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a b s t r a c t

Beneficial soil-borne microorganisms can induce an enhanced defensive capacity in above-ground plant
parts that provides protection against a broad spectrum of microbial pathogens and even insect herbi-
vores. The phytohormones jasmonic acid (JA) and ethylene emerged as important regulators of this
induced systemic resistance (ISR). ISR triggered by plant growth-promoting rhizobacteria and fungi is
often not associated with enhanced biosynthesis of these hormones, nor with massive changes in
defense-related gene expression. Instead, ISR-expressing plants are primed for enhanced defense. Prim-
ing is characterized by a faster and stronger expression of cellular defense responses that become acti-
vated only upon pathogen or insect attack, resulting in an enhanced level of resistance to the invader
encountered. Recent advances in induced defense signaling research revealed regulators of ISR and sug-
gest a model in which (JA)-related transcription factors play a central role in establishing the primed
state.
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1. Introduction

Plant roots are surrounded by a nutrient-rich habitat, called the
rhizosphere, which provides a niche to a large and diverse com-
munity of microorganisms that thrive on root exudates (Lugten-
berg et al., 2001; Walker et al., 2003). Within this community of
competing and interacting microbes, a whole range of parasitic
and beneficial microorganisms can be found that either cause dis-
ease or enhance plant performance, respectively. Mycorrhizal fun-
gi and Rhizobium spp. are amongst the best-studied beneficial
microorganisms. Mycorrhizal fungi provide the host with an en-
hanced root surface to absorb water and mineral nutrients such
as phosphate (Harrison, 2005; see review by Hause and
Schaarschmidt in this issue), whereas Rhizobium spp. fix nitrogen
from the atmosphere into ammonium which can be used for ami-
no acid biosynthesis (Spaink, 2000; see review by Hause and
Schaarschmidt in this issue). Plant growth-promoting rhizobacte-
ria (PGPR) and fungi (PGPF) are another class of soil-borne mi-
crobes with beneficial effects on plant performance. PGPR and
PGPF are non-pathogenic and occur in large numbers in the rhizo-
sphere. They can stimulate plant growth by enhancing the plant’s
photosynthetic capacity (Zhang et al., 2008), by increasing toler-
ance to abiotic stress (Yang et al., 2009), or by suppressing plant
diseases (Harman et al., 2004; Kloepper et al., 2004; Pozo and Az-
con-Aguilar, 2007; Van Loon et al., 1998) and insect herbivory
(Van Oosten et al., 2008; Zehnder et al., 2001). The disease sup-
pressive activity of PGPR and PGPF is exerted either directly by
hampering growth and development of soil-borne pathogens
through competition for nutrients or secretion of antibiotics in
the rhizosphere (Bakker et al., 2007; De Bruijn et al., 2007; Debode
et al., 2007; Handelsman and Stabb, 1996; Kamilova et al., 2008),
or indirectly by eliciting a plant-mediated systemic resistance re-
sponse (Kloepper et al., 2004; Van Loon et al., 1998; Van Wees
et al., 2008). Systemic resistance triggered by beneficial microor-
ganisms confers a broad-spectrum resistance that is effective
against different types attackers. The phytohormone jasmonic acid
and its derivatives, collectively called jasmonates (JAs), emerged
as important regulators of this systemic immune response. Here,
we review our current understanding of the signaling pathways
that control the immune responses that are triggered by beneficial
microbes, with special emphasis on the regulatory role of JAs in
this process.

2. Systemically induced disease resistance

2.1. Systemic acquired resistance

In the 1960s, Ross demonstrated that limited primary infection
with a pathogen rendered non-infected plant tissues more resis-
tant to subsequent pathogen attack. This long-lasting and broad-
spectrum induced disease resistance is referred to as systemic ac-
quired resistance (SAR; Durrant and Dong, 2004; Ross, 1961). The
onset of SAR is associated with increased levels of salicylic acid
(SA), and is characterized by the coordinate activation of a specific
set of PATHOGENESIS-RELATED (PR) genes, many of which encode
PR proteins with antimicrobial activity (Van Loon et al., 2006).
Studies with transgenic and mutant plants that are impaired in

