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Simple Summary: Plants form beneficial symbioses with endophytes, arbuscular mycorrhizal fungi,
and nitrogen-fixing rhizobia. In addition to their role in plant growth and development, these
microorganisms enhance host plant tolerance to a wide range of environmental stress. Salicylic acid
(SA) is widely known to play essential roles in plant defense against pathogens. In addition, SA has
been shown to be involved in plant–microbe symbiotic interactions. In this review, we summarize
the impact of SA on symbiotic interactions and on defense priming by beneficial microbes.

Abstract: Plants form beneficial symbioses with a wide variety of microorganisms. Among these,
endophytes, arbuscular mycorrhizal fungi (AMF), and nitrogen-fixing rhizobia are some of the most
studied and well understood symbiotic interactions. These symbiotic microorganisms promote plant
nutrition and growth. In exchange, they receive the carbon and metabolites necessary for their
development and multiplication. In addition to their role in plant growth and development, these
microorganisms enhance host plant tolerance to a wide range of environmental stress. Multiple
studies have shown that these microorganisms modulate the phytohormone metabolism in the host
plant. Among the phytohormones involved in the plant defense response against biotic environment,
salicylic acid (SA) plays an important role in activating plant defense. However, in addition to being
a major actor in plant defense signaling against pathogens, SA has also been shown to be involved
in plant–microbe symbiotic interactions. In this review, we summarize the impact of SA on the
symbiotic interactions. In addition, we give an overview of the impact of the endophytes, AMF, and
rhizobacteria on SA-mediated defense response against pathogens.

Keywords: salicylic acid; endophytes; nitrogen-fixing symbiosis; mycorrhizae; stress; microbes;
symbiosis

1. Introduction

Plants have an innate immune system that detects and limits pathogen attacks. Pattern
recognition receptors (PRRs) on the plant cell surface detect molecules containing charac-
teristic patterns of microbes. Detection of these pathogen-/microbe-associated molecular
patterns (PAMPs/MAMPs) leads to activation of pattern-triggered immunity (PTI). In
many cases, PTI prevents further pathogen establishment. However, some pathogens have
developed effector proteins that suppress PTI and therefore maintain pathogenicity. To
resist pathogen-associated effector proteins, plants encode resistance proteins (R) to provide
effector-triggered immunity (ETI). These R proteins, which are generally located within the
plant cell, may directly or indirectly recognize their related pathogen- encoded effectors
activating ETI [1,2]. Both PTI and ETI are associated with the activation of defenses in
the infected tissue, including the generation of reactive oxygen species (ROS) [3], increase
in intracellular Ca2+ concentrations, and activation of mitogen-activated protein kinases
(MAPKs), to finally activate the expression of various defense-associated genes, synthesis
of antimicrobial compounds, and accumulation of SA [4–6].
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Usually, ETI induces plant defenses more rapidly and strongly than PTI. ETI is gener-
ally associated with the formation of necrotic lesion, which may help to restrict pathogen
movement from the infection site. Subsequent to these local events, ETI and PTI can induce
immune responses in the uninfected parts of the plant exposed to pathogen attack (Figure 1).
This long-distance-induced broad-spectrum resistance is called systemic acquired resis-
tance (SAR). SAR is primarily controlled by endogenous accumulation of salicylic acid
(SA) and characterized by the activation of Pathogenesis-Related (PR) genes and proteins
with antimicrobial activity [7–9]. Salicylic acid (SA; 2-hydroxybenzoic acid) is a critical
hormone that plays direct or indirect roles in regulating many aspects of plant growth and
development as well as thermogenesis, drought resistance, and disease resistance [10].

Biology 2022, 11, 861 2 of 13 
 

 

(ROS) [3], increase in intracellular Ca2+ concentrations, and activation of mitogen-acti-
vated protein kinases (MAPKs), to finally activate the expression of various defense-asso-
ciated genes, synthesis of antimicrobial compounds, and accumulation of SA [4–6]. 

Usually, ETI induces plant defenses more rapidly and strongly than PTI. ETI is gen-
erally associated with the formation of necrotic lesion, which may help to restrict patho-
gen movement from the infection site. Subsequent to these local events, ETI and PTI can 
induce immune responses in the uninfected parts of the plant exposed to pathogen attack 
(Figure 1). This long-distance-induced broad-spectrum resistance is called systemic ac-
quired resistance (SAR). SAR is primarily controlled by endogenous accumulation of sal-
icylic acid (SA) and characterized by the activation of Pathogenesis-Related (PR) genes 
and proteins with antimicrobial activity [7–9]. Salicylic acid (SA; 2-hydroxybenzoic acid) 
is a critical hormone that plays direct or indirect roles in regulating many aspects of plant 
growth and development as well as thermogenesis, drought resistance, and disease re-
sistance [10]. 

 
Figure 1. Scheme of different types of plant systemic resistance. The systemic acquired resistance 
(SAR) is triggered upon pathogen attack. Local defenses are followed by the production of mobile 
signals—mainly salicylic acid (SA)—that prime distal plant parts for defense compounds accumu-
lation. Induced systemic resistance (ISR) can be triggered by colonization with plant-growth-pro-
moting rhizobacteria or fungi (PGPR/F). ISR is regulated mainly by jasmonic acid (JA) and ethylene 
(ET). 

SA is linked to several key components of plant defense through intricate networks, 
generally activated following infection by biotrophic pathogens, which require living host 
tissue. SA acts through the non-expressor of PR1 protein (NPR1), a pivotal component in 
plant defense signaling. The detailed mechanism of SA-mediated regulation of defense 
through NPR1-mediated signaling and its regulation in the cytoplasm and nucleus has 
been well documented [11–13]. In Arabidopsis, proteins NPR1 to NPR6 constitute a mul-
tigenic family [14]. Among these, NPR3 and NPR4 have been shown to interact with SA 
[15,16], functioning as adaptors of the Cullin-3 ubiquitin E3 ligase to mediate NPR1 deg-
radation in an SA-regulated manner [17]. In addition, NPR3 and NPR4 have also been 
shown to bind SA directly to modulate their interaction with NPR1 [17]. NPR1 is consti-
tutively expressed in most cell types, and it remains mostly inactive in the cytosol in an 
oligomeric form until the host is infected with a pathogen. After infection, the host plant 
produces more SA, and the higher SA content is associated with an alteration in the cellu-
lar redox potential. As a result of this, the NPR1 oligomer is reduced to biologically active 
monomers. The monomeric NPR1 then moves to the nucleus where it interacts with TGA 
proteins. This interaction results in the expression of SA-dependent pathogenesis-related 
(PR) genes. Since PR are conserved proteins in the plant kingdom, the expression of their 
genes is frequently used as a robust marker to determine and characterize the SA-response 
during the acquired SAR [18,19]. 

In addition to SA, jasmonic acid (JA)- and ethylene-signaling pathways are usually 
required for the activation of plant defense against necrotrophic pathogens and herbivores 
[20]. JA is also commonly associated with induced systemic resistance (ISR) (Figure 1). ISR 

Figure 1. Scheme of different types of plant systemic resistance. The systemic acquired resistance
(SAR) is triggered upon pathogen attack. Local defenses are followed by the production of mobile
signals—mainly salicylic acid (SA)—that prime distal plant parts for defense compounds accumula-
tion. Induced systemic resistance (ISR) can be triggered by colonization with plant-growth-promoting
rhizobacteria or fungi (PGPR/F). ISR is regulated mainly by jasmonic acid (JA) and ethylene (ET).

SA is linked to several key components of plant defense through intricate networks,
generally activated following infection by biotrophic pathogens, which require living host
tissue. SA acts through the non-expressor of PR1 protein (NPR1), a pivotal component in
plant defense signaling. The detailed mechanism of SA-mediated regulation of defense
through NPR1-mediated signaling and its regulation in the cytoplasm and nucleus has been
well documented [11–13]. In Arabidopsis, proteins NPR1 to NPR6 constitute a multigenic
family [14]. Among these, NPR3 and NPR4 have been shown to interact with SA [15,16],
functioning as adaptors of the Cullin-3 ubiquitin E3 ligase to mediate NPR1 degradation
in an SA-regulated manner [17]. In addition, NPR3 and NPR4 have also been shown to
bind SA directly to modulate their interaction with NPR1 [17]. NPR1 is constitutively
expressed in most cell types, and it remains mostly inactive in the cytosol in an oligomeric
form until the host is infected with a pathogen. After infection, the host plant produces
more SA, and the higher SA content is associated with an alteration in the cellular redox
potential. As a result of this, the NPR1 oligomer is reduced to biologically active monomers.
The monomeric NPR1 then moves to the nucleus where it interacts with TGA proteins.
This interaction results in the expression of SA-dependent pathogenesis-related (PR) genes.
Since PR are conserved proteins in the plant kingdom, the expression of their genes is
frequently used as a robust marker to determine and characterize the SA-response during
the acquired SAR [18,19].

