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In nature, plants abundantly form beneficial associations
with soilborne microbes that are important for plant survival and, as such, affect plant biodiversity and ecosystem
functioning. Classical examples of symbiotic microbes are
mycorrhizal fungi that aid in the uptake of water and minerals, and Rhizobium bacteria that fix atmospheric nitrogen for the plant. Several other types of beneficial soilborne
microbes, such as plant-growth-promoting rhizobacteria
and fungi with biological control activity, can stimulate plant
growth by directly suppressing deleterious soilborne pathogens or by priming aboveground plant parts for enhanced
defense against foliar pathogens or insect herbivores. The
establishment of beneficial associations requires mutual recognition and substantial coordination of plant and microbial
responses. A growing body of evidence suggests that beneficial microbes are initially recognized as potential invaders,
after which an immune response is triggered, whereas, at
later stages of the interaction, mutualists are able to shortcircuit plant defense responses to enable successful colonization of host roots. Here, we review our current understanding of how symbiotic and nonsymbiotic beneficial soil
microbes modulate the plant immune system and discuss
the role of local and systemic defense responses in establishing the delicate balance between the two partners.

development of symbiotic structures in which the Rhizobium
bacteria fix atmospheric nitrogen for the plant (Spaink 2000).
Beneficial associations also include nonsymbiotic plantgrowth-promoting rhizobacteria (PGPR) and fungi (PGPF) of
diverse genera, which can stimulate plant growth through degradation of soil pollutants, the production of phytostimulators,
or by suppressing plant diseases or pests (De Vleesschauwer
and Höfte 2009; Harman et al. 2004; Kloepper et al. 2004;
Lugtenberg and Kamilova 2009; Pineda et al. 2010; Pozo and
Azcon-Aguilar 2007; Shoresh et al. 2010; Van der Ent et al.
2009b). The latter is often achieved through the elicitation of
an induced systemic resistance (ISR) that is effective against a
broad spectrum of foliar pathogens and even insect herbivores
(Pineda et al. 2010; Van Loon et al. 1998; Van Wees et al. 2008).
The establishment of beneficial associations requires mutual
recognition and substantial coordination of plant and microbial
responses. Rhizobial and mycorrhizal symbioses share a common symbiosis signaling (Sym) pathway which is activated in
plant cells upon perception of the rhizobial nodulation (Nod)
and mycorrhizal Myc factors, respectively (Bonfante and
Genre 2010; Maillet et al. 2011; Oldroyd and Downie 2008;
Oldroyd et al. 2009). Interestingly, it appears that certain
signaling components of the Sym pathway may also be activated by nonsymbiotic beneficial microbes, such as PGPR,
suggesting that plant signaling pathways triggered by different
beneficial microbes are partly converged (Sanchez et al. 2005).

Symbiotic and nonsymbiotic beneficial microbes
in the rhizosphere.
In nature, plants are exploited by a plethora of microbial
pathogens and insect herbivores that can cause severe diseases
and pests. Beneficial relationships between plants and microorganisms are frequent in nature as well. They often occur in
the rhizosphere and improve plant growth or help the plant to
overcome biotic or abiotic stress. Each gram of soil contains
billions of microbes. However, the microbial community on
plant roots is very different from that in bulk soil, suggesting
that plants are able to shape their microbiome (Badri and
Vivanco 2009; Bais et al. 2004; Bisseling et al. 2009; Mendes
et al. 2011). Well-known examples of beneficial microbes are
mycorrhizal fungi that can form a symbiosis with approximately 80% of all terrestrial plant species (Harrison 2005; Van
der Heijden et al. 1998). They acquire nutrients from the soil
and deliver these to plant roots in return for photosynthates.
Rhizobium bacteria form an intimate symbiotic relationship
with leguminous plants, which leads to mutual recognition and

Immune signaling in the rhizosphere.
Both symbiotic and nonsymbiotic beneficial microbes are
initially recognized as alien organisms. Hence, active interference with the plant immune system is fundamental for the establishment of intimate mutualistic relationships. Immune signaling in plants is initiated upon receptor-mediated perception of
non-self molecules that are often conserved among different
classes of microbes, both pathogenic and beneficial. These
molecules are called microbe-associated molecular patterns
(MAMPs), and MAMP-induced defense responses mounted in
host plants are collectively referred to as MAMP-triggered immunity (MTI) (Boller and Felix 2009; Jones and Dangl 2006).
Despite the fact that innate immune signaling in leaves has
been extensively studied over the past years, very little is known
about MTI in roots, where the majority of the plant-beneficial
microbes reside. Only recently, Millet and associates (2010)
demonstrated that Arabidopsis roots respond to different
MAMPs in a tissue-specific manner and that MAMP-triggered
immune signaling in the roots is very similar to that observed
in the leaves. To establish a mutualistic interaction with the
plant, beneficial microbes need to cope with host immune responses that are triggered locally in the roots upon MAMP
perception. In this review, we focus on the strategies that sym-
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biotic and nonsymbiotic beneficial microbes evolved to reduce
stimulation of host immune responses and actively suppress
MTI.
Modulation of host immunity
in the legume-rhizobia symbiosis.
Rhizobia have evolved to reduce stimulation of the host’s
immune system. In order to evade detection by the host immune system, successful microbes evolved ways to minimize
recognition of their MAMPs. Flagellin, the major structural
protein of flagella, is one of the best-studied bacterial proteins
that is recognized as a MAMP by the plant immune system
(Boller and Felix 2009). In Arabidopsis, flagellin is perceived
by the FLAGELLIN-SENSING 2 (FLS2) receptor, after which
an intracellular signaling cascade is initiated, leading to the
activation of a defense program against the invading bacteria.