the production or perception of SA demonstrated a central role
for this phytohormone in SAR (Loake and Grant, 2007; Vlot et al.,
2008). The regulatory protein NPR1 (NONEXPRESSOR OF PR
GENES1) emerged as an important transducer of the SA signal,
which upon activation by SA acts as a transcriptional co-activator
of PR gene expression (Dong, 2004). Besides SA, other hormones
are implicated in SAR signaling as well. In tobacco, Verberne
et al. (2003) demonstrated that ethylene (ET) perception is re-
quired for the onset of SA-dependent SAR that is triggered upon
infection by tobacco mosaic virus. In addition, Truman et al.
(2007) showed that the JA-signaling mutants sgt1b (suppressor of
g2 allele of SKP1 1b), opr3 (12-oxo-phytodienoate reductase 3) and
jin1 (jasmonate insensitive 1) failed to develop SAR upon leaf infil-
tration with an avirulent strain of the pathogen Pseudomonas syrin-
gae pv. tomato, suggesting that JAs play a role in SAR as well.
However, other JA-signaling mutants such as jar1 (jasmonate resis-
tant 1), eds8 (enhanced disease susceptibility 8), and coi1 (coronatine
insensitive 1) were shown to develop normal levels of SAR (Attaran
et al., 2009; Cui et al., 2005; Pieterse et al., 1998; Ton et al., 2002a).
Hence, the exact role of JA signaling in SAR needs to be further
explored.

2.2. Induced systemic resistance

Besides pathogens, also non-pathogenic microbes can elevate
the level of disease resistance in plants. This was first evidenced
by experiments in which colonization of plant roots by PGPR were
shown to protect above-ground plant tissues against different
types of pathogens (Van Loon et al., 1998). Like pathogen-induced
SAR, this PGPR-mediated induced systemic resistance (ISR) has
been demonstrated in many plant species and has a broad-spec-
trum of effectiveness (Kloepper et al., 2004; Van Loon and Bakker,
2006; Van Loon et al., 1998; Van Wees et al., 2008). Among the ISR-
inducing PGPR documented to date are many non-pathogenic
Pseudomonas spp. and Bacillus spp. (Kloepper et al., 2004; Van Loon
and Bakker, 2006). Although both SAR and ISR are effective against
different types of pathogens, their range of effectiveness is partly
divergent. For instance, in Arabidopsis thaliana it was shown that
SAR triggered by an avirulent strain of the bacterial leaf pathogen
P. syringae pv. tomato and ISR elicited by the PGPR Pseudomonas flu-
orescens WCS417r (WCS417r) are similarly effective against dis-
eases caused by virulent P. syringae, the fungal root pathogen
Fusarium oxysporum, and the downy mildew pathogen Hyalopero-
nospora arabidopsidis (Pieterse et al., 1996; Ton et al., 2002b). How-
ever, SAR was shown to be effective against turnip crinckle virus,
whereas ISR was not (Ton et al., 2002b). Conversely, ISR was shown
to protect Arabidopsis against the necrotrophic pathogens Alter-
naria brassicicola (Ton et al., 2002b), Botrytis cinerea (Van der Ent
et al., 2008) and Plectosphaerella cucumerina (Segarra et al., 2009),
whereas SAR was ineffective against these pathogens. Over the last
decade it has become clear that, like PGPR, many PGPF are able to
trigger a similar broad-spectrum ISR. Amongst the documented
ISR-inducing PGPF are mycorrhizal fungi (Pozo and Azcon-Aguilar,
2007) and non-pathogenic strains of F. oxysporum (Duijff et al.,
1998; Paparu et al., 2007), Trichoderma spp. (Vinale et al., 2008),
Penicillium sp. GP16-2 (Hossain et al., 2008), Pythium oligandrum
(Hase et al., 2008), Piriformospora indica (Waller et al., 2005) and
related Sebacinales spp. (Waller et al., 2008).
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3. ISR signal transduction