In addition to SA, jasmonic acid (JA)- and ethylene-signaling pathways are usually
required for the activation of plant defense against necrotrophic pathogens and herbi-
vores [20]. JA is also commonly associated with induced systemic resistance (ISR) (Figure 1).
ISR is an improved resistance of the host plant triggered by beneficial microbes [21].
Plant defense response is energy-consuming, and extensive crosstalk between JA- and
SA-mediated defense signaling pathways occurs to efficiently allocate energy and provide
robustness to the plant immune system [22].

In addition to being a key player in plant disease reaction, SA has also been reported
to be involved in interactions between plants and beneficial microbes. Interactions between
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plants and beneficial microbes include multiple symbiotic relationships. Plant endophytes
are microbial organisms (bacteria or fungi), which live within the plant without causing
apparent disease (Figure 2). Endophytes assist their host by transformation and solubiliza-
tion of nutrients and other micro minerals. In addition, they induce the tolerance response
of the host against stress caused by abiotic factors such as osmotic stress and exposure
to heavy metals and xenobiotics. Apart from abiotic factors, endophytes also assist their
host plant in the suppression of harmful microorganisms and act in the biological control
against plant pathogens [23]. Plants may also interact with mycorrhizal fungi, resulting in
an improved plant nutrition and an induced resistance to a number of pathogens or abiotic
stresses [24,25]. Finally, another symbiotic interaction of interest which allows for better
plant nutrition in a nitrogen-deficient environment is the nitrogen-fixing symbiosis (NFS).
In NFS, the beneficial relationship established between plants and soil bacteria results in
root nodule formation and biological atmospheric nitrogen (N2) fixation. Both partners
benefit from this interaction, as the host plant is provided with a ready source of fixed
nitrogen, and in exchange bacteria receive carbon source for development and protection
from environmental conditions [26].
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of endophytic, arbuscular mycorrhizal (AM), and rhizobial colonization. Benefits from coloniza-
tion include improved nutrition and tolerance to many abiotic and biotic stresses. Created with
BioRender.com.

All these relationships involve an intimate crosstalk between the plant and the sym-
biotic microorganisms. The establishment and the maintenance of symbiosis should be
tightly controlled by the plant to balance energy cost with benefits. In this context, the
autoregulation of both mycorrhizae (AOM) and nodulation (AON) are involved in the
regulation of the interaction to avoid an over-infection of the plant [27]. Moreover, the
intracellular invasion of the nodule cells by the rhizobia also involves specific control of the
plant immunity in root nodules to allow intracellular colonization of the plant cell [28,29].
This review focuses on the role of SA in plant–microbe symbiotic interactions, including
endophytes, mycorrhiza, and nitrogen-fixing bacteria. We also discuss how SA might be
involved in the priming of the defense of symbiotic plants against pathogens.
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2. SA in Plant–Endophyte Interactions

Endophytes are microorganisms that can live in the internal parts of plants. Endo-
phytes colonize their host plants without causing any symptoms [30–33]. The intimate
association of endophytic microbes with the plant tissues improves plant survival and
productivity through nutrient acquisition [34]. Moreover, it increases the plant’s abil-
ity to tolerate abiotic stress and decrease biotic stress by enhancing plant resistance to
bio-aggressors such as pathogens, insects, and herbivores [35–37].

Endophytes colonize the extracellular space of living plant tissue. Thus, they can
potentially interact with the defensive signaling pathways of their host. Navarro-Melendez
and Heil investigated whether the interaction of Lima bean (Phaseolus lunatus) with Bar-
talinia pondoensis (C015), Fusarium sp. (U090) and Cochliobolus lunatus (U065) alters the
endogenous levels of SA and JA and the expression of the JA-dependent indirect defense
traits (extrafloral nectar secretion and volatile organic compounds emission) [38]. The au-
thors found that plant SA level was significantly decreased in plants by all of the strains [38].
Moreover, their results suggest that the endophytes interact in complex and strain-specific
ways with the endogenous levels of SA and JA and with the defense traits that are controlled
by these hormones. These findings are in line with the hypothesis that the endophytes
decrease endogenous levels of SA, likely due to SA–JA trade-offs [39].

The mechanism behind the SA down accumulation has not been fully investigated.
However, bacteria contain salicylate hydroxylase, nahG, which are able to metabolize SA
in an inactive molecule [40,41]. In studying SA degradation in endophytic fungi, Graminha
and colleagues reported that Aspergillus nidulans contained a salicylate hydroxylase-like
gene which was able to catabolize the naphthalene portion of terbinafine in a similar manner
as do bacteria [42]. This ability to degrade SA seems to be a common phenomenon among
fungi [43]. However, Ambrose and colleagues characterized the endophytic fungi Epichloë
festucae salicylate hydroxylase in red fescue [44]. They found that in planta expression of the
E. festucae salicylate hydroxylase did not significantly modify the SA level in endophyte-
infected plants compared to endophyte-free plants. This suggests that the expression of
salicylate hydroxylase by the endophyte was not the main factor in the lack of a host defense
response during endophyte colonization [44]. This further strengthens the hypothesis
that SA- and JA-mediated defense response pathways are mutually antagonistic in plant–
endophyte interactions [45].

The study of Schmid and colleagues analyzed the transcriptomes of Epichloë festu-
cae and its host Lolium perenne in host tissues of different function and developmental
stages [46]. They found 289 genes that are induced more than two times in endophyte-
inoculated plants compared to uninoculated plants. Among these, 85 are associated with
hormone synthesis, transport, and metabolism showing that the symbiosis strongly affects
the plant hormonal homeostasis. The alteration in gene expression associated to hormones
is linked to SA, JA, gibberellin, ethylene, abscisic acid, cytokinin, and auxin. However,
no specific link was observed with SA and no PR genes were found in the defense genes
induced more than twice in inoculated plants, suggesting that the modification of the plant
defense metabolism is not significantly associated with SA in this symbiotic interaction [46].

To understand the impact of SA on endophyte colonization of plants and its further
consequence on the response of plants to herbivores, the effect of the exogenous applica-
tion of SA was studied [47]. It was shown that plants in symbiosis with Epichloë fungal
endophytes had lower concentrations of SA than did endophyte-free plants. Upon the ex-
ogenous application of SA, physiological concentration of the SA was highly increased and
a significant reduction in endophyte-produced alkaloid (loline) was observed in the leaves.
This reduction was correlated to an increased susceptibility to aphids [47]. These results
support the hypothesis that high SA content suppresses some fungal endophytes [48].

Endophytes also protect plants through the priming of plant defense mechanisms. In
this context, Paenibacillus alvei K165 was able to protect Arabidopsis thaliana against the fungi
Verticillium dahlia [49]. The priming reaction was associated with the induced expression
of PR1, PR2, and PR5 genes. Moreover, the defense reaction further required intact SA
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biosynthesis and signaling pathways [49]. Likewise, root-colonizing Pseudomonas fluorescens
strain SS101 increased resistance in A. thaliana against Pseudomonas syringae pv tomato (Pst)
and the insect pest Spodoptera exigua. Transcriptomic analysis and bioassays with specific
Arabidopsis mutants showed that the induced resistance response to Pst was dependent on
SA and not on JA and ethylene [50]. Furthermore, the involvement of SA in the priming of
plant defense by Trichoderma strains against Botrytis cinerea was described in Arabidopsis and
Solanum lycopersicum [51–53]. Finally, Kou and colleagues showed that Epichloë endophytes
are capable of inducing SA-dependent defense responses in the host plants to provide
significant resistance against the pathogen Blumeria graminis [54].

Taken together, these studies indicate that plant–endophyte interaction could be mod-
ulated by SA level (Table 1). Moreover, plant–endophyte interaction could also modulate
the SA metabolism among other hormones and prime plant defense reaction against bio-
aggressors. However, this is not a general conclusion, as JA signaling was also shown to be
associated with increased plant defense metabolism depending on the symbiotic partners.