The immunogenic properties of flagellin reside in the highly
conserved N-terminus of the molecule. Flg22, a synthetic 22amino-acid peptide that corresponds to the conserved N-terminus of flagellin, is a potent elicitor of defense responses in
Arabidopsis and other plant species (Felix et al. 1999). Recently,
Lopez-Gomez and associates (2011) demonstrated that flg22triggered defense responses in the roots of Lotus japonicus
negatively influence nodulation by inhibiting rhizobial infections and delaying the nodule organogenesis. However, flagellins from the legume symbiont Sinorhizobium meliloti are
exceptionally divergent in the otherwise conserved flagellin
epitope, and neither the crude flagellin extracts nor the corresponding flg22 synthetic peptide are able to elicit defense responses (Felix et al. 1999). Likewise, the roots of L. japonicus,
although well able to respond to flg22, do not respond to purified flagellin from Mesorhizobium loti, suggesting that LjFLS2
is unable to sense flagellin molecules from the symbiotic partner (Lopez-Gomez et al. 2011). Taken together, it is intriguing
to speculate that immune selective pressure exerted by the
putative FLS2 orthologs of the leguminous hosts forced the

emergence of escape mutations within the active flagellin epitope, hence providing the microsymbionts with an evolutionary advantage of reducing stimulation of the host’s immune
system.
Rhizobia initially elicit an MTI response which is subsequently suppressed. Large-scale gene expression profiling studies of early nodulation stages in the model legumes L. japonicus and Medicago truncatula revealed a significant induction
of defense- and stress-related genes, indicating that the leguminous hosts initially recognize their symbiotic partners as a
potential threat (Fig. 1A). However, the same cluster of genes
was found to be downregulated at later stages of root nodule
formation (Fig. 1B), indicating that the microsymbionts have
evolved to actively suppress host defense responses (El
Yahyaoui et al. 2004; Kouchi et al. 2004; Lohar et al. 2006;
Moreau et al. 2011). Maunoury and associates (2010) recently
reported two waves of transcriptional reprogramming in M.
truncatula involving repression of defense-related genes followed by the activation of a nodule-specific transcriptome. By
using a collection of plant and bacterial mutants, the authors
demonstrated that this transcriptome switch is dependent upon
a molecular dialogue between both partners.
Extracellular polysaccharides suppress host defense responses. Several rhizobial MAMPs have been identified that
play a role in immune suppression in leguminous hosts, including common structural components such as lipopolysaccharides (LPS) and exopolysaccharides (EPS) (Fig. 1B). LPS
are structural components of the outer membrane of gramnegative animal- and plant-associated bacteria and potent activators of host immune responses (Zeidler et al. 2004). Purified
LPS of S. meliloti bacteria was shown to provoke typical immune responses in cell cultures of the non-host tobacco. However, cell cultures of the host plant M. sativa only weakly
responded to S. meliloti LPS (Albus et al. 2001). Surprisingly,
simultaneous application of S. meliloti LPS and a yeast elicitor
to alfalfa cells resulted in the suppression of the elicitor-induced

Fig. 1. Model for the modulation of host immunity in the Rhizobium–legume symbiosis. A, Root exudates recruit Rhizobium bacteria and secreted flavonoids
prime the microsymbionts for the interaction. Host plants initially recognize rhizobia as potential invaders; pattern-recognition receptors (PRR) in the host
perceive microbe-associated molecular patterns (MAMPs, yellow-colored shapes) and a signaling cascade is initiated that results in MAMP-triggered immunity (MTI). B, Surface polysaccharides (SPS) function early during the interaction, most likely as extracellular effectors to facilitate immune evasion. At later
stages, the establishment of the symbiotic program in the plant cells, which is activated upon perception of the rhizobial nodulation (Nod) factors, counteracts the MTI with mechanisms yet to be defined. Rhizobial effectors that are secreted through the type III secretion system (brown-colored shapes) may
assist in the suppression of the MTI response or act as symbiotic determinants. C, In the case that a host resistance (R) protein recognizes a cognate rhizobial
effector, effector-triggered immunity (ETI) is activated that, in turn, terminates the interaction as incompatible.
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oxidative burst, indicating that LPS may act to suppress host
defenses (Albus et al. 2001; Scheidle et al. 2005). Importantly,
the ability of S. meliloti LPS to suppress elicitor-triggered
defense responses is not only restricted to early events, such as
the oxidative burst, but is also related to a global downregulation of the elicitor-induced transcriptional reprogramming
(Tellstrom et al. 2007). The mechanism underlying the immunesuppressive effects of rhizobial LPS is yet to be identified.
However, the fact that S. meliloti LPS suppresses host defenses
in alfalfa hosts, whereas it typically triggers immune responses
in non-host plants, suggests that legumes evolved a sophisticated LPS perception system able to differentially respond to
pathogens and symbionts.
EPS are high molecular weight sugar polymers secreted by
gram-negative and gram-positive bacteria with well-documented
roles in bacterial physiology and pathogenicity. Acidic EPS are
essential for rhizobia to establish symbiosis with host plants.
Early studies have shown that failed infections by EPS-deficient rhizobial mutants are associated with the induction of defense responses such as callose deposition and production of
antimicrobial compounds, indicating that EPS are involved in
suppressing plant defense responses in the Rhizobium symbiosis (Niehaus et al. 1993). Microarray analysis further revealed
that M. truncatula roots inoculated with the S. meliloti EPSdeficient mutant exoY more strongly induced the expression of
defense-related genes than roots inoculated with the wild-type
strain, indicating that EPS are required for efficient downregulation of host defense responses during early stages of infection
(Jones et al. 2008). Aslam and associates (2008) demonstrated
that the virulence function of EPS is based on its ability to
chelate calcium anions, thereby blocking calcium influx into
the cytosol, which is an essential step for the activation of a
plethora of MAMP-trigged responses. Hence, calcium chelation

may be an important mechanism underlying the immune-suppressive effects of rhizobial EPS.
Rhizobia suppress salicylic acid–dependent defense responses
by utilizing the Nod signaling pathway. Salicylic acid (SA) is
an important regulator of defense signaling against biotrophic
and hemibiotrophic pathogens (Verhage et al. 2010; Vlot et al.
2009). SA signaling is predominantly transduced via the NPR1
protein which, upon its nuclear translocation, acts as transcriptional co-activator of SA-responsive genes (Dong 2004) and
functions as a master regulator in the plant immune signaling
network (Leon-Reyes et al. 2009; Pieterse et al. 2009). Rhizobia are mutualistic organisms and, therefore, it is likely that
they are sensitive to SA-regulated defense responses. Indeed,
several studies report negative effects of SA signaling on the
rate and intensity of rhizobial infection and nodulation
(Martinez-Abarca et al. 1998; Stacey et al. 2006; Van Spronsen
et al. 2003). Interestingly, Peleg-Grossman and associates
(2009) demonstrated that overexpression of NPR1 in M. truncatula suppressed root hair deformation in response to S.
meliloti, whereas RNAi-mediated reduction in the levels of
NPR1 resulted in accelerated root hair curling. This is the first
evidence that SA affects symbiosis through NPR1 and highlights the latter as a negative regulator in Rhizobium spp.–legume symbiosis.
On the other hand, rhizobia have evolved mechanisms to efficiently control the SA levels of host plants and establish successful infections. Martinez-Abarca and associates (1998)
showed that alfalfa plants responded to incompatible Rhizobium
strains by increasing the endogenous SA content whereas, in response to compatible strains, the SA level remained unchanged.
Importantly, this same report also demonstrated that a Rhizobium mutant unable to synthesize Nod factors was also unable to
reduce the endogenous SA levels, indicating that Nod-mediated

Fig. 2. Model for the modulation of host immunity in the ecto- and endomycorrhizal symbioses. A, Root exudates recruit symbiotic mycorrhizal fungi and
prime them for the interaction. Host plants initially recognize ectomycorrhizal (EMF) and arbuscular mycorrhizal (AMF) fungi as potential invaders; patternrecognition receptors (PRR) in the host perceive microbe-associated molecular patterns (MAMPs, yellow-colored shapes) and a signaling cascade is initiated
that results in MAMP-triggered immunity (MTI). B, The EMF Laccaria bicolor secretes proteins similar to the haustoria-expressed proteins of pathogenic
basidiomycetes (SiHEP) and several cysteine-rich mycorrhiza-induced small secreted proteins (MiSSP) that may function as extra- or intracellular effectors
to suppress host immune responses. The MiSSP7 effector is perceived by the plant cell through lipid-raft-mediated endocytosis and translocated into the nucleus, where it promotes auxin-related gene expression. It remains to be demonstrated whether upregulation of auxin signaling has a negative impact on plant
defenses, as demonstrated for pathogenic interactions. C, In the AM symbiosis, the establishment of the symbiotic program in plant cells, which is activated
upon perception of the mycorrhizal Myc factors, counteracts MTI with mechanisms yet to be defined. Molecules (brown-colored shapes) that are secreted in
the apoplastic or periarbuscular space (PAS) may act as either apoplastic or cytoplasmic effectors to suppress the MTI response or promote the symbiotic
program. The AMF Glomus intraradices secretes the SP7 effector which is translocated into the plant cytosol; a nuclear localization signal (NLS) targets SP7
to the nucleus, where it interacts with the defense-related transcription factor ERF19 to block the ERF19-mediated transcriptional program.
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signaling is required to suppress SA-triggered responses. Likewise, the expression of the -glucanase MtBGLU1 gene, which
is homologous to the pathogenesis-related (PR) PR2 gene of
tobacco, was found to be downregulated in the roots of M. truncatula 24 h after inoculation with S. meliloti but not after inoculation with a mutant that is unable to synthesize Nod factors
(Mitra and Long 2004). Nod factors were found to be not only
essential but also sufficient to downregulate MtBGLU1 expression. Moreover, the non-nodulating dmi1 mutant of M. truncatula was shown to be defective in MtBGLU1 suppression, indicating that Nod-dependent MtBGLU1 suppression is part of the
symbiotic signaling pathway (Mitra and Long 2004). Collectively, in addition to the essential role of Nod factors as signaling molecules in the nodulation process, evidence is accumulating pointing to a critical role of Nod signaling in overriding host
defense responses triggered during rhizobial invasion (Fig. 1B).
The molecular mechanisms by which Nod factors interfere with
the host immune system are currently unknown. Nod factor perception at the epidermis leads to localized increases in levels of
cytokinin and auxin in cortical cells (Oldroyd and Downie
2008). Thus, one possibility is that Nod factors locally affect the
strength of the SA signaling pathway through hormonal crosstalk mechanisms, as demonstrated in diverse in plant–pathogen
interactions (Pieterse et al. 2009).
Type III secreted rhizobial effectors as host-range specificity
determinants. Plant- and animal-pathogenic bacteria possess a
specific secretion machinery, called the type III secretion system (TTSS), to directly inject virulence effectors into the host
cell (McCann and Guttman 2008). Many effectors are able to
suppress MAMP-triggered immunity or manipulate the host’s
metabolic program to the pathogen’s advantage (Boller and
Felix 2009). Functional TTSS have been identified in several
rhizobial species. In TTSS-harboring rhizobia, the type three
secretion (tts) genes cluster together and are homologous to
the hypersensitive response conserved (hrc) genes of pathogenic
bacteria (Marie et al. 2001). Rhizobial proteins secreted through
the TTSS are known as nodulation outer proteins (Nops) (Marie
et al. 2001). Nops can be further grouped into proteins that are
structurally associated with secretion appendages and effector
proteins that are secreted into the host cell, where they are postulated to interfere with biological functions of the host. An
important issue of whether rhizobial effectors are directly targeted into the host cell has been recently resolved. Translocation of rhizobial Nop proteins into the cytoplasm of plant cells
has been experimentally confirmed for NopP of S. fredii and
NopE1 and NopE2 of Bradyrhizobium japonicum (Schechter
et al. 2010; Wenzel et al. 2010). NopL of the Rhizobium sp.
strain NGR234 is the best-characterized effector to possess defense-suppressive functions. NopL acts as virulence factor when
ectopically expressed in tobacco plants by downregulating virusinduced PR protein accumulation (Bartsev et al. 2004). Several
Nop effectors show homology to effectors from plant and animal pathogens (Deakin and Broughton 2009), supporting the
idea that the targets of bacterial effectors inside the host cells
are conserved (Buttner and Bonas 2003).
In contrast to bacterial pathogens that depend on functional
TTSS for pathogenesis, rhizobial effectors are not essential for
the symbiosis because Rhizobium strains lacking a TTSS are
still able to establish successful infections, form nodules, and
fix nitrogen. Rhizobial type III effectors are likely to assist in
the suppression of the MTI response, a role that is most likely
superimposed on the dominant defense-suppressive functions
of surface polysaccharides and Nod factors. Certain effectors
may also act as symbiotic determinants, as demonstrated for
the Y4lO effector of Rhizobium sp. strain NGR234 (Yang et al.
2009) (Fig. 1B). Despite their elusive role in symbiosis, rhizobial type III effectors have long been considered to function as
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host range specificity determinants. Only recently, this level of
specificity was found to be controlled by host Toll interleukin-1
receptor nucleotide-binding site leucine-rich repeat (LRR) resistance (R) proteins that recognize cognate rhizobial effectors,
resulting in effector-triggered immunity (ETI) (Fig. 1C) (Yang
et al. 2010). The study of Yang and associates (2010) highlights a common recognition mechanism underlying symbiotic
and pathogenic interactions and further suggests that rhizobia
have evolved to suppress ETI in order to establish successful
infections. Therefore, it is anticipated that, in the cocktail of
effectors that a certain Rhizobium sp. injects into the host
cytoplasm, certain effectors may possess avirulence activities
while others have evolved to suppress the ETI response.
Modulation of host immunity in mycorrhizal associations.
Symbiotic mycorrhizal fungi reduce stimulation of the host’s
immune system. Other than through MAMPs, microbes can
also be detected via damage-associated molecular patterns,
which are endogenous plant-derived molecules that arise from
damage or enzymatic degradation of cell walls, such as that
caused by invading alien organisms. Interestingly, the genome
of the ectomycorrhizal fungus (EMF) Laccaria bicolor lacks
several gene families that encode for enzymes involved in the
degradation of plant cell walls that could otherwise elicit immune responses (Martin et al. 2008). Likewise, the EMF Tuber
melanosporum (black truffle) also carries a relatively small
number of carbohydrate-cleaving enzymes (Martin et al.
2010). This particular genomic feature is also apparent in the
genomes of the fungal pathogen Ustilago maydis (Kamper et
al. 2006) and the oomycete Hyaloperonospora arabidopsidis
(Baxter et al. 2010) and mirrors an evolutionary adaptation of
symbiotic fungi and certain plant pathogens to a symbiotic and
biotrophic lifestyle, respectively.
Mycorrhizal fungi initially elicit an MTI response, which is
subsequently suppressed. Early studies regarding the interaction between plants and arbuscular mycorrhizal fungi (AMF)
revealed that expression of defense- and stress-related genes is
prominent during early stages of the interaction and subsequently declines as the symbiosis develops (Kapulnik et al.
1996). Most research based on large-scale transcriptional profiling in various symbiotic plant–mycorrhiza interactions revealed that defense-related gene expression in host plants follows similar expression patterns (Heller et al. 2008; Liu et al.
2003). Thus, the transcriptional response activated in roots
upon mycorrhization may be similar to the two-wave transcriptional reprogramming reported for Rhizobium sp. symbiosis. Collectively, these data suggest that hosts initially treat
symbiotic fungi as potential invaders and activate a defense
program (Fig. 2A), which is then countered by the mycorrhizal
symbionts (Fig. 2B and C).
Insights into the genome of mycorrhizal fungi: secretion of
effector-like molecules. Sequencing of the genomes of the
EMF Laccaria bicolor and T. melanosporum provided the first
important evidence that symbiotic fungi may use strategies
similar to those of pathogenic fungi to evade host immunity. In
Laccaria bicolor, whole-genome sequence analysis combined
with genome-scale expression profiling revealed candidate
molecules that may act as effectors in modulating plant innate
immunity, as demonstrated for effectors of several pathogenic
fungi and oomycetes (Martin et al. 2008). Twelve predicted
proteins of the symbiotic fungus share significant similarity
with haustoria-expressed secreted proteins that are involved in
pathogenesis of pathogenic basidiomycetes (Martin et al.
2008). In addition, the genome of Laccaria bicolor encodes a
number of small secreted proteins (SSP), many of which are
induced during the symbiotic interaction. Several cysteine-rich
mycorrhiza-induced SSP (MiSSP) show significant similarity

to cysteine-rich apoplastic effectors of pathogenic fungi (Martin
et al. 2008), suggesting that they may function as extracellular
or intracellular effector-type molecules to suppress defense
signaling pathways. Recently, Plett and associates (2011) demonstrated that the effector MiSSP7 of Laccaria bicolor is perceived by the plant cell through lipid-raft-mediated endocytosis and is translocated into the nucleus, where it promotes
auxin-related gene expression (Fig. 2B). Whether upregulation
of auxin signaling has a negative impact on plant defenses, as
demonstrated for pathogenic interactions (Kazan and Manners
2009), remains to be demonstrated. It should be noted that, in
the T. melanosporum ectomycorrhizas, MiSSP are not induced
(Martin et al. 2010), indicating that, in different symbiotic systems, different molecules may operate as effectors.
In contrast to the EMF, the genomes of the AMF are not
assembled yet and, thus, predictions for putative effectors in
the AM symbioses remain elusive. AMF, on the one hand, and
certain biotrophic fungal and oomycete pathogens on the other
hand, employ similar invasion strategies to infect their hosts
(Paszkowski 2006). The transcriptional responses mounted in
host plants in response to biotrophic pathogens and AMF significantly overlap, pointing to the existence of conserved
molecules that execute similar functions (Paszkowski 2006).
Therefore, it is anticipated that certain molecules secreted by
the AMF in the apoplastic or periarbuscular space during the
interaction with the host act as either apoplastic or cytoplasmic
effectors in order to short-circuit the plant defense program.
The SP7 effector of the AMF Glomus intraradices is the first
endomycorrhizal effector described thus far to possess defense-suppressive activity (Kloppholz et al. 2011). SP7 expression is induced upon contact with the host roots and the secreted protein is translocated into the plant cytosol. A nuclear
localization signal subsequently targets SP7 to the nucleus,
where it interacts with the defense-related ethylene (ET)-responsive factor ERF19 to block the ERF19-mediated transcriptional program (Fig. 2C). The identification of the SP7 protein
as a mycorrhizal effector that interferes with the ET signaling
pathway is in line with recent data that highlight the importance of this hormone in MTI (Boutrot et al. 2010; Clay et al.
2009; Mersmann et al. 2010; Millet et al. 2010).
Mycorrhizal fungi suppress SA-mediated defense responses
by utilizing the Myc signaling pathway. Similar to Rhizobium
spp. symbiosis, SA signaling has been shown to negatively
affect root mycorrhization by AMF (Blilou et al. 1999; Medina
et al. 2003). On the other hand, strict regulation of the SA content is a prerequisite for efficient colonization. Recently,
López-Ráez and associates (2010) demonstrated that the SA
content and, accordingly, the expression of the SA-responsive
gene PR1a, was exclusively elevated in tomato roots colonized
by the AMF G. mosseae but not G. intraradices, a fungus
known to colonize tomato plants at higher rates. Likewise, SA
only transiently accumulated during early stages of the interaction between pea and the AMF G. mosseae (Blilou et al.
1999). In the nonmycorrhizal P2 mutant of pea (Pisum sativum), the initial increase in the SA levels persisted, indicating
that, like rhizobia, AMF modulate SA-mediated responses by
utilizing the Myc signaling pathway. Interestingly, in the M.
truncatula–Gigaspora margarita interaction, the activity of the
Ca+2/calmodulin kinase DMI3 is required to repress the expression of early induced defense-related genes (Siciliano et
al. 2007), suggesting that perception of Myc factors also contributes to the repression of early MTI responses (Fig. 2C).
Modulation of host immunity
in nonsymbiotic beneficial interactions.
PGPR may use phase variation to avoid stimulation of the
host’s immune system. Like rhizobia and mycorrhizal fungi,

nonsymbiotic beneficial microbes such as PGPR, that often
grow endophytically inside the roots, should also minimize
stimulation of their host’s immune system. Phenotypic variation
or phase variation is an adaptive process by which bacteria can
reversibly switch between colonies with different morphology
(Davidson and Surette 2008). At the molecular level, phase
variation is controlled by diverse genetic mechanisms, including site-specific DNA rearrangements and epigenetic modifications (Hallet 2001; Wisniewski-Dye and Vial 2008). Either of
these mechanisms generates bacterial subpopulations within a
clonal population that differentially express surface molecules
(e.g., flagella or LPS) or express surface molecules with
altered structure (Van der Woude and Baumler 2004). Phase
variation provides bacteria with a significant advantage of
adaptation to different environments and has been extensively
documented in several studies as a mechanism that animal
pathogens employ to escape immune detection (Kingsley and
Baumler 2000). Phenotypic variation is also common among
rhizosphere pseudomonads and has been reported as a conserved strategy that bacteria have evolved in order to increase
their overall fitness in the rhizosphere (Van den Broek et al.
2005). Rhizosphere Pseudomonas bacteria may use antigen
variation to reduce their antigenic potential and, therefore, minimize stimulation of the host’s immune system. For instance, the
PGPR Pseudomonas brassicacearum shows two distinct morphological variants designated as phase I and phase II (Achouak
et al. 2004). Phase I cells are found on the basal parts of the
root and produce significantly lower amounts of flagellin compared with phase II cells, which are predominantly found on
secondary roots and root tips (Achouak et al. 2004). It is possible that, once colonization of new root niches is achieved, P.
brassicacearum shifts into phase I cells in order to mask
flagellin recognition by the host. Interestingly, P. aeruginosa
was recently found to excrete an alkaline protease (AprA) that
degrades flagellin monomers that serve as ligands for the immune receptors FLS2 in plants and TLR5 in mammals, thereby
evading host immune activation in both plants and mammals
(Bardoel et al. 2011). In P. brassicacearum, AprA was demonstrated to be expressed in phase I cells (Achouak et al. 2004),
supporting the hypothesis that phase variation plays a role in
immune evasion.
Nonsymbiotic microbes initially elicit an MTI response. Immune responses to elicitor molecules derived from PGPR are
best characterized for selected ISR-inducing strains of fluorescent pseudomonads (Bakker et al. 2007; Van Wees et al. 2008).
Cell wall preparations of various ISR-inducing rhizobacteria
all triggered typical immune responses in tobacco suspension
cells, including a burst of reactive oxygen species, extracellular medium alkalization, rapid elevation of cytoplasmic Ca+2,
and defense-related gene expression (Van Loon et al. 2008).
Furthermore, heat-killed P. fluorescens WCS417 bacteria were
shown to activate the expression of MAMP-responsive reporters and trigger callose depositions in Arabidopsis roots (Millet
et al. 2010). Recently, Jacobs and associates (2011) demonstrated that the PGPF Piriformospora indica is also recognized
by the root immune system through its MAMPs. Thus, both
PGPR and PGPF possess a pallet of MAMPs able to elicit
MTI in the roots of host plants (Fig. 3A). On the other hand,
evidence is accumulating that nonsymbiotic beneficial microbes
actively suppress the defense responses that are initially
mounted in roots upon MAMP perception (Fig. 3B and C).
Nonsymbiotic microbes utilize effector molecules to suppress
MTI. Recently, Millet and associates (2010) provided evidence
that the PGPR P. fluorescens WCS417 is able to suppress
flagellin-triggered MTI responses in Arabidopsis roots via
apoplastic secretion of one or more low molecular weight
molecules (Fig. 3B). Bacterial determinants that have been
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demonstrated to be essential for rhizobial infections, such as
LPS and EPS, may have similar functions in suppressing MTI
during early stages of interaction between PGPR and host
plants. Indeed, a P. fluorescens WCS417 mutant lacking the Oantigenic side chain of its outer membrane LPS was demonstrated to colonize tomato roots to a lesser extent than the
wild-type strain (Duijff et al. 1997), suggesting a role for wildtype LPS in immune suppression. Presuming the importance
of ET in MTI (Clay et al. 2009; Millet et al. 2010), another
plausible scenario is that P. fluorescens-secreted molecules
target ET-dependent defense processes. A wide range of PGPR
have been shown to secrete the enzyme ACC deaminase,
which degrades the ET precursor ACC, resulting in reduced
ET production in the plant (Glick et al. 2007). Moreover, a significant reduction in the expression of genes Encoding ETrelated transcription factors has been reported for Arabidopsis
roots colonized by PGPR P. fluorescens WCS417 and
FPT9601-T5 (Verhagen et al. 2004; Wang et al. 2005), which
supports the hypothesis that PGPR modulate host immune
responses by interfering with the ET signaling pathway.
In the Piriformospora indica–Arabidopsis interaction, the
beneficial fungus recruits the jasmonic acid (JA) signaling
pathway to suppress both early- and late-activated defense responses (Fig. 3C). Also, suppression of the flg22-mediated
MTI in the roots by the plant pathogen Pseudomonas syringae
was demonstrated to depend on a functional JA signaling pathway (Millet et al. 2010). In both cases, suppression of MTI
was mediated via the JA signaling components JAR1 and
MYC2, suggesting that activation of the JA pathway may be a
common strategy to affect host immunity in the roots.
Hormone-like compounds produced by PGPR may contribute to the suppression of the SA signaling pathway. Induction
of SA-mediated responses have been demonstrated to reduce

bacterial abundance in the plant rhizosphere (Doornbos et al.
2011; Kniskern et al. 2007). Also, colonization of Arabidopsis
roots by the PGPF Piriformospora indica is affected by SA
signaling (Jacobs et al. 2011). Many PGPR and PGPF are able
to produce substantial amounts of phytohormone-like compounds, such as auxins and gibberellins (Lugtenberg and
Kamilova 2009; Sirrenberg et al. 2007). Several phytohormones have been demonstrated to negatively cross-communicate with the SA signaling pathway and affect the outcome of
the immune response (Pieterse et al. 2009; Verhage et al.
2010). Hence, it is tempting to speculate that nonsymbiotic microbes may produce phytohormones in order to attenuate the
relative strength of the SA signaling via hormonal cross-talk
mechanisms.
Type III secreted PGPR effectors: host-specificity determinants? The existence of a classical TTSS is not restricted only
to pathogenic bacteria and rhizobia but also occurs in other
nonpathogenic, root-associated bacteria. TTSS was first described for the PGPR P. fluorescens SBW25 (Rainey 1999) but
other fluorescent pseudomonads are also equipped with a
TTSS (Mavrodi et al. 2011; Mazurier et al. 2004; Preston et al.
2001; Rezzonico et al. 2004). In P. fluorescens SBW25, genes
encoding for TTSS reside in a 20-kb tts cluster (named
rsc/rsp) and several ORF in the cluster display a significant degree of similarity to the hrc/hrp genes of pathogenic bacteria
(Preston et al. 2001). P. fluorescens SBW25 is believed to secrete at least one effector and this is RopE of the AvrE family,
a widely conserved family of effectors. There is also evidence
for the existence of additional effectors, because ropE mutants
are still able to trigger HR in Nicotiana clevelandii. P. fluorescens Q8r1-96 was recently reported to secrete the type III
effectors RopAA of the HopAA1-1 family of effectors, RopM
of the HopM1 family, and the unique RopB effector (Mavrodi

Fig. 3. Model for the modulation of host immunity during interactions with nonsymbiotic plant-growth-promoting rhizobacteria (PGPR) and fungi (PGPF).
A, Root exudates recruit PGPR and PGPF and prime them for interaction. Host plants initially recognize PGPR and PGPF as potential invaders; patternrecognition receptors (PRR) in the host perceive microbe-associated molecular patterns (MAMPs, yellow-colored shapes) and a signaling cascade is initiated, resulting in MAMP-triggered immunity (MTI). B, The PGPR Pseudomonas fluorescens WCS417 suppresses the MTI response via apoplastic secretion
of one or more thus-far-unidentified effector molecules (gray-colored shapes). Whether the secreted molecules act as apoplastic or cytoplasmic effectors and
the mechanisms by which they interfere with the host immune system remain currently unknown. Effector molecules (brown-colored shapes) that are secreted via the type III secretion apparatus of P. fluorescens and other PGPR are likely to assist but seem not to be essential for MTI suppression. In analogy
to root nodule symbiosis, certain type III effectors may be recognized by host resistance (R) proteins which, in turn, may impact the composition of the microbial
community in the rhizosphere. C, The PGPF Piriformospora indica recruits the jasmonic acid (JA) signaling pathway to suppress both early (reactive oxygen species [ROS] production) and late (salicylic acid [SA]-mediated responses and indole glucosinolate [IGS] production) defense responses. This is mediated via the JA signaling components JAR1 and MYC2 (JIN1) because the JA-related mutants jar1-1 and jin1-1 of Arabidopsis are unable to suppress MTI.
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et al. 2011). Interestingly, all three type III effectors were
found to be capable of suppressing typical innate immune
responses when ectopically expressed in N. benthamiana
(Mavrodi et al. 2011). Several mutations in components of the
TTSS of P. fluorescens SBW25 have been shown to affect the
competitive colonization capacity of the bacterium in the
rhizosphere of sugar beet (Jackson et al. 2005). However, it is
worth noticing that all of these mutants displayed altered in
vitro growth compared with the wild-type strain, suggesting a
more general role of the TTSS in the physiology of P. fluorescens SBW25 (Jackson et al. 2005). On the other hand, P. fluorescens Q8r1-96 mutants lacking functional TTSS are not
altered in their rhizosphere competence (Mavrodi et al. 2011).
Overall, the significance of type III secretion in PGPR remains
far from clear. Effectors delivered via the TTSS of PGPR may
either assist in the suppression of the MTI response or manipulate certain host’s metabolic processes for their own benefit.
Further research is needed to address whether R proteins in the
host are evolved to recognize PGPR effectors and, thereby,
may be instrumental in shaping the plant’s microbiome in the
rhizosphere (Fig. 3B). Earlier work already demonstrated that
plant immune responses triggered by PGPR depends on the
host–PGPR combination (Ton et al. 1999, 2002; Van Loon et
al. 1998; Van Wees et al. 1997), suggesting a gene-for-genetype relationship between plants and mutualistic rhizobacteria.
Local and systemic defense responses contribute
to balancing the costs of mutualism.
Despite their net fitness benefit, mutualistic interactions
often also come with fitness costs. Therefore, host plants have
evolved strategies to control the extent to which a mutualistic
association develops. A considerable body of work implicates

a role for induced plant defense responses in the control of
these processes.
Local JA and ET signaling in the control of beneficial interactions. Plant oxylipins make up an important class of oxidized
fatty acids commonly involved in pathogenic interactions as
either antimicrobial agents or signaling molecules regulating
plant defense responses (Wasternack 2007). The oxylipin JA
and its derivatives (collectively called jasmonates) play an important role in the regulation of plant-beneficial microbe interactions (Van der Ent et al. 2009b). In the mycorrhizal symbiosis,
JA were shown to accumulate (Hause et al. 2002; Isayenkov et
al. 2005; López-Ráez et al. 2010; Stumpe et al. 2005); hence, a
role for JA in restricting mycorrhizal colonization via the onset
of a defense program was proposed (Gutjahr and Paszkowski
2009; Hause et al. 2007; López-Ráez et al. 2010). Similarly,
the PGPF Piriformospora indica was shown to upregulate JA
biosynthetic genes in the roots (Schafer et al. 2009), suggesting
that activation of the JA signaling pathway may be a widely
used strategy that plants employ to control colonization by
beneficial endophytic fungi.
ET also appears to have a crucial role in maintaining a delicate balance between host plants and microsymbionts. In Rhizobium symbiosis, the number of rhizobial infections within
the nodulation zone is under regulation and only a small number of infection threads persist and colonize nodules. The ETinsensitive mutant sickle of Medicago spp. is defective in this
level of regulation and is hyperinfected by its microsymbiont
S. meliloti (Penmetsa and Cook 1997). Because arrested infections often display characteristics of a hypersensitive response
(Vasse et al. 1993), it is possible that ET regulates the number
of successful infections by signaling certain defense responses
within the nodulation zone. Supportive of this hypothesis is

Fig. 4. Parallels between autoregulation of nodulation (AON) and induced systemic resistance (ISR). A, Proposed model for AON in the root nodule
symbiosis in a split-root system (Oka-Kira and Kawaguchi 2006; Staehelin et al 2011). Clavata3/endosperm surrounding region (CLE) peptides are produced
upon primary rhizobial infections and subsequently transported to the shoot, most likely through the xylem (stage I). Perception of CLE peptides in the shoot
by the corresponding leucine-rich repeat receptor-like kinase (LRR-RLK) initiates a signaling cascade that results in the production of a phloem-mobile
shoot-derived molecule (SDM) (stage II). SDM perception in the roots restricts nodulation (stage III). B, Proposed model for ISR in a split-root system. Root
colonization by selected strains of plant-growth-promoting rhizobacteria (PGPR) results in the production of the ISR signal, which travels via the xylem to
the aboveground tissues. Signal perception in the shoot may result in the production of a phloem-mobile SDM and priming for jasmonic acid/ethyleneregulated defense genes (stage II). SDM perception in the root results in enhanced resistance against root pathogens and, possibly, further restricts
colonization by the beneficials (stage III). Blue and red arrows indicate movement via the xylem and phloem, respectively.
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that MtSkl1 mediates defense responses against a subset of
Medicago pathogens (Varma Penmetsa et al. 2008). ET is also
important in regulating the progress of root colonization by
beneficial endophytic fungi. Camehl and associates (2010)
recently demonstrated that overexpression of the ET-responsive transcription factor ERF1 in Arabidopsis resulted in reduced root colonization by the PGPF Piriformospora indica
due to the potentiated activation of defense responses. Conversely, Piriformospora indica more effectively colonized
roots of the ET-related mutants etr1, ein2, and ein3/eil1
(Camehl et al. 2010). Importantly, in both cases, the benefits
for the host were diminished, indicating that ET homeostasis
within the plant is crucial to control the extent of fungal colonization by regulating the expression of defense-related genes.
Systemic signaling in the control of beneficial interactions.
By monitoring symbiont performance, leguminous plants are
able to partly control the level of infection by Rhizobium spp.
(e.g., through selective allocation of resources) (Kiers et al.
2003). In addition to these local responses, plants that establish
a symbiosis with rhizobia can also control the number of
infections and nodules through a systemic mechanism called
autoregulation of nodulation (AON) (Oka-Kira and Kawaguchi
2006). AON is a two-step process and is mediated by longdistance signaling which involves both root- and shoot-derived
signals (Fig. 4A). The root-derived signal is generated in response to primary rhizobial infections locally in the roots and
is then translocated to the shoot. Upon perception, a second
signal is generated and then translocated back to the root to
activate a defense program that restricts further nodulation. A
specific group of hypernodulating mutants defective in the
shoot-regulated AON has been identified (Oka-Kira and
Kawaguchi 2006). These mutants are all defective in homologs
of CLAVATA1, an LRR receptor-like kinase involved in the
regulation of shoot and floral meristem size of Arabidopsis.
Recent work in M. truncatula and L. japonicus provided important evidence that Clavata3/endosperm surrounding region
(CLE) peptides are candidate molecules for the root-derived
signal (Mortier et al. 2010; Okamoto et al. 2009).
The AON phenomenon has striking mechanistic similarities
to ISR and systemic acquired resistance (SAR) because, in all
these cases, a microbial infection in local tissues leads to resistance against secondary infections in distant plant parts (Durrant
and Dong 2004; Van Wees et al. 2008; Vlot et al. 2009). A possible connection between AON and defense signaling is supported by the fact that several autoregulation mutants are hypersusceptible to nematode and pathogen infection (Lohar and
Bird 2003; Tazawa et al. 2007). In line with this, Kinkema and
Gresshoff (2008) reported that, in soybean, a subset of defenserelated genes is regulated via the AON receptor GmNARK,
albeit in a nodulation-independent manner. Interestingly, the
CLAVATA3 peptide of Arabidopsis was recently reported to be
capable of triggering immune signaling via the flagellin receptor (Lee et al. 2011), raising the possibility that CLE peptides
may also be perceived in systemic tissues independent of the
AON receptor kinase to trigger an immune response. Elicitation of induced resistance in the aboveground tissues was
shown to impact beneficial plant–microbe interactions in the
rhizosphere (de Roman et al. 2011; Faessel et al. 2010), which
strengthens the notion that systemic defense signaling may be
an intrinsic part of the AON phenomenon and functions in
balancing the costs and benefits of the mutualistic relationship.
ISR: the resultant of an autoregulation signaling pathway?
Split-root experiments with AON mutants of soybean revealed that autoregulation in the rhizobial and mycorrhizal
symbiosis is controlled in a similar manner (Meixner et al.
2005; Staehelin et al. 2011). Also, in the interaction with
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PGPR, there is evidence that plants utilize systemic autoregulation mechanisms to control the beneficial interaction. For
instance, in split-root experiments, it was shown that colonization of one-half of the roots by beneficial PGPR leads to
enhanced defenses in the other part of the root system, which
should have been mediated via a systemic signal (Leeman et
al. 1996; Siddiqui and Shaukat 2002). Often, these systemically activated defenses are also expressed in aboveground
plant tissues, giving rise to an ISR that is typically effective
against a broad spectrum of plant pathogens and even insect
herbivores (Pineda et al. 2010; Van Loon et al. 1998; Van Wees
et al. 2008). In contrast to pathogen-induced SAR, which is
dependent upon SA signaling and associated with enhanced
expression of a large set of PR genes (Durrant and Dong 2004;
Vlot et al. 2009), PGPR- and PGPF-triggered ISR is often SAindependent and not associated with major changes in defenserelated gene expression (Van der Ent et al. 2009b). Instead, a
relatively mild systemic immune reaction is triggered that is
associated with priming for enhanced defense (Pozo et al.
2008; Van der Ent et al. 2008, 2009a). PGPR-primed plants do
not express costly defenses but display an accelerated, often
JA-dependent defense response upon pathogen or insect attack
(Pozo et al. 2008; Stein et al. 2008; Van Hulten et al. 2006).
Because priming only gives rise to activation of defense upon
recognition of a potential intruder, it is an ideal mechanism to
control the delicate interaction with invading beneficial microbes. Therefore, it is tempting to speculate that, in analogy
to rhizobia and mycorrhizal symbiosis, beneficial associations
with nonsymbiotic microbes are controlled by an autoregulation strategy of which the result is the ISR phenomenon that
provides systemic protection in roots and shoots against a
broad spectrum of pathogens (Fig. 4B).
Concluding remarks.
The boundaries between mutualism and pathogenesis are
fluid. A nice example of this was recently demonstrated for the
pathogenic bacterium Ralstonia solanacearum. Inactivation of
the master virulence regulator HrpG of this pathogen, which
controls the expression of TTSS components and associated
effectors, with concomitant transfer of the symbiotic plasmid
of the microsymbiont Cupriavidus taiwanensis, was sufficient
to shift the pathogen’s behavior from pathogenic toward mutualistic (Marchetti et al. 2010). Moreover, the recent findings
that mycorrhizal fungi employ effector-like molecules to manipulate the host’s immune response (Kloppholz et al. 2011;
Plett et al. 2011) and that host R genes control specificity in
the Rhizobium symbiosis (Yang et al. 2010) indicate that mutualistic and pathogenic interactions involve strikingly similar
principles.
To date, research on plant responses to pathogenic and beneficial microbes has been largely separated. Due to the numerous commonalities in mechanisms and principles of both types
of plant–microbe interactions, scientists from both fields have
started to join forces to foster an integrated view of the molecular mechanisms that evolved in pathogenic and mutualistic
plant–microbe interactions. Effector biology, which currently
is a major topic in plant–pathogen interaction research, is becoming an active area in the field of beneficial plant–microbe
interactions as well, and is anticipated to significantly improve
our understanding of how mutualistic associations develop.
With this review, we aimed to provide an overview of the
mechanisms involved in the modulation of host immunity by
symbiotic and nonsymbiotic beneficial microbes. We tried to
identify commonalities between plant responses to different
symbiotic beneficial and nonsymbiotic PGPR and generate an
integrated view of how modulation of local and systemic defense responses aid in establishing the delicate balance between

the two partners. Ultimately, research on the interplay between
plants and beneficial microbes will provide detailed insight
into how plants are able to shape the microbiome in their
rhizosphere in order to maximize the profitable functions of
their “second genome” (Mendes et al. 2011).
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