3.1. SA-independent signaling

Although SAR and ISR are phenotypically similar in that they
both confer a broad-spectrum disease resistance in systemic plant
parts, they are regulated by different signal transduction path-
ways. First evidence for the differential regulation of SAR and ISR
came from studies with the PGPR WCS417r. In radish, WCS417r-
ISR was shown to be effective against Fusarium wilt disease, but
the enhanced resistance was not associated with the accumulation
of PR proteins that are characteristic for SAR (Hoffland et al., 1995).
In accordance, transcriptional activity of PR-genes was not in-
creased in systemic leaf tissue of Arabidopsis upon induction of
ISR by WCS417r (Pieterse et al., 1996). Furthermore, treatment of
the roots of Arabidopsis with WCS417r was not associated with
an increase in SA levels in systemic ISR-expressing leaf tissues
(Pieterse et al., 2000). Moreover, transgenic Arabidopsis NahG
plants that are unable to accumulate SA due to ectopic expression
of the bacterial salicylate hydroxylase gene nahG, showed a similar
level of induced disease resistance upon colonization of the roots
by WCS417r as did wildtype plants, indicating that WCS417r-ISR
functions independently of SA (Pieterse et al., 1996). Since then,
many examples of SA-independent ISR have been demonstrated
in Arabidopsis (Ahn et al., 2007; Iavicoli et al., 2003; Ryu et al.,
2003; Segarra et al., 2009; Stein et al., 2008; Van Wees et al.,
1997) and other plant species, such as tobacco (Press et al.,
1997; Zhang et al., 2002), cucumber (Press et al., 1997), tomato
(Hase et al., 2008; Tran et al., 2007; Yan et al., 2002), and rice
(De Vleesschauwer et al., 2008). Hence, the ability to activate an
SA-independent pathway controlling systemic disease resistance
seems to be common for beneficial microorganisms and occurs
in a broad range of plant species against different types of
attackers.

3.2. JA- and ET-dependent signaling

In the past decade, research on the defense signaling pathways
that are activated by beneficial microorganisms revealed that JA
and ET are central players in the regulation of ISR. In Arabidopsis,
WCS417r-ISR was shown to be blocked in the JA-signaling mutants
jar1, jin1, eds8, and coi1 (Pieterse et al., 1998; Pozo et al., 2008; Ton
et al., 2002a), and in ET signaling mutants such as etr1 (ethylene re-
sponse 1) and ein2 (ethylene insensitive 2) (Knoester et al., 1999;
Pieterse et al., 1998). Also for other PGPR the role of JAs and ET
in the regulation of the ISR response of Arabidopsis has been estab-
lished (Ahn et al., 2007; Iavicoli et al., 2003; Ryu et al., 2004b).
Likewise, ISR triggered by the PGPF Penicillium sp. GP16-2, Tricho-
derma harzianum T39 and P. indica was shown to be blocked in JA-
and ET-signaling mutants of Arabidopsis (Hossain et al., 2008;
Korolev et al., 2008; Stein et al., 2008).

Also in other plant species, evidence is accumulating for a role
of JAs and ET in the regulation of ISR. For instance, in tomato the
JA-insensitive mutant def1 (defenseless 1) and the ET-insensitive
mutant Nr (Never ripe) were not capable of mounting ISR against
the oomycete pathogen Phytophthora infestans upon colonization
of the roots by the PGPR Bacillus pumilus SE34 or P. fluorescens
89B61 (Yan et al., 2002). Similarly, colonization of the roots of
wildtype and nahG-expressing tomato plants by the non-patho-
genic oomycete P. oligandrum resulted in a decrease in Ralstonia
solanacearum-inflicted disease symptoms, whereas the ISR re-
sponse was blocked in mutant jai1 (jasmonic acid insensitive 1)
plants (Hase et al., 2008). In addition, using nahG-expressing rice,
an ET-insensitive OsEIN2 antisense rice line, and the JA-deficient
rice mutant hebiba, De Vleesschauwer et al. (2008) demonstrated

that the ability of P. fluorescens WCS374r to trigger ISR against
the rice leaf blast pathogen Magnaporthe oryzae is regulated by
an SA-independent but JA/ET-modulated signaling pathway. In
cucumber, application of the chemical inhibitors silver thiosulfate
and diethyldithiocarbamate, which block the action of ET and the
synthesis of JA, respectively, reduced Trichoderma asperellum
T203-mediated ISR against P. syringae pv. lachrymans, indicating
a role for JA/ET-dependent signaling in ISR in this plant species
(Shoresh et al., 2005). Hence, the picture is emerging that JAs and
ET are the dominant hormonal players in the regulation of the
SA-independent plant immune response that is triggered by bene-
ficial microorganisms.

3.3. SA-dependent defense triggered by PGPR and PGPF

Although the majority of studies on beneficial microbe-induced
resistance point to a role for JAs and ET in the regulation of the in-
duced immune response (Van Loon and Bakker, 2006), several
examples of PGPR and PGPF that trigger the SA-dependent SAR re-
sponse have been documented as well. For instance, a SA-produc-
ing mutant of the PGPR Pseudomonas aeruginosa 7NSK2 was shown
to induce resistance in wildtype tobacco but not in SA-degrading
NahG tobacco (De Meyer et al., 1999). Similarly, the PGPR Paeniba-
cillus alvei K165 was shown to induce systemic resistance against
Verticillium dahliae in Arabidopsis, but this was blocked in the SA-
biosynthesis mutants eds5 (enhanced disease susceptibility 5) and
sid2 (salicylic acid induction deficient 2) (Tjamos et al., 2005). Fur-
thermore, Bacillus subtilis FB17-induced resistance in Arabidopsis
against P. syringae pv. tomato was shown to be associated with
an increase in SA levels and enhanced PR-1 expression (Rudrappa
et al., 2008). Also, resistance induced by the Gram-positive bacte-
rium Streptomyces sp. strain EN27 against Erwinia carotovora and
F. oxysporum in Arabidopsis was shown to be associated with SA
signaling (Conn et al., 2008).

3.4. Role of NPR1 in ISR signaling

The defense regulatory protein NPR1 plays a key role in SA-
dependent SAR, but has also been implicated in JA/ET-dependent
ISR (Dong, 2004; Pieterse and Van Loon, 2004). For instance, mu-
tant Arabidopsis npr1 plants were shown to be blocked in their abil-
ity to express ISR upon colonization of the roots by the PGPR
WCS417r (Pieterse et al., 1998), P. fluorescens CHAO (Iavicoli
et al., 2003), P. fluorescens 89B61 (Ryu et al., 2003), Pseudomonas
putida LSW17S (Ahn et al., 2007), Serratia marcescens 90–166
(Ryu et al., 2003) and B. pumilus SE34 (Ryu et al., 2003), and the
PGPF Penicillium sp. GP16-2 (Hossain et al., 2008), P. indica (Stein
et al., 2008) and T. asperellum T34 (Segarra et al., 2009). In SAR,
NPR1 plays an important role as transcriptional co-activator of
SA-responsive PR gene expression. However, SA-independent ISR
is not accompanied by the activation of SA-responsive PR-genes
(Pieterse et al., 1996). Hence, the role of NPR1 in ISR must be dif-
ferent from that in SAR. These different roles of NPR1 are not mutu-
ally exclusive, because simultaneous activation of SAR and ISR can
lead to an additively enhanced defensive capacity compared to that
of SAR and ISR (Van Wees et al., 2000). This suggests that NPR1 is
important in regulating and connecting different hormone-depen-
dent induced defense pathways (Dong, 2004; Pieterse and Van
Loon, 2004; Pieterse et al., 2009). While the role of NPR1 in SA-sig-
naling is clearly connected to a function of this regulatory protein
in the nucleus (Dong, 2004), evidence is accumulating that the role
of NPR1 in JA/ET signaling is connected to a cytosolic function of
NPR1 (Leon-Reyes et al., 2009; Stein et al., 2008). However, the ex-
act molecular mechanisms by which NPR1 exerts its role in these
JA/ET-dependent ISR remains to be elucidated.
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4. Beneficial microbe-associated molecular patterns

Induction of a plant-mediated ISR response starts with the rec-
ognition of the beneficial microorganism. It is well documented
that pathogenic and beneficial microorganisms are specifically rec-
ognized by the plant through conserved microbial cell surface
components, such as flagellin and lipopolysaccharides (LPS). Col-
lectively these general determinants are referred to as pathogen-
or microbe-associated molecular patterns (PAMPs or MAMPs,
respectively; Schwessinger and Zipfel, 2008). Interaction of a PAMP
with the corresponding pattern recognition receptor of the plant
activates a primary defense response that is called PAMP-triggered
immunity (PTI; Jones and Dangl, 2006; Schwessinger and Zipfel,
2008). In analogy to PAMPs, a diversity of MAMPs of beneficial
microorganisms have been implicated in the onset of ISR (Bakker
et al., 2007; Kloepper et al., 2004; Van Loon et al., 2008; Van Wees
et al., 2008). So far, MAMPs produced by PGPF have only been iden-
tified for Trichoderma spp. (Vinale et al., 2008). For instance the
hydrophobin-like elicitor Sm1 of Trichoderma virens Gv29-8 was
shown to function as an ISR-mediating MAMP in both maize (Zea
mays) and cotton (Gossypium hirsutum) (Djonović et al., 2007). Both
the monocot and the dicot plant species generated enhanced levels
of resistance against Colletotrichum graminicola upon treatment
with Sm1. Moreover, Sm1 was demonstrated to be required for T.
virens Gv29-8 mediated ISR in maize (Djonović et al., 2007). In con-
trast to wildtype T. virens Gv29-8, a Sm1 deletion strain of this
PGPF did not protect maize plants against C. graminicola, while
overexpression of Sm1 enhanced the resistance-inducing capacity
of this strain. For PGPR, many more MAMPs have been identified,
including flagellin and LPS, but also secreted bacterial components,
such as Fe3+-chelating siderophores, antibiotics, biosurfactants,
and even volatile organic compounds (VOCs) were shown to elicit
ISR (Bakker et al., 2007; Iavicoli et al., 2003; Raaijmakers et al.,
2006; Ryu et al., 2004a; Weller et al., 2002). Often, bacterial mu-
tants lacking one of these MAMPs are still able to trigger ISR (Bak-
ker et al., 2007; Meziane et al., 2005), indicating that plants can
recognize multiple MAMPs produced by the same strain. This
redundancy in the ability of PGPR-derived MAMPs to induce resis-
tance is also common to pathogen-derived PAMPs (Bittel and
Robatzek, 2007), and is thought to guarantee robustness of the in-
duced immune response.

5. Local responses to beneficial microbes

To understand how recognition of a soil-borne beneficial micro-
organism is translated into a systemic defense response, a limited
number of studies investigated the metabolic or transcriptional
changes in the roots upon colonization. In the roots of rice and to-
mato plants, mycorrhizal fungi were shown to induce the accumu-
lation of a number of transcripts and proteins, respectively, many
of which with a predicted function in plant defense (Güimil
et al., 2005; Pozo and Azcon-Aguilar, 2007). Likewise, a proteome
approach of rice roots colonized by endophytic N2-fixing Azoarcus
spp. identified an increase in JA-regulated PR-, salt stress-related-
and putative receptor like-proteins, especially in less-compatible
interactions (Miché et al., 2006). In Medicago truncatula the initial
local transcriptional responses to the mycorrhizal fungus Glomus
mosseae showed significant overlap to those initiated by the PGPR
P. fluorescens C7R12 (Sanchez et al., 2005). Moreover, both benefi-
cials were unable to elicit these shared transcriptional responses in
the symbiosis-defective mutant dmi3 (does not make infections 3),
suggesting that the signaling pathways that are triggered by these
different beneficials converge (Sanchez et al., 2005). Similarly, the
Arabidopsis ISR pathways triggered by the PGPR WCS417r and the
PGPF T. asperellum T34 were shown to converge upstream of

MYB72, an early key component in the onset of ISR (Segarra
et al., 2009; Van der Ent et al., 2008). MYB72 is a transcription fac-
tor gene that was identified in a microarray-based search for root-
specific, PGPR-responsive genes (Van der Ent et al., 2008; Verhagen
et al., 2004; Fig. 1A). Analysis of myb72 mutant plants revealed that
MYB72 is required for the onset of WCS417r- and T. asperellum
T34-mediated ISR against a set of (hemi)biotrophic and necro-
trophic pathogens (Segarra et al., 2009; Van der Ent et al., 2008),
again indicating that the ISR pathways triggered by very different
beneficial microbes converge.

6. Systemic responses to beneficial microbes

6.1. Priming for enhanced JA-dependent defenses

The role of JAs and ET in the regulation of PGPR- and PGPF-trig-
gered systemic defense responses has been mainly established
through the analysis of JA- and ET-signaling mutants. However,
colonization of the roots by ISR-inducing PGPR is often not associ-
ated with an increase in the production of these hormones (Pie-
terse et al., 2000). Hence, ISR seems to be based on increased
sensitivity rather than on increased production of these hormones.
Supportive of this notion is the observation that colonization of the
roots by beneficial microorganisms is generally not associated with
direct activation of JA/ET-responsive genes. As a matter of fact, the
transcriptional changes that occur in systemic tissues upon coloni-
zation of the roots by beneficial microbes is in general relatively
weak, especially in comparison to the massive transcriptional
reprogramming that occurs upon pathogen attack (Fu et al.,
2007; Liu et al., 2007; Verhagen et al., 2004; Wang et al., 2005).
However, upon pathogen or insect attack, ISR-expressing plants
display an accelerated defense response (Van Wees et al., 2008;
Verhagen et al., 2004). This PGPR-mediated sensitization of the tis-
sue for enhanced defense expression is called ‘priming’ and is char-
acterized by a faster and/or stronger activation of cellular defenses
upon pathogen or insect attack resulting in enhanced resistance to
the invader encountered (Conrath et al., 2006; Frost et al., 2008).

Fig. 1. WCS417r-ISR in Arabidopsis is associated with priming for enhanced JA-
regulated defenses. (A) Colonization of the roots of Arabidopsis by the PGPR
Pseudomonas fluorescens WCS417r triggers an ISR response that is effective against a
broad range of pathogens and against specific insects (Ton et al., 2002b; Van Oosten
et al., 2008). Systemic activation of ISR requires activation of the transcription factor
gene MYB72 in the roots (Van der Ent et al., 2008) and an intact response to the
plant hormones JA and ET (Pieterse et al., 1998). (B) WCS417r does not trigger direct
changes in defense-related gene-expression in above-ground plant parts, but
primes the leaf tissue for a faster and stronger response to pathogen and insect
attack (Van Oosten et al., 2008; Van Wees et al., 1999; Verhagen et al., 2004). The
set of WCS417r-primed genes, represented by the dark parts of the ISR bars, is
enriched for JA- and/or ET-responsive genes (Verhagen et al., 2004).
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Examples of priming during ISR come from transcriptome anal-
yses of Arabidopsis plants of which the roots were treated with the
PGPR P. putida LSW17S (Ahn et al., 2007), or with Bradyrhizobium
sp. strain ORS278 (Cartieaux et al., 2008). These studies uncovered
a large number of JA/ET-regulated genes that showed a primed
expression pattern after pathogen infection. Also, the JA/ET-depen-
dent resistance that is triggered by the PGPF T. asperellum T203 in
cucumber is associated with augmented PR-gene expression after
pathogen infection (Shoresh et al., 2005). Likewise, colonization
of Arabidopsis roots by the PGPF T. asperellum T34 (Segarra et al.,
2009) or Penicillium sp. strain GP16-2 (Hossain et al., 2008) primed
JA-responsive genes for enhanced expression upon pathogen at-
tack. Analysis of the transcriptome of WCS417r-ISR revealed that
the majority of the 81 Arabidopsis genes that were primed for en-
hanced expression upon infection by P. syringae were regulated
by JA and/or ET (Verhagen et al., 2004; Fig. 1A and B), confirming
earlier observations that the JA- and/or ET-responsive genes VSP2
(VEGATIVE STORAGE PROTEIN 2), PDF1.2 (PLANT DEFENSIN 1.2), and
HEL (HEVEIN LIKE) were primed during WCS417r-ISR (Hase et al.,
2003; Van Wees et al., 1999). Interestingly, Arabidopsis leaves
expressing WCS417r-ISR also displayed potentiated expression of
PDF1.2 and HEL upon feeding by the generalist insect herbivore
Spodoptera exigua (beet armyworm), but not when the leaves were
damaged by the specialist herbivore Pieris rapae (small cabbage
white) (Van Oosten et al., 2008). Accordingly, colonization of Ara-
bidopsis roots by WCS417r reduced growth and development of S.
exigua but not that of P. rapae, indicating that priming for enhanced
defense-related gene expression is associated with enhanced resis-
tance. Although priming for enhanced JA/ET-dependent defenses is
well documented, it should be noted that priming for JA/ET-inde-
pendent defenses by PGPR and PGPF has also been reported (Conn
et al., 2008; Pozo and Azcon-Aguilar, 2007; Tjamos et al., 2005;
Waller et al., 2005; Van der Ent et al., 2009).

6.2. Molecular mechanisms of priming for enhanced JA-dependent
defenses

Priming provides the plant with an enhanced capacity for rapid
and effective activation of cellular defense responses to effectively
combat pathogen or insect attack. However, the molecular mecha-
nisms underlying priming are still poorly understood. Hypotheti-
cally, the primed state is based on the accumulation, or post-
translational modification of one or more signaling proteins that,
after being expressed and/or modified, still remain inactive. Upon
perception of a pathogen- or insect-derived stress signal this en-
hanced defense signaling capacity would enable a faster and stron-
ger defense reaction. Since priming is clearly expressed at the
transcriptional level, transcