubert DA, Dangl JL. Resistance gene signaling in plants–complex similarities to animal innate immunity. Curr Opin Immunol. (2003) 15:20–5. doi: 10.1016/S0952-7915(02)00014-6

 68. Meyers BC, Kozik A, Griego A, Kuang H, Michelmore RW. Genome-wide analysis of NBS-LRR-encoding genes in Arabidopsis. Plant Cell (2003) 15:809–34. doi: 10.1105/tpc.009308

 69. Zhou T, Wang Y, Chen JQ, Araki H, Jing Z, Jiang K, et al. Genome-wide identification of NBS genes in japonica rice reveals significant expansion of divergent non-TIR NBS-LRR genes. Mol Genet Genomics (2004) 271:402–15. doi: 10.1007/s00438-004-0990-z

 70. Reid A. Microbes helping to improve crop productivity. Microbe (2011) 6:435–9. doi: 10.1128/microbe.6.435.1

 71. Villena J, Kitazawa H. Role of Toll-like receptors in the modulation of intestinal inflammation by immunobiotics. In: Kitazawa H, Villena J, Alvarez S, editors. Probiotics: Immunobiotics and Immunogenics. Boca Raton, FL: Science Publishers; CRC Press; Taylor & Francis Group Company (2013). p. 89–127.

 72. Villena J, Aso H, Rutten VPMG, Takahashi H, van Eden W, Kitazawa H. Immunobiotics for the bovine host: their interaction with intestinal epithelial cells and their effect on antiviral immunity. Front. Immunol. (2018) 9:326. doi: 10.3389/fimmu.2018.00326

 73. Cario E, Gerken G, Podolsky PK. Toll-like receptor 2 enhances ZO-1-associated intestinal epithelial barrier integrity via protein kinase C. Gastroenterology (2004) 127:224–38. doi: 10.1053/j.gastro.2004.04.015

 74. Gibson DL, Ma C, Rosenberger CM, Bergstrom KS, Valdez Y, Huang JT, et al. Toll-like receptor 2 plays a critical role in maintaining mucosal integrity during Citrobacter rodentium-induced colitis. Cell Microbiol. (2008) 10:388–40. doi: 10.1111/j.1462-5822.2007.01052.x

 75. Podolsky DK, Gerken G, Eyking A, Cario E. Colitis-associated variant of TLR2 causes impaired mucosal repair because of TFF3 deficiency. Gastroenterology (2009) 137:209–20. doi: 10.1053/j.gastro.2009.03.007

 76. Giraud ASX. Trefoil peptide and EGF receptor/ ligand transgenic mice. Am J Physiol Gastrointest Liver Physiol. (2000) 278:G501–6. doi: 10.1152/ajpgi.2000.278.4.G501

 77. Ganz T. Defensins: antimicrobial peptides of innate immunity. Nat Rev Immunol. (2003) 3:710–20. doi: 10.1038/nri1180

 78. Vaishnava S, Behrendt CL, Ismail AS, Eckmann L, Hooper LV. Paneth cells directly sense gut commensals and maintain homeostasis at the intestinal host-microbial interface. Proc Natl Acad Sci USA. (2008) 105:20858–63. doi: 10.1073/pnas.0808723105

 79. Vora P, Youdim A, Thomas LS, Fukata M, Tesfay SY, Lukasek K, et al. Beta-defensin-2 expression is regulated by TLR signaling in intestinal epithelial cells. J Immunol. (2004) 173:5398–405. doi: 10.4049/jimmunol.173.9.5398

 80. Wells JM, Loonen LM, Karczewski JM. The role of innate signaling in the homeostasis of tolerance and immunity in the intestine. Int J Med Microbiol. (2010) 300:41–8. doi: 10.1016/j.ijmm.2009.08.008

 81. Zhao Y, Chen F, Wu W, Sun M, Bilotta AJ, Yao S, et al. GPR43 mediates microbiota metabolite SCFA regulation of antimicrobial peptide expression in intestinal epithelial cells via activation of mTOR and STAT3. Mucosal Immunol. (2018) 11:752–62. doi: 10.1038/mi.2017.118

 82. Hand TW. The role of the microbiota in shaping infectious immunity. Trends Immunol. (2016) 37:647–58. doi: 10.1016/j.it.2016.08.007

 83. Levy M, Kolodziejczyk AA, Thaiss CA, Elinav E. Dysbiosis and the immune system. Nat Rev Immunol. (2017) 17:219–32. doi: 10.1038/nri.2017.7

 84. Abreu MT. Toll-like receptor signaling in the intestinal epithelium: how bacterial recognition shapes intestinal function. Nat Rev Immunol. (2010) 10:131–44. doi: 10.1038/nri2707

 85. Shibolet O, Podolsky DK. TLRs in the Gut. IV. Negative regulation of Toll-like receptors and intestinal homeostasis: addition by subtraction. Am J Physiol Gastrointest Liver Physiol. (2007) 292:G1469–73. doi: 10.1152/ajpgi.00531.2006

 86. Xiao H, Gulen MF, Qin J, Yao J, Bulek K, Kish D, et al. The Toll-interleukin-1 receptor member SIGIRR regulates colonic epithelial homeostasis inflammation, and tumorigenesis. Immunity (2007) 26:461–75. doi: 10.1016/j.immuni.2007.02.012

 87. Cerutti A, Rescigno M. The biology of intestinal immunoglobulin A responses. Immunity (2008) 28:740–50. doi: 10.1016/j.immuni.2008.05.001

 88. Fagarasan S, Kinoshita K, Muramatsu M, Ikuta K, Honjo T. In situ class switching and differentiation to IgA-producing cells in the gut lamina propria. Nature (2001) 413:639. doi: 10.1038/35098100

 89. Villena J, Kitazawa H. Editorial: immunobiotics-interactions of beneficial microbes with the immune system. Front Immunol. (2017) 8:1580. doi: 10.3389/fimmu.2017.01580

 90. Villena J, Vizoso Pinto MG, Kitazawa H. Intestinal innate antiviral immunity and immunobiotics: beneficial effects against rotavirus infection. Front Immunol. (2016) 7:563. doi: 10.3389/fimmu.2016.00563

 91. Carvalho RDDO, do Carmo FLR, de Oliveira Junior A, Langella P, Chatel, J-M, Bermúdez-Humarán, LG, et al. Use of wild type or recombinant lactic acid bacteria as an alternative treatment for gastrointestinal inflammatory diseases: a focus on inflammatory bowel diseases and mucositis. Front Microbiol. (2017) 8:800. doi: 10.3389/fmicb.2017.00800

 92. Valeriano VD, Balolong MP, Kang DK. Probiotic roles of Lactobacillus sp. in swine: insights from gut microbiota. J Appl Microbiol. (2017) 122:554–67. doi: 10.1111/jam.13364

 93. Zelaya H, Alvarez S, Kitazawa H, Villena J. Respiratory antiviral immunity and immunobiotics: beneficial effects on inflammation-coagulation interaction during influenza virus infection. Front Immunol. (2016) 7:633. doi: 10.3389/fimmu.2016.00633

 94. Kitazawa H, Villena J. Modulation of respiratory TLR3-antiviral response by probiotic microorganisms: lessons learned from Lactobacillus rhamnosus CRL1505. Special issue: Toll-like receptor activation in immunity vs. tolerance. Front Immunol. (2014) 5:1–15. doi: 10.3389/fimmu.2014.00201

 95. Cross ML. Immune-signalling by orally delivered probiotic bacteria: effects on common mucosal immunoresponses and protection at distal mucosal sites. Int J Immunopathol Pharmacol. (2004) 17:127–34. doi: 10.1177/039463200401700204

 96. Clarke TB, Davis KM, Lysenko ES, Zhou AY, Yu Y, Weiser JN. Recognition of peptidoglycan from the microbiota by Nod1 enhances systemic innate immunity. Nat Med. (2010) 16:228–31. doi: 10.1038/nm.2087

 97. Ichinohe T, Pang IK, Kumamoto Y, Peaper DR, Ho JH, Murray TS, et al. Microbiota regulates immune defense against respiratory tract influenza A virus infection. Proc Natl Acad Sci USA. (2011) 108:5354–9. doi: 10.1073/pnas.1019378108

 98. Kikuchi Y, Kunitoh-Asari A, Hayakawa K, Imai S, Abe K, et al. Oral administration of Lactobacillus plantarum strain AYA enhances IgA secretion and provides survival protection against influenza virus infection in mice. PLoS ONE (2014) 9:e86416. doi: 10.1371/journal.pone.0086416

 99. Salva S, Alvarez S. Immunomodulatory activity of Lactobacillus rhamnosus strains isolated from goat milk: impact on intestinal and respiratory infections. Int J Food Microbiol. (2010) 141:82–9. doi: 10.1016/j.ijfoodmicro.2010.03.013

 100. Villena J, Chiba E, Tomosada Y, Salva S, Marranzino G, Kitazawa H, et al. Orally administered Lactobacillus rhamnosus modulates the respiratory immune response triggered by the viral pathogen-associated molecular pattern poly(I:C). BMC Immunol. (2012) 13:53. doi: 10.1186/1471-2172-13-53

 101. Fonseca W, Lucey K, Jang S, Fujimura KE, Rasky A, Ting HA, et al. Lactobacillus johnsonii supplementation attenuates respiratory viral infection via metabolic reprogramming and immune cell modulation. Mucosal Immunol. (2017) 10:1569–80. doi: 10.1038/mi.2017.13

 102. Newton AC, Fitt BDL, Atkins SD, Walters DR, Daniell TJ. Pathogenesis, parasitism and mutualism in the trophic space of microbe-plant interactions. Trends Microbiol. (2010) 18:365–73. doi: 10.1016/j.tim.2010.06.002

 103. Bakker PAHM, Pieterse CMJ, De Jonge R, Berendsen RL. The soil-borne legacy. Cell (2018) 172:1178–80. doi: 10.1016/j.cell.2018.02.024

 104. Mendes R, Kruijt M, De Bruijn I, Dekkers E, Van der Voort M, Schneider JHM. Deciphering the rhizosphere microbiome for disease-suppressive bacteria. Science (2011) 332:1097–100. doi: 10.1126/science.1203980

 105. Berendsen RL, Pieterse CMJ, Bakker PAHM. The rhizosphere microbiome and plant health. Trends Plant Sci. (2012) 17:478–86. doi: 10.1016/j.tplants.2012.04.001

 106. Berendsen RL, Vismans G, Yu K, Song Y, Burgman W, Burmølle M, et al. Disease-induced assemblage of a plant-beneficial bacterial consortium. ISME J. (2018) 12:1496–507. doi: 10.1038/s41396-018-0093-1

 107. Doornbos RF, Van Loon LC, Bakker PAHM. Impact of root exudates and plant defense signaling on bacterial communities in the rhizosphere. Agron Sustain Dev. (2012) 32:227–243. doi: 10.1007/s13593-011-0028-y

 108. Pieterse CMJ, Zamioudis C, Berendsen RL, Weller DM, Van Wees SCM, Bakker PAHM. Induced systemic resistance by beneficial microbes. Ann Rev Phytopathol. (2014) 52:347–75. doi: 10.1146/annurev-phyto-082712-102340

 109. Van Loon LC, Bakker PAHM, Pieterse CMJ. Systemic resistance induced by rhizosphere bacteria. Annu Rev Phytopathol. (1998) 36:453–83. doi: 10.1146/annurev.phyto.36.1.453

 110. Van Wees SCM, Hoffland E, Van Pelt JA, Van Loon LC. Systemic resistance in Arabidopsis induced by biocontrol bacteria is independent of salicylic acid accumulation and pathogenesis-related gene expression. Plant Cell (1996) 8:1225–37. doi: 10.1105/tpc.8.8.1225

 111. Takenaka S, Nakamura Y, Ono T, Sekiguchi H, Masunaka A, Takahashi H. Novel elicitin-like proteins isolated from the cell wall of the biocontrol agent Pythium oligandrum induce defense-related genes in sugar beet. Mol Plant Pathol. (2006) 7:325–39. doi: 10.1111/j.1364-3703.2006.00340.x

 112. Hase S, Takahashi S, Takenaka S, Nakaho K, Arie T, Seo S, et al. Jasmonic acid signaling is required for bacterial wild disease resistance induced by biocontrol agent Pythium oligandrum in tomato. Plant Pathol. (2008) 57:870–6. doi: 10.1111/j.1365-3059.2008.01858.x

 113. Pieterse CMJ, Van Wees SCM, Van Pelt JA, Knoester M, Laan R. A novel signaling pathway controlling induced systemic resistance in Arabidopsis. Plant Cell (1998) 10:1571–80 doi: 10.1105/tpc.10.9.1571

 114. Knoester M, Van Loon, Van Den Heuvel J, Hennig J, Bol JF, Linthorst HJM. Ethylene-insensitive tobacco lacks nonhost resistance against soil-borne fungi. Proc Natl Acad Sci USA. (1998) 95:1933–337. doi: 10.1073/pnas.95.4.1933

 115. Van Loon LC, Bakker PAHM. Induced systemic resistance as a mechanism of disease suppression by rhizobacteria. In: Siddiqui ZA, editor. PGPR: Biocontrol and Biofertilization. Dordrecht: Springer Netherlands (2005). p. 39–66.

 116. Van der Ent S, Verhagen BWM, Van Doorn R, Bakker D, Verlaan MG, Pel MJC, et al. MYB72 is required in early signaling steps of rhizobacteria-induced systemic resistance in Arabidopsis. Plant Physiol. (2008) 146:1293–304. doi: 10.1104/pp.107.113829

 117. Zamioudis C, Hanson J, Pieterse CMJ. ß-Glucosidase BGLU42 is a MYB72-dependent key regulator of rhizobacteria-induced systemic resistance and modulates iron deficiency responses in Arabidopsis roots. New Phytol. (2014) 204:368–79. doi: 10.1111/nph.12980

 118. Stringlis IA, Yu K, Feussner K, De Jonge R, Van Bentum S, Van Verk MC, et al. MYB72-dependent coumarin exudation shapes root microbiome. Proc Natl Acad Sci USA. (2018) 115:E5213–22. doi: 10.1073/pnas.1722335115

 119. Conrath U, Beckers GJ, Flors V, García-Agustín P, Jakab G, Mauch F, et al. Priming: getting ready for battle. Mol Plant Microbe Interact. (2006) 19:1062–71. doi: 10.1094/MPMI-19-1062

 120. Martinez-Medina A, Flors V, Heil M, Mauch-Mani B, Pieterse CMJ, Pozo MJ, et al. Recognizing plant defense priming. Trends Plant Sci. (2016) 21:818–22. doi: 10.1016/j.tplants.2016.07.009

 121. Verhagen BWM, Glazebrook J, Zhu T, Chang HS, Van Loon LC, Pieterse CMJ. The transcriptome of rhizobacteria-induced systemic resistance in Arabidopsis. Mol Plant Microbe Interact. (2004) 17:895–908. doi: 10.1094/MPMI.2004.17.8.895

 122. Van Wees SCM, Luijendijk M, Smoorenburg I, Van Loon LC, Pieterse CMJ. Rhizobacteria-mediated induced systemic resistance (ISR) in Arabidopsis is not associated with a direct effect on expression of known defense-related genes but stimulates the expression of the jasmonate-inducible gene Atvsp upon challenge. Plant Mol Biol. (1999) 41:537–49. doi: 10.1023/A:1006319216982

 123. Hase S, Van Pelt JA, Van Loon LC, Pieterse CMJ. Colonization of Arabidopsis roots by Pseudomonas fluorescens primes the plant to produce higher levels of ethylene upon pathogen infection. Physiol Mol Plant Pathol. (2003) 62:219–26. doi: 10.1016/S0885-5765(03)00059-6

 124. Van der Ent S, Van Hulten MHA, Pozo MJ, Czechowski T, Udvardi MK, Pieterse CMJ, et al. Priming of plant innate immunity by rhizobacteria and β-aminobutyric acid: differences and similarities in regulation. New Phytol. (2009) 189:419–31. doi: 10.1111/j.1469-8137.2009.02851.x

 125. Pozo MJ, Van der Ent S, Van Loon LC, Pieterse CMJ. Transcription factor MYC2 is involved in priming for enhanced defense during rhizobacteria-induced systemic resistance in Arabidopsis thaliana. New Phytol. (2008) 180:511–23. doi: 10.1111/j.1469-8137.2008.02578.x

 126. Conrath U. Molecular aspects of defence priming. Trends Plant Sci. (2011) 16:524–31. doi: 10.1016/j.tplants.2011.06.004

 127. Jaskiewicz M, Conrath U, Peterhänsel C. Chromatin modification acts as a memory for systemic acquired resistance in the plant stress response. EMBO Rep. (2011) 12:50–55. doi: 10.1038/embor.2010.186

 128. Ongena M, Jourdan E, Adam A, Paquot M, Brans A, Joris B, et al. Surfactin and fengycin lipopeptides of Bacillus subtilis as elicitors of induced systemic resistance in plants. Environ Microbiol. (2007) 9:1084–90. doi: 10.1111/j.1462-2920.2006.01202.x

 129. Djonović S, Pozo MJ, Dangott LJ, Howell CR, Kenerley CM. Sm1, a proteinaceous elicitor secreted by the biocontrol fungus Trichoderma virens induces plant defense responses and systemic resistance. Mol Plant Microbe Interact. (2006) 19:838–53. doi: 10.1094/MPMI-19-0838

 130. Hossain MM, Sultana F, Kubota M, Koyama H, Hyakumachi M. The plant growth-promoting fungus Penicillium simplicissimum GP17-2 induces resistance in Arabidopsis thaliana by activation of multiple defense signals. Plant Cell Physiol. (2007) 48:1724–36. doi: 10.1093/pcp/pcm144

 131. Schuhegger R, Ihring A, Gantner S, Bahnweg G, Knappe C, Vogg G, et al. Induction of systemic resistance in tomato by N-acyl-L-homoserine lactone-producing rhizosphere bacteria. Plant Cell Environ. (2006) 29:909–18. doi: 10.1111/j.1365-3040.2005.01471.x

 132. Hase S, Shimizu A, Nakaho K, Takenaka S, Takahashi H. Induction of transient ethylene and reduction in severity of tomato bacterial wilt by Pythium oligandrum. Plant Pathol. (2006) 55:537–43. doi: 10.1111/j.1365-3059.2006.01396.x

 133. Takahashi H, Ishihara T, Hase S, Chiba A, Nakaho K, Arie T, et al. Beta-cyanoalanine synthase as a molecular marker induced resistance by fungal glycoprotein elicitor and commercial plant activators. Phytopathology (2006) 96:908–16. doi: 10.1094/PHYTO-96-0908

 134. Takenaka S, Yamaguchi K, Masunaka A, Hase S, Inoue T, Takahashi H. Implications of oligomeric forms of POD-1 and POD-2 proteins isolated from cell walls of the biocontrol agent Pythium oligandrum in relation to their ability to induce defense reactions in tomato. J Plant Physiol. (2011) 168:1972–9. doi: 10.1016/j.jplph.2011.05.011

 135. Hyakumachi M, Takahashi H, Matsubara Y, Someya N, Shimizu M, Kobayashi K, et al. Recent study on biological control of plant diseases in Japan. J General Plant Pathol. (2014) 80:287–302. doi: 10.1007/s10327-014-0524-4

 136. Takahashi H, Nakaho K, Ishihara T, Ando S, Wada T, Kanayama Y, et al. Transcriptional profile of tomato roots exhibiting Bacillus thuringiensis-induced resistance to Ralstonia solanacearum. Plant Cell Rep. (2014) 33:99–110. doi: 10.1007/s00299-013-1515-1

 137. Hyakumachi M, Nishimura M, Arakawa T, Asano S, Yoshida S, Tsushima S, et al. Bacillus thuringiensis suppresses bacterial wilt disease caused by Ralstonia solanacearum with systemic induction of defense-related gene expression in tomato. Microb Environ. (2013) 28:128–34. doi: 10.1264/jsme2.ME12162

 138. Elliot SJ, Sabelis MW, Janssen A, Van der Geest LPS. Beerling, EAM, and Fransen, J Can plants use entomopathogens as bodyguards? Ecol Lett. (2000) 3:228–35. doi: 10.1046/j.1461-0248.2000.00137.x

 139. Finkel OM, Castrillo G, Paredes SH, Gonzalez IS, Dangl JL. Understanding and exploiting plant beneficial microbes. Curr Opin Plant Biol. (2017) 38:155-163. doi: 10.1016/j.pbi.2017.04.018

 140. Oyserman BO, Medema MH, Raaijmakers JM. Road MAPs to engineer host microbiomes. Curr Opin Microbiol. (2018) 43:46–54. doi: 10.1016/j.mib.2017.11.023

 141. Pieterse CMJ, De Jonge R, Berendsen RL. The soil-borne supremacy. Trends Plant Sci. (2016) 21:171–3. doi: 10.1016/j.tplants.2016.01.018

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer TM and handling editor declared their shared affiliation.

Copyright © 2018 Villena, Kitazawa, Van Wees, Pieterse and Takahashi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fimmu-09-02223-g005.gif





OPS/images/fimmu-09-02223-g006.gif
S






OPS/images/fimmu-09-02223-g003.gif





OPS/images/fimmu-09-02223-g004.gif
Asieal NLKs.






OPS/images/fimmu-09-02223-g001.gif
W=
L






OPS/images/fimmu-09-02223-g002.gif
REcrrToRs | SIGNALLING P






OPS/images/cover.jpg
’ frontiers
in Immunology

Receptors and Signaling Pathways
for Recognition of Bacteria in
Livestock and Crops: Prospects for
Beneficial Microbes in Healthy
Growth Strategies









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