3. SA in the Plant-Mycorrhiza Interactions

Mycorrhiza is a mutualistic symbiotic association between plants and root-colonizing
fungi. During this association, the fungi provide nutrients to the plant in exchange for
photosynthetic products [55]. In addition to their involvement in the nutrient supply,
mycorrhizal fungi increase plant ability to tolerate abiotic and biotic stress [56].

Numerous studies indicate that in the plant host/Arbuscular mycorrhiza fungi (AMF)
interaction, plant defense responses are induced during early root colonization and are
repressed subsequently [57,58]. A transient accumulation of SA during the first stage of AM
root colonization, associated with the early induction of plant defense responses, has been
reported [59,60]. The role of SA in the regulation of root colonization has been suggested
during the establishment of the AM symbiosis. Indeed, the inability of Myc- Pisum sativum
mutants to form the AM association was linked to enhanced SA level during the early steps
of the interaction [61].

Table 1. Involvement of salicylic acid in plant–microorganism symbiotic interactions and de-
fense priming.

Interaction Activity Effect Microbe Host Plant Ref.

Plant-Endophyte

Establishment
of symbiosis

Downregulation of SA
accumulation

Bartalinia pondoensis,
Fusarium sp., Cochliobolus

lunatus
Phaseolus lunatus [38]

Epichloë spp. Lolium multiflorum [47]

Defense

Antiherbivory Epichloë spp. Lolium multiflorum [47]

Enhanced VOC emission
Bartalinia pondoensis,

Fusarium sp., Cochliobolus
lunatus

Phaseolus lunatus [38]

Induction of PR genes. Paenibacillus alvei Arabidopsis thaliana [49]

Induction of defense
related genes

Pseudomonas fluorescens Arabidopsis thaliana [50]

Trichoderma spp. Arabidopsis thaliana [51,52]

Solanum lycopersicum [53]

Epichloë gansuensis Achnatherum inebrians [54]
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Table 1. Cont.

Interaction Activity Effect Microbe Host Plant Ref.

Plant-
Mycorrhiza

Establishment
of symbiosis

Regulation of root
colonization

Glomus mosseae Pisum sativum [61]

Glomus intraradices,
Glomus mosseae Nicotiana tabacum [62]

Funneliformis mosseae,
Rhizophagus irregularis

Solanum lycopersicum,
Glycine max, Zea mays [63]

Glomus sp. Solanum tuberosum,
Medicago truncatula [64]

Defense

Defense Priming
Glomus mosseae Trifolium repens [65]

Rhizofagus irregularis Vitis vinifera [66]

Induction of defense
related genes

Claroideoglomus etunicatum,
Claroideoglomus claroideum,

Rhizophagus irregularis,
Funneliformis geosporus,
Funneliformis mosseae

Pisum sativum [67]

Glomus sp. Solanum tuberosum,
Medicago truncatula [68]

Funneliformis mosseae Triticum aestivum [69]

Glomus intraradices Oryza sativa [70]

Glomus mosseae Oryza sativa [59]

Plant-Rhizobia

Establishment
of symbiosis

Regulation of root
colonization and nodule

formation

Mesorhizobium loti Lotus japonicus,
Medicago truncatula [71]

Sinorhizobium meliloti Medicago sativa [72]

Sinorhizobium meliloti Medicago sativa [73]

Decreased innate
immunity within

nodules

Sinorhizobium spp. Medicago truncatula [74]

Sinorhizobium spp Medicago truncatula [75]

Defense Induction of defense
related genes

Sinorhizobium spp. Medicago truncatula [75]

Rhizobium leguminosarum,
Sinorhizobium meliloti

Medicago truncatula,
Pisum sativum [76]

Rhizobium leguminosarum Pisum sativum [77,78]

Sinorhizobium meliloti Medicago truncatula [79]

Moreover, SA exogenously applied to roots in AMF–rice interaction reduced root
colonization at the early stages of the interaction [59]. However, no effect of SA on AMF
appressoria formation was observed [59]. Application of SA to leaves of cucumber plants
showed no effect on the interaction with AMF excluding its systemic effect on the symbiotic
interaction [80]. The effect of SA level on plant–mycorrhizae interactions was confirmed
by Herrera-Medina and colleagues [62]. They showed that NahG tobacco plants with
lower SA levels showed higher levels of root colonization, more infection units, and more
arbuscules [62]. In contrast, constitutive SA biosynthesis (CSA) tobacco plants inoculated
with Glomus intraradices or G. mosseae showed lower root colonization. The result of the
SA level on mycorrhization was similar for the infection with two AMF strains showing
that the effect was not specific to a fungal strain [62].

To better understand the defense reaction occurring in the plant–AMF interaction,
an integrative analysis of the response of phylogenetically diverse plants—tomato, soy-
bean, and maize—to two mycorrhizal fungi—Funneliformis mosseae and Rhizophagus
irregularis—was carried out [63]. The two AMF had different influence on the levels of SA,
and the associated transcriptional response was dependent on the plant and mycorrhizal
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fungi species. F. mosseae induced the SA-related pathway in the tomato, while R. irregularis
had no effect. In contrast, SA accumulation was induced by R. irregularis root colonization
in maize. Although SA level increases have been shown to be related to the initial stages
of the AM interaction [81], Fernández and colleagues demonstrated that higher SA levels
are associated with later stages of AM symbiosis in tomato and maize [63]. The variation
in SA levels depends on the partners’ genotypes, and more specifically on the coloniz-
ing fungus [63]. Similarly, elevated levels of SA have been also reported in G. mosseae
colonized clover [65] and barley [82]. In grapevine, SA level was significantly higher in
leaves of plants colonized with Rhizofagus irregularis at 2 months after mycorrhization. In
contrast, mycorrhizal grapevine roots contain significantly lower levels of SA [66]. It has
been proposed that SA signaling has a biphasic induction during AM symbiosis, with a
first increase in pre-symbiotic stages that level off as the colonization initiates, and a second
induction at later stages of root colonization likely to control colonization extension [64,83].

The mycorrhiza symbiosis has been reported to have a priming effect against some
pathogens [84–86]. The protective effect of mycorrhiza on below-ground pathogens was
correlated with a decrease in pathogen content within the plant tissues, which may be linked
to the competition for space between the pathogen and the mycorrhizal fungi. However, the
modification of root metabolism during the interaction with AMF can also increase the plant
protection through the increase in defense compounds [60,65,87,88]. In clover inoculated
with G. mosseae, the increase in both free and cell wall–bound phenolics was associated
with the activation of phenylalanine ammonia-lyase (PAL) activity and the accumulation of
nitric oxide (NO), hydrogen peroxide (H2O2), and SA [65]. This highlights that SA level
may be critical in the phenolic synthesis. The effect of mycorrhiza on the induction of
plant defense against leaf pathogens was also observed multiple times [68–70,87]. Using
metabolomics and proteomics approaches, Sistani and colleagues studied the impact
of AMF colonization on pathogen resistance in pea (Pisum sativum) against Didymella
pinodes [67]. They demonstrate that AMF improves seed yield and protects two pea
cultivars, Protecta and Messire, upon pathogen attack. However, the plant protection
was different depending on the plant cultivar, with a more effective response to pathogen
attack in the Protecta cultivar, showing genotype-specific defense strategies. Moreover,
the defense priming effect seems to be associated with JA accumulation and defense
induction as proteins involved in JA synthesis, N-jasmonoyl isoleucine and JA-responsive
proteins, are significantly accumulated in mycorrhized peas compared to non-mycorrhized
plants [67]. Besides the involvement of JA, the hormones SA, and abscisic acid, ethylene was
also potentially associated with resistance response [89]. The crosstalk between the different
hormonal pathways including SA remains to be analyzed in the different multitrophic
interactions to understand the mechanisms involved in the long-distance regulation of
plant defense against bio-aggressors.

In contrast to the induced defense by mycorrhiza, multiple reports showed that
mycorrhization may have a negative effect on plant defense against some pathogens [90].
These studies show that mycorrhiza-mediated beneficial or negative effects are dependent
on the species of plant, symbiotic fungi, and pathogen.

4. SA in Plant–Rhizobia Symbiosis

Nitrogen is an essential macronutrient for plants which determines growth, develop-
ment, and yield of plants [91]. In nitrogen-deficient soils, legume and actinorhizal plants
have the ability to establish symbiosis with soil bacteria and form nodules where the bacte-
ria obtain the appropriate conditions to reduce atmospheric nitrogen into ammonia [92].
Both bacterial–plant partners benefit from this symbiotic relationship. Plants receive a
ready source of reduced nitrogen from bacteria and in exchange bacteria receive protected
environment and usable carbon sources from their host plant [93].

In legume–rhizobia symbiosis, the infection of the plant by compatible rhizobia is usu-
ally associated with a transient activation of plant defence followed by its reduction which
allows an efficient invasion of the plant cells by thousands of bacteroids [74]. The defence
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response could be induced during some rhizobia–plant interactions and has been suggested
to play an important role in determining host range or in controlling the presence of the
bacteria in the plant [94,95]. Impaired nodulation of alfalfa with a nodC mutant of Sinorhi-
zobium meliloti unable to synthesize the lipochitin Nod signal required for infection was
associated with an increased accumulation of H2O2 and SA in roots, suggesting a defense
reaction in the inefficient interaction [72,96]. Similarly, an induced SA-dependent defense
reaction was associated with an impaired nodulation elicited by glutathione deficiency [97].
Thus, SA is linked to defense induction in impaired legume–rhizobium interactions.

It is widely accepted that leguminous plants have the ability to regulate nodulation,
and autoregulation occurs at different developmental stages [98,99]. This autoregulation
may be associated with a localized defense response. These responses could potentially
be involved in limiting nodulation during the infection process, such as infection thread
and nodule formation. Vasse and colleagues reported that a plant defense response was
associated with localized root cell necrosis and accumulation of phenolic compounds [73].
This defense reaction could be involved in the abortion of the infection threads during
infection of alfalfa by Sinorhizobium meliloti and reduce the successful infection [73]. Ex-
ogenous SA treatment on the root resulted in both reduced and delayed nodule formation
on alfalfa or vetch roots, reinforcing the idea that SA regulates the early steps of the root
infection by the rhizobia [72,100]. To analyse the importance of endogenous SA, Stacey
and colleagues constructed transgenic L. japonicus plants expressing salicylate hydroxylase,
encoded by the bacterial NahG gene and NahG-expressing Medicago truncatula roots [71].
These NahG transgenic L. japonicus plants presented significantly lower accumulation of
endogenous SA associated with higher nodulation level. The nodulation was also increased
for transgenic M. truncatula roots, but it was not possible to detect a significant reduction in
the SA content [71]. Taken together these reports indicate that SA-mediated plant defense
pathways are involved in modulating legume infection both during indeterminate and
determinate nodulation.

A recent study suggests that innate immunity is reduced or suppressed within nod-
ules [75]. This reduction likely enables colonization and nodulation process and maintains
viable rhizobia populations inside the plant. Benezech and colleagues evaluated the poten-
tial consequences and risks associated with an altered immunity in the symbiotic organ [75].
They used a tripartite system with the model legume Medicago truncatula, its nodulating
symbiont of the genus Sinorhizobium, and the pathogenic soil-borne bacterium Ralstonia
solanacearum. They also observed various colonization patterns for nodules, suggesting
that the pathogen can enter the nodules through multiple ways and that nodule innate
immunity was altered in the symbiotic organs allowing an easier nodule infection by
the pathogens. However, defense gene expression was activated in nodules and roots in
response to R. solanacearum infection. R. solanacearum-induced genes showed the same
expression kinetics in roots and nodules, notably genes associated with the SA defense
pathway, indicating that nodules can activate defense reactions upon infection with R.
solanacearum. Interestingly, 130 defense-related genes were found specifically induced in R.
solanacearum-infected nodules and not in roots, indicating that nodules develop defense
reactions distinct from roots as a whole [75].

In parallel with nodule local defense, SA has also been associated with defense priming
by nitrogen-fixing symbiosis. Rhizobium inoculation decreases disease severity levels
against Didymella pinodes by lower pathogen infection, significant reduction in seed infection
level, and higher accumulation of the phytoalexin pisatin [77,78]. To investigate whether
symbiotic rhizobia are able to modulate resistance against biotrophic pathogens, Smigliesski
and colleagues analysed the impact of pre-established nodulation of M. truncatula and
P. sativum against the powdery mildew fungus Erysiphe pisi [76]. In M. truncatula, nodulation
resulted in a reduced penetration by Erysiphe pisi with a similar degree of sporulation in
nodulated and non-nodulated plants. In contrast, nodulation of the pea did not affect fungal
penetration but resulted in a significant reduction in sporulation. This result indicates that
nodulation of M. truncatula and P. sativum improves early pre-penetration (M. truncatula)
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and late post penetration (pea) resistance against E. pisi [76]. Moreover, E. pisi inoculation
of M. truncatula significantly increased the concentration of free SA in leaves of nodulated
plants at both 1 and 7 dpi. By contrast, significant increase was observed only at the later
time in non-nodulated plants [76]. Similarly, the concentration of free SA was significantly
increased in nodulated peas at 7 dpi. These findings show that nodulation of pea and M.
truncatula primed the plants for E. pisi-triggered accumulation of free SA that correlated
with increased resistance against the powdery mildew fungus. It should be noted that in
the same context, nodulation did not protect M. truncatula from Xanthomonas campestris pv
alfalfa [76].

Pandharikar and colleagues demonstrated that nitrogen-fixing symbiosis influences
plant–aphid interactions and the plant’s defense response [79]. They observed a detrimental
effect of rhizobia-inoculated plants on the aphid development as they had lower weight
compared to aphids that fed on nitrate-supplemented plants. In addition, PR1 expression
was strongly upregulated in infested plants, confirming the activation of SA-dependent de-
fense; but a higher expression of Proteinase Inhibitor gene, a gene marker for JA transduction
pathway, was observed in the leaves of nodulated plants [79].

All together, the results point to the regulatory role of the SA-mediated pathway in
nitrogen-fixing symbiosis and to the defence-priming role of NFS either through SA or JA
regulation pathways in interactions with plant bio-aggressors.

5. The Future Challenges of Hormonal Regulation in Plant-Beneficial
Microbe Interactions

The involvement of SA in the interaction between plants and beneficial microbes
has been clearly demonstrated in recent years. However, the effects of the modulation
of the plant SA metabolism by the beneficial microbes remain largely elusive. Multiple
reports showed that the modification of SA metabolism was associated with increased plant
resistance to biotic and abiotic stress. In this context, the molecular mechanisms underlying
this improved adaptation of the plants to the environment remain open questions.

The heterogeneity of the resulting effect of the plant-beneficial microbes in term of
plant response to the microbes is also an intriguing topic. This heterogeneity suggests
that plant and microbial genetic variability play a significant role in the results of the
interaction. In this context, the search for plant and microbe genes regulating the outcome
of the interaction through screening of the genetic diversity associated with the success
of the interactions seems an exciting line of research. This screening for adapted species
which present better interactions is also attractive for increasing the use of microbes for
bio-stimulation and biocontrol in agroecological practices. Indeed, the use of beneficial
microbes will be helpful to improve plant growth in impaired plant growth conditions or a
reduced use of fertilizers and pesticides.
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16. Liu, Y.; Sun, T.; Sun, Y.; Zhang, Y.; Radojičić, A.; Ding, Y.; Tian, H.; Huang, X.; Lan, J.; Chen, S. Diverse Roles of the Salicylic Acid

Receptors NPR1 and NPR3/NPR4 in Plant Immunity. Plant Cell 2020, 32, 4002–4016. [CrossRef]
17. Fu, Z.Q.; Yan, S.; Saleh, A.; Wang, W.; Ruble, J.; Oka, N.; Mohan, R.; Spoel, S.H.; Tada, Y.; Zheng, N. NPR3 and NPR4 Are

Receptors for the Immune Signal Salicylic Acid in Plants. Nature 2012, 486, 228–232. [CrossRef]
18. Ali, S.; Ganai, B.A.; Kamili, A.N.; Bhat, A.A.; Mir, Z.A.; Bhat, J.A.; Tyagi, A.; Islam, S.T.; Mushtaq, M.; Yadav, P.; et al. Pathogenesis-

Related Proteins and Peptides as Promising Tools for Engineering Plants with Multiple Stress Tolerance. Microbiol. Res. 2018,
212–213, 29–37. [CrossRef]

19. Ali, S.; Mir, Z.A.; Bhat, J.A.; Tyagi, A.; Chandrashekar, N.; Yadav, P.; Rawat, S.; Sultana, M.; Grover, A. Isolation and Char-
acterization of Systemic Acquired Resistance Marker Gene PR1 and Its Promoter from Brassica Juncea. 3 Biotech 2018, 8, 10.
[CrossRef]

20. Bürger, M.; Chory, J. Stressed out about Hormones: How Plants Orchestrate Immunity. Cell Host Microbe 2019, 26, 163–172.
[CrossRef]

21. Yu, Y.; Gui, Y.; Li, Z.; Jiang, C.; Guo, J.; Niu, D. Induced Systemic Resistance for Improving Plant Immunity by Beneficial Microbes.
Plants 2022, 11, 386. [CrossRef] [PubMed]

22. Aerts, N.; Pereira Mendes, M.; Van Wees, S.C. Multiple Levels of Crosstalk in Hormone Networks Regulating Plant Defense.
Plant J. 2021, 105, 489–504. [CrossRef] [PubMed]

23. Santos, M.L.D.; Berlitz, D.L.; Wiest, S.L.F.; Schünemann, R.; Knaak, N.; Fiuza, L.M. Benefits Associated with the Interaction of
Endophytic Bacteria and Plants. Braz. Arch. Biol. Technol. 2018, 61, e18160431. [CrossRef]

24. Dighton, J. Mycorrhizae. In Encyclopedia of Microbiology, 3rd ed.; Schaechter, M., Ed.; Academic Press: Oxford, UK, 2009;
pp. 153–162. [CrossRef]

25. Gashgari, R.; Selim, S.; Abdel-Mawgoud, M.; Warrad, M.; Habeeb, T.H.; Saleh, A.M.; AbdElgawad, H. Arbuscular Mycorrhizae
Induce a Global Metabolic Change and Improve the Nutritional and Health Benefits of Pennyroyal and Parsley. Acta Physiol.
Plant. 2020, 42, 102. [CrossRef]

26. Jaiswal, S.K.; Mohammed, M.; Ibny, F.Y.; Dakora, F.D. Rhizobia as a Source of Plant Growth-Promoting Molecules: Potential
Applications and Possible Operational Mechanisms. Front. Sustain. Food Syst. 2021, 4, 619676. [CrossRef]

27. Wang, C.; Reid, J.B.; Foo, E. The Art of Self-Control–Autoregulation of Plant–Microbe Symbioses. Front. Plant Sci. 2018, 9, 988.
[CrossRef] [PubMed]

28. Gourion, B.; Berrabah, F.; Ratet, P.; Stacey, G. Rhizobium–Legume Symbioses: The Crucial Role of Plant Immunity. Trends Plant
Sci. 2015, 20, 186–194. [CrossRef]

http://doi.org/10.1186/s12915-017-0364-8
http://doi.org/10.1007/s00018-020-03515-w
http://doi.org/10.3390/ijms23105568
http://doi.org/10.3389/fpls.2014.00697
http://doi.org/10.1016/j.tplants.2014.10.002
http://doi.org/10.4161/psb.1.4.3221
http://doi.org/10.1146/annurev-arplant-042811-105606
http://doi.org/10.1016/j.pbi.2013.06.019
http://doi.org/10.1016/j.plantsci.2018.01.001
http://doi.org/10.5423/PPJ.RW.12.2019.0295
http://doi.org/10.1016/j.pbi.2004.07.005
http://doi.org/10.1016/j.cell.2009.05.010
http://doi.org/10.1371/journal.ppat.1005707
http://doi.org/10.1080/07060661.2016.1149106
http://doi.org/10.1038/cr.2012.100
http://doi.org/10.1105/tpc.20.00499
http://doi.org/10.1038/nature11162
http://doi.org/10.1016/j.micres.2018.04.008
http://doi.org/10.1007/s13205-017-1027-8
http://doi.org/10.1016/j.chom.2019.07.006
http://doi.org/10.3390/plants11030386
http://www.ncbi.nlm.nih.gov/pubmed/35161366
http://doi.org/10.1111/tpj.15124
http://www.ncbi.nlm.nih.gov/pubmed/33617121
http://doi.org/10.1590/1678-4324-2018160431
http://doi.org/10.1016/B978-012373944-5.00327-8
http://doi.org/10.1007/s11738-020-03091-3
http://doi.org/10.3389/fsufs.2020.619676
http://doi.org/10.3389/fpls.2018.00988
http://www.ncbi.nlm.nih.gov/pubmed/30042780
http://doi.org/10.1016/j.tplants.2014.11.008


Biology 2022, 11, 861 11 of 13

29. Domonkos, Á.; Kovács, S.; Gombár, A.; Kiss, E.; Horváth, B.; Kováts, G.Z.; Farkas, A.; Tóth, M.T.; Ayaydin, F.; Bóka, K. NAD1
Controls Defense-like Responses in Medicago Truncatula Symbiotic Nitrogen Fixing Nodules Following Rhizobial Colonization
in a BacA-Independent Manner. Genes 2017, 8, 387. [CrossRef]

30. Arnold, A.E.; Mejía, L.C.; Kyllo, D.; Rojas, E.I.; Maynard, Z.; Robbins, N.; Herre, E.A. Fungal Endophytes Limit Pathogen Damage
in a Tropical Tree. Proc. Natl. Acad. Sci. USA 2003, 100, 15649–15654. [CrossRef]

31. Saikkonen, K.; Wäli, P.; Helander, M.; Faeth, S.H. Evolution of Endophyte–Plant Symbioses. Trends Plant Sci. 2004, 9, 275–280.
[CrossRef]

32. Yuan, Z.; Zhang, C.; Lin, F. Role of Diverse Non-Systemic Fungal Endophytes in Plant Performance and Response to Stress:
Progress and Approaches. J. Plant Growth Regul. 2010, 29, 116–126. [CrossRef]

33. Taulé, C.; Vaz-Jauri, P.; Battistoni, F. Insights into the Early Stages of Plant–Endophytic Bacteria Interaction. World J. Microbiol.
Biotechnol. 2021, 37, 13. [CrossRef]

34. Mehrasa, H.; Farnia, A.; Kenarsari, M.J.; Nakhjavan, S. Endophytic Bacteria and SA Application Improve Growth, Biochemical
Properties, and Nutrient Uptake in White Beans Under Drought Stress. J. Soil Sci. Plant Nutr. 2022. [CrossRef]

35. Nanda, S.; Mohanty, B.; Joshi, R.K. Endophyte-Mediated Host Stress Tolerance as a Means for Crop Improvement. In Endophytes
and Secondary Metabolites; Reference Series in Phytochemistry; Jha, S., Ed.; Springer: Berlin/Heidelberg, Germany, 2019; pp. 1–25.

36. Cheng, T.; Yao, X.-Z.; Wu, C.-Y.; Zhang, W.; He, W.; Dai, C.-C. Endophytic Bacillus Megaterium Triggers Salicylic Acid-Dependent
Resistance and Improves the Rhizosphere Bacterial Community to Mitigate Rice Spikelet Rot Disease. Appl. Soil Ecol. 2020, 156,
103710. [CrossRef]

37. Bastías, D.A.; Gianoli, E.; Gundel, P.E. Fungal Endophytes Can Eliminate the Plant Growth–Defence Trade-off. New Phytol. 2021,
230, 2105–2113. [CrossRef]

38. Navarro-Meléndez, A.L.; Heil, M. Symptomless Endophytic Fungi Suppress Endogenous Levels of Salicylic Acid and Interact
with the Jasmonate-Dependent Indirect Defense Traits of Their Host, Lima Bean (Phaseolus Lunatus). J. Chem. Ecol. 2014, 40,
816–825. [CrossRef]

39. Thaler, J.S.; Humphrey, P.T.; Whiteman, N.K. Evolution of Jasmonate and Salicylate Signal Crosstalk. Trends Plant Sci. 2012, 17,
260–270. [CrossRef] [PubMed]

40. Gaffney, T.; Friedrich, L.; Vernooij, B.; Negrotto, D.; Nye, G.; Uknes, S.; Ward, E.; Kessmann, H.; Ryals, J. Requirement of Salicylic
Acid for the Induction of Systemic Acquired Resistance. Science 1993, 261, 754–756. [CrossRef]

41. Zhang, Y.; Li, X. Salicylic Acid: Biosynthesis, Perception, and Contributions to Plant Immunity. Curr. Opin. Plant Biol. 2019, 50,
29–36. [CrossRef]

42. Graminha, M.A.; Rocha, E.M.; Prade, R.A.; Martinez-Rossi, N.M. Terbinafine Resistance Mediated by Salicylate 1-Monooxygenase
in Aspergillus Nidulans. Antimicrob. Agents Chemother. 2004, 48, 3530–3535. [CrossRef] [PubMed]

43. Rabe, F.; Ajami-Rashidi, Z.; Doehlemann, G.; Kahmann, R.; Djamei, A. Degradation of the Plant Defence Hormone Salicylic Acid
by the Biotrophic Fungus U Stilago Maydis. Mol. Microbiol. 2013, 89, 179–188. [CrossRef] [PubMed]

44. Ambrose, K.V.; Tian, Z.; Wang, Y.; Smith, J.; Zylstra, G.; Huang, B.; Belanger, F.C. Functional Characterization of Salicylate
Hydroxylase from the Fungal Endophyte Epichloë Festucae. Sci. Rep. 2015, 5, 10939. [CrossRef] [PubMed]

45. Ren, C.-G.; Dai, C.-C. Jasmonic Acid Is Involved in the Signaling Pathway for Fungal Endophyte-Induced Volatile Oil Accumula-
tion of Atractylodes Lancea Plantlets. BMC Plant Biol. 2012, 12, 128. [CrossRef]

46. Schmid, J.; Day, R.; Zhang, N.; Dupont, P.-Y.; Cox, M.P.; Schardl, C.L.; Minards, N.; Truglio, M.; Moore, N.; Harris, D.R. Host
Tissue Environment Directs Activities of an Epichloë Endophyte, While It Induces Systemic Hormone and Defense Responses in
Its Native Perennial Ryegrass Host. Mol. Plant. Microbe Interact. 2017, 30, 138–149. [CrossRef]

47. Bastias Campos, D.; Martinez-Ghersa, M.A.; Newman, J.A.; Card, S.D.; Mace, W.J.; Gundel, P.E. The Plant Hormone Salicylic
Acid Interacts with the Mechanism of Anti-herbivory Conferred by Fungal Endophytes in Grasses. Plant Cell Environ. 2018, 41,
395–405. [CrossRef] [PubMed]

48. Kusumoto, D.; Matsumura, E. Effects of Salicylic Acid, 1-aminocyclopropan-1-carboxylic Acid and Methyl Jasmonate on the
Frequencies of Endophytic Fungi in Quercus Serrata Leaves. For. Pathol. 2012, 42, 393–396. [CrossRef]

49. Tjamos, S.E.; Flemetakis, E.; Paplomatas, E.J.; Katinakis, P. Induction of Resistance to Verticillium Dahliae in Arabidopsis Thaliana
by the Biocontrol Agent K-165 and Pathogenesis-Related Proteins Gene Expression. Mol. Plant. Microbe Interact. 2005, 18, 555–561.
[CrossRef] [PubMed]

50. van de Mortel, J.E.; de Vos, R.C.; Dekkers, E.; Pineda, A.; Guillod, L.; Bouwmeester, K.; van Loon, J.J.; Dicke, M.; Raaijmakers, J.M.
Metabolic and Transcriptomic Changes Induced in Arabidopsis by the Rhizobacterium Pseudomonas Fluorescens SS101. Plant
Physiol. 2012, 160, 2173–2188. [CrossRef] [PubMed]

51. Contreras-Cornejo, H.A.; Macías-Rodríguez, L.; Beltrán-Peña, E.; Herrera-Estrella, A.; López-Bucio, J. Trichoderma-Induced
Plant Immunity Likely Involves Both Hormonal-and Camalexin-Dependent Mechanisms in Arabidopsis Thaliana and Confers
Resistance against Necrotrophic Fungi Botrytis Cinerea. Plant Signal. Behav. 2011, 6, 1554–1563. [CrossRef] [PubMed]

52. Mathys, J.; De Cremer, K.; Timmermans, P.; Van Kerkhove, S.; Lievens, B.; Vanhaecke, M.; Cammue, B.; De Coninck, B. Genome-
Wide Characterization of ISR Induced in Arabidopsis Thaliana by Trichoderma Hamatum T382 against Botrytis Cinerea Infection.
Front. Plant Sci. 2012, 3, 108. [CrossRef]

http://doi.org/10.3390/genes8120387
http://doi.org/10.1073/pnas.2533483100
http://doi.org/10.1016/j.tplants.2004.04.005
http://doi.org/10.1007/s00344-009-9112-9
http://doi.org/10.1007/s11274-020-02966-4
http://doi.org/10.1007/s42729-022-00884-y
http://doi.org/10.1016/j.apsoil.2020.103710
http://doi.org/10.1111/nph.17335
http://doi.org/10.1007/s10886-014-0477-2
http://doi.org/10.1016/j.tplants.2012.02.010
http://www.ncbi.nlm.nih.gov/pubmed/22498450
http://doi.org/10.1126/science.261.5122.754
http://doi.org/10.1016/j.pbi.2019.02.004
http://doi.org/10.1128/AAC.48.9.3530-3535.2004
http://www.ncbi.nlm.nih.gov/pubmed/15328121
http://doi.org/10.1111/mmi.12269
http://www.ncbi.nlm.nih.gov/pubmed/23692401
http://doi.org/10.1038/srep10939
http://www.ncbi.nlm.nih.gov/pubmed/26055188
http://doi.org/10.1186/1471-2229-12-128
http://doi.org/10.1094/MPMI-10-16-0215-R
http://doi.org/10.1111/pce.13102
http://www.ncbi.nlm.nih.gov/pubmed/29194664
http://doi.org/10.1111/j.1439-0329.2012.00772.x
http://doi.org/10.1094/MPMI-18-0555
http://www.ncbi.nlm.nih.gov/pubmed/15986925
http://doi.org/10.1104/pp.112.207324
http://www.ncbi.nlm.nih.gov/pubmed/23073694
http://doi.org/10.4161/psb.6.10.17443
http://www.ncbi.nlm.nih.gov/pubmed/21931272
http://doi.org/10.3389/fpls.2012.00108


Biology 2022, 11, 861 12 of 13

53. Martínez-Medina, A.; Fernández, I.; Sánchez-Guzmán, M.J.; Jung, S.C.; Pascual, J.A.; Pozo, M.J. Deciphering the Hormonal
Signalling Network behind the Systemic Resistance Induced by Trichoderma Harzianum in Tomato. Front. Plant Sci. 2013, 4, 206.
[CrossRef] [PubMed]

54. Kou, M.-Z.; Bastías, D.A.; Christensen, M.J.; Zhong, R.; Nan, Z.-B.; Zhang, X.-X. The Plant Salicylic Acid Signalling Pathway
Regulates the Infection of a Biotrophic Pathogen in Grasses Associated with an Epichloë Endophyte. J. Fungi 2021, 7, 633.
[CrossRef]

55. Tedersoo, L.; Bahram, M. Mycorrhizal Types Differ in Ecophysiology and Alter Plant Nutrition and Soil Processes. Biol. Rev. 2019,
94, 1857–1880. [CrossRef] [PubMed]

56. Wu, Q.-S. Arbuscular Mycorrhizas and Stress Tolerance of Plants, 1st ed.; Springer: Singapore, 2017.
57. García-Garrido, J.M.; Ocampo, J.A. Regulation of the Plant Defence Response in Arbuscular Mycorrhizal Symbiosis. J. Exp. Bot.

2002, 53, 1377–1386. [CrossRef] [PubMed]
58. Poveda, J.; Hermosa, R.; Monte, E.; Nicolás, C. Trichoderma Harzianum Favours the Access of Arbuscular Mycorrhizal Fungi to

Non-Host Brassicaceae Roots and Increases Plant Productivity. Sci. Rep. 2019, 9, 11650. [CrossRef]
59. Blilou, I.; Ocampo, J.A.; García-Garrido, J.M. Induction of Ltp (Lipid Transfer Protein) and Pal (Phenylalanine Ammonia-lyase) Gene

Expression in Rice Roots Colonized by the Arbuscular Mycorrhizal Fungus Glomus Mosseae. J. Exp. Bot. 2000, 51, 1969–1977.
[CrossRef]

60. Blilou, I.; Bueno, P.; Ocampo, J.A.; García-Garrido, J.M. Induction of Catalase and Ascorbate Peroxidase Activities in Tobacco
Roots Inoculated with the Arbuscular Mycorrhizal Glomus Mosseae. Mycol. Res. 2000, 104, 722–725. [CrossRef]

61. Blilou, I.; Ocampo, J.A.; García-Garrido, J.M. Resistance of Pea Roots to Endomycorrhizal Fungus or Rhizobium Correlates with
Enhanced Levels of Endogenous Salicylic Acid. J. Exp. Bot. 1999, 50, 1663–1668. [CrossRef]

62. Medina, M.J.H.; Gagnon, H.; Piché, Y.; Ocampo, J.A.; Garrido, J.M.G.; Vierheilig, H. Root Colonization by Arbuscular Mycorrhizal
Fungi Is Affected by the Salicylic Acid Content of the Plant. Plant Sci. 2003, 164, 993–998. [CrossRef]

63. Fernández, I.; Merlos, M.; López-Ráez, J.; Martínez-Medina, A.; Ferrol, N.; Azcón, C.; Bonfante, P.; Flors, V.; Pozo, M. Defense
Related Phytohormones Regulation in Arbuscular Mycorrhizal Symbioses Depends on the Partner Genotypes. J. Chem. Ecol.
2014, 40, 791–803. [CrossRef]

64. Gallou, A.; Declerck, S.; Cranenbrouck, S. Transcriptional Regulation of Defence Genes and Involvement of the WRKY Transcrip-
tion Factor in Arbuscular Mycorrhizal Potato Root Colonization. Funct. Integr. Genom. 2012, 12, 183–198. [CrossRef]

65. Zhang, R.-Q.; Zhu, H.-H.; Zhao, H.-Q.; Yao, Q. Arbuscular Mycorrhizal Fungal Inoculation Increases Phenolic Synthesis in Clover
Roots via Hydrogen Peroxide, Salicylic Acid and Nitric Oxide Signaling Pathways. J. Plant Physiol. 2013, 170, 74–79. [CrossRef]
[PubMed]

66. Goddard, M.-L.; Belval, L.; Martin, I.R.; Roth, L.; Laloue, H.; Deglène-Benbrahim, L.; Valat, L.; Bertsch, C.; Chong, J. Arbuscular
Mycorrhizal Symbiosis Triggers Major Changes in Primary Metabolism Together with Modification of Defense Responses and
Signaling in Both Roots and Leaves of Vitis Vinifera. Front. Plant Sci. 2021, 12, 721614. [CrossRef]

67. Ranjbar Sistani, N.; Desalegn, G.; Kaul, H.-P.; Wienkoop, S. Seed Metabolism and Pathogen Resistance Enhancement in Pisum
Sativum during Colonization of Arbuscular Mycorrhizal Fungi: An Integrative Metabolomics-Proteomics Approach. Front. Plant
Sci. 2020, 11, 872. [CrossRef]

68. Gallou, A.; Mosquera, H.P.L.; Cranenbrouck, S.; Suárez, J.P.; Declerck, S. Mycorrhiza Induced Resistance in Potato Plantlets
Challenged by Phytophthora Infestans. Physiol. Mol. Plant Pathol. 2011, 76, 20–26. [CrossRef]

69. Fiorilli, V.; Vannini, C.; Ortolani, F.; Garcia-Seco, D.; Chiapello, M.; Novero, M.; Domingo, G.; Terzi, V.; Morcia, C.; Bagnaresi, P.
Omics Approaches Revealed How Arbuscular Mycorrhizal Symbiosis Enhances Yield and Resistance to Leaf Pathogen in Wheat.
Sci. Rep. 2018, 8, 9625. [CrossRef] [PubMed]

70. Campos-Soriano, L.; García-Martínez, J.; SEGUNDO, B.S. The Arbuscular Mycorrhizal Symbiosis Promotes the Systemic Induction
of Regulatory Defence-related Genes in Rice Leaves and Confers Resistance to Pathogen Infection. Mol. Plant Pathol. 2012, 13,
579–592. [CrossRef]

71. Stacey, G.; McAlvin, C.B.; Kim, S.-Y.; Olivares, J.; Soto, M.J. Effects of Endogenous Salicylic Acid on Nodulation in the Model
Legumes Lotus Japonicus and Medicago Truncatula. Plant Physiol. 2006, 141, 1473–1481. [CrossRef]

72. Martinez-Abarca, F.; Herrera-Cervera, J.; Bueno, P.; Sanjuan, J.; Bisseling, T.; Olivares, J. Involvement of Salicylic Acid in the
Establishment of the Rhizobium Meliloti-Alfalfa Symbiosis. Mol. Plant. Microbe Interact. 1998, 11, 153–155. [CrossRef]

73. Vasse, J.; de Billy, F.; Truchet, G. Abortion of Infection during the Rhizobium Meliloti—Alfalfa Symbiotic Interaction Is Accompa-
nied by a Hypersensitive Reaction. Plant J. 1993, 4, 555–566. [CrossRef]

74. Berrabah, F.; Ratet, P.; Gourion, B. Multiple Steps Control Immunity during the Intracellular Accommodation of Rhizobia. J. Exp.
Bot. 2015, 66, 1977–1985. [CrossRef]

75. Benezech, C.; Berrabah, F.; Jardinaud, M.-F.; Le Scornet, A.; Milhes, M.; Jiang, G.; George, J.; Ratet, P.; Vailleau, F.; Gourion, B.
Medicago-Sinorhizobium-Ralstonia Co-Infection Reveals Legume Nodules as Pathogen Confined Infection Sites Developing
Weak Defenses. Curr. Biol. 2020, 30, 351–358. [CrossRef]

76. Smigielski, L.; Laubach, E.-M.; Pesch, L.; Glock, J.M.L.; Albrecht, F.; Slusarenko, A.; Panstruga, R.; Kuhn, H. Nodulation Induces
Systemic Resistance of Medicago Truncatula and Pisum Sativum against Erysiphe Pisi and Primes for Powdery Mildew-Triggered
Salicylic Acid Accumulation. Mol. Plant. Microbe Interact. 2019, 32, 1243–1255. [CrossRef]

http://doi.org/10.3389/fpls.2013.00206
http://www.ncbi.nlm.nih.gov/pubmed/23805146
http://doi.org/10.3390/jof7080633
http://doi.org/10.1111/brv.12538
http://www.ncbi.nlm.nih.gov/pubmed/31270944
http://doi.org/10.1093/jxb/53.373.1377
http://www.ncbi.nlm.nih.gov/pubmed/12021285
http://doi.org/10.1038/s41598-019-48269-z
http://doi.org/10.1093/jexbot/51.353.1969
http://doi.org/10.1017/S095375629900204X
http://doi.org/10.1093/jxb/50.340.1663
http://doi.org/10.1016/S0168-9452(03)00083-9
http://doi.org/10.1007/s10886-014-0473-6
http://doi.org/10.1007/s10142-011-0241-4
http://doi.org/10.1016/j.jplph.2012.08.022
http://www.ncbi.nlm.nih.gov/pubmed/23122788
http://doi.org/10.3389/fpls.2021.721614
http://doi.org/10.3389/fpls.2020.00872
http://doi.org/10.1016/j.pmpp.2011.06.005
http://doi.org/10.1038/s41598-018-27622-8
http://www.ncbi.nlm.nih.gov/pubmed/29941972
http://doi.org/10.1111/j.1364-3703.2011.00773.x
http://doi.org/10.1104/pp.106.080986
http://doi.org/10.1094/MPMI.1998.11.2.153
http://doi.org/10.1046/j.1365-313X.1993.04030555.x
http://doi.org/10.1093/jxb/eru545
http://doi.org/10.1016/j.cub.2019.11.066
http://doi.org/10.1094/MPMI-11-18-0304-R


Biology 2022, 11, 861 13 of 13

77. Desalegn, G.; Turetschek, R.; Kaul, H.-P.; Wienkoop, S. Microbial Symbionts Affect Pisum Sativum Proteome and Metabolome
under Didymella Pinodes Infection. J. Proteom. 2016, 143, 173–187. [CrossRef]

78. Ranjbar Sistani, N.; Kaul, H.-P.; Desalegn, G.; Wienkoop, S. Rhizobium Impacts on Seed Productivity, Quality, and Protection of
Pisum Sativum upon Disease Stress Caused by Didymella Pinodes: Phenotypic, Proteomic, and Metabolomic Traits. Front. Plant
Sci. 2017, 8, 1961. [CrossRef]

79. Pandharikar, G.; Gatti, J.-L.; Simon, J.-C.; Frendo, P.; Poirié, M. Aphid Infestation Differently Affects the Defences of Nitrate-Fed
and Nitrogen-Fixing Medicago Truncatula and Alters Symbiotic Nitrogen Fixation. Proc. R. Soc. B 2020, 287, 20201493. [CrossRef]

80. Ludwig-Müller, J.; Bennett, R.N.; García-Garrido, J.M.; Piché, Y.; Vierheilig, H. Reduced Arbuscular Mycorrhizal Root Colonization
in Tropaeolum Majus and Carica Papaya after Jasmonic Acid Application Can Not Be Attributed to Increased Glucosinolate
Levels. J. Plant Physiol. 2002, 159, 517–523. [CrossRef]

81. Campos-Soriano, L.; García-Garrido, J.M.; Segundo, B.S. Activation of Basal Defense Mechanisms of Rice Plants by Glomus
Intraradices Does Not Affect the Arbuscular Mycorrhizal Symbiosis. New Phytol. 2010, 188, 597–614. [CrossRef] [PubMed]

82. Khaosaad, T.; Garcia-Garrido, J.; Steinkellner, S.; Vierheilig, H. Take-All Disease Is Systemically Reduced in Roots of Mycorrhizal
Barley Plants. Soil Biol. Biochem. 2007, 39, 727–734. [CrossRef]

83. Fujita, M.; Kusajima, M.; Fukagawa, M.; Okumura, Y.; Nakajima, M.; Akiyama, K.; Asami, T.; Yoneyama, K.; Kato, H.; Nakashita,
H. Response of Tomatoes Primed by Mycorrhizal Colonization to Virulent and Avirulent Bacterial Pathogens. Sci. Rep. 2022, 12,
4686. [CrossRef]

84. Cordier, C.; Pozo, M.J.; Barea, J.-M.; Gianinazzi, S.; Gianinazzi-Pearson, V. Cell Defense Responses Associated with Localized and
Systemic Resistance to Phytophthora Parasitica Induced in Tomato by an Arbuscular Mycorrhizal Fungus. Mol. Plant. Microbe
Interact. 1998, 11, 1017–1028. [CrossRef]

85. Pozo, M.J.; Cordier, C.; Dumas-Gaudot, E.; Gianinazzi, S.; Barea, J.M.; Azcón-Aguilar, C. Localized versus Systemic Effect of
Arbuscular Mycorrhizal Fungi on Defence Responses to Phytophthora Infection in Tomato Plants. J. Exp. Bot. 2002, 53, 525–534.
[CrossRef]

86. Zhu, H.; Yao, Q. Localized and Systemic Increase of Phenols in Tomato Roots Induced by Glomus Versiforme Inhibits Ralstonia
Solanacearum. J. Phytopathol. 2004, 152, 537–542. [CrossRef]

87. Jung, S.C.; Martinez-Medina, A.; Lopez-Raez, J.A.; Pozo, M.J. Mycorrhiza-Induced Resistance and Priming of Plant Defenses. J.
Chem. Ecol. 2012, 38, 651–664. [CrossRef]

88. Lokhandwala, A.; Hoeksema, J.D. Priming by Arbuscular Mycorrhizal Fungi of Plant Antioxidant Enzyme Production: A
Meta-Analysis. Annu. Plant Rev. 2019, 2, 1069–1084.

89. Bedini, A.; Mercy, L.; Schneider, C.; Franken, P.; Lucic-Mercy, E. Unraveling the Initial Plant Hormone Signaling, Metabolic
Mechanisms and Plant Defense Triggering the Endomycorrhizal Symbiosis Behavior. Front. Plant Sci. 2018, 9, 1800. [CrossRef]

90. Miozzi, L.; Vaira, A.M.; Catoni, M.; Fiorilli, V.; Accotto, G.P.; Lanfranco, L. Arbuscular Mycorrhizal Symbiosis: Plant Friend or Foe
in the Fight Against Viruses? Front. Microbiol. 2019, 10, 1238. [CrossRef]

91. Anas, M.; Liao, F.; Verma, K.K.; Sarwar, M.A.; Mahmood, A.; Chen, Z.-L.; Li, Q.; Zeng, X.-P.; Liu, Y.; Li, Y.-R. Fate of Nitrogen in
Agriculture and Environment: Agronomic, Eco-Physiological and Molecular Approaches to Improve Nitrogen Use Efficiency.
Biol. Res. 2020, 53, 47. [CrossRef]

92. Desbrosses, G.J.; Stougaard, J. Root Nodulation: A Paradigm for How Plant-Microbe Symbiosis Influences Host Developmental
Pathways. Cell Host Microbe 2011, 10, 348–358. [CrossRef]

93. Wang, Q.; Liu, J.; Zhu, H. Genetic and Molecular Mechanisms Underlying Symbiotic Specificity in Legume-Rhizobium Interactions.
Front. Plant Sci. 2018, 9, 313. [CrossRef]

94. Jones, K.M.; Kobayashi, H.; Davies, B.W.; Taga, M.E.; Walker, G.C. How Rhizobial Symbionts Invade Plants: The Sinorhizobium–
Medicago Model. Nat. Rev. Microbiol. 2007, 5, 619–633. [CrossRef]

95. Walker, L.; Lagunas, B.; Gifford, M.L. Determinants of Host Range Specificity in Legume-Rhizobia Symbiosis. Front. Microbiol.
2020, 11, 3028. [CrossRef]

96. Bueno, P.; Soto, M.J.; Rodríguez-Rosales, M.P.; Sanjuan, J.; Olivares, J.; Donaire, J.P. Time-course of Lipoxygenase, Antioxidant
Enzyme Activities and H2O2 Accumulation during the Early Stages of Rhizobium–Legume Symbiosis. New Phytol. 2001, 152,
91–96. [CrossRef]

97. Pucciariello, C.; Innocenti, G.; Van de Velde, W.; Lambert, A.; Hopkins, J.; Clément, M.; Ponchet, M.; Pauly, N.; Goormachtig,
S.; Holsters, M. (Homo) Glutathione Depletion Modulates Host Gene Expression during the Symbiotic Interaction between
Medicago Truncatula and Sinorhizobium Meliloti. Plant Physiol. 2009, 151, 1186–1196. [CrossRef]

98. Caetano-Anollés, G.; Gresshoff, P.M. Plant Genetic Control of Nodulation. Annu. Rev. Microbiol. 1991, 45, 345–382. [CrossRef]
99. Lin, J.; Frank, M.; Reid, D. No Home without Hormones: How Plant Hormones Control Legume Nodule Organogenesis. Plant

Commun. 2020, 1, 100104. [CrossRef]
100. van Spronsen, P.C.; Tak, T.; Rood, A.M.; van Brussel, A.A.; Kijne, J.W.; Boot, K.J. Salicylic Acid Inhibits Indeterminate-Type

Nodulation but Not Determinate-Type Nodulation. Mol. Plant. Microbe Interact. 2003, 16, 83–91. [CrossRef]

http://doi.org/10.1016/j.jprot.2016.03.018
http://doi.org/10.3389/fpls.2017.01961
http://doi.org/10.1098/rspb.2020.1493
http://doi.org/10.1078/0176-1617-00731
http://doi.org/10.1111/j.1469-8137.2010.03386.x
http://www.ncbi.nlm.nih.gov/pubmed/20659300
http://doi.org/10.1016/j.soilbio.2006.09.014
http://doi.org/10.1038/s41598-022-08395-7
http://doi.org/10.1094/MPMI.1998.11.10.1017
http://doi.org/10.1093/jexbot/53.368.525
http://doi.org/10.1111/j.1439-0434.2004.00892.x
http://doi.org/10.1007/s10886-012-0134-6
http://doi.org/10.3389/fpls.2018.01800
http://doi.org/10.3389/fmicb.2019.01238
http://doi.org/10.1186/s40659-020-00312-4
http://doi.org/10.1016/j.chom.2011.09.005
http://doi.org/10.3389/fpls.2018.00313
http://doi.org/10.1038/nrmicro1705
http://doi.org/10.3389/fmicb.2020.585749
http://doi.org/10.1046/j.0028-646x.2001.00246.x
http://doi.org/10.1104/pp.109.142034
http://doi.org/10.1146/annurev.mi.45.100191.002021
http://doi.org/10.1016/j.xplc.2020.100104
http://doi.org/10.1094/MPMI.2003.16.1.83

	Introduction 
	SA in Plant–Endophyte Interactions 
	SA in the Plant-Mycorrhiza Interactions 
	SA in Plant–Rhizobia Symbiosis 
	The Future Challenges of Hormonal Regulation in Plant-Beneficial Microbe Interactions 
	References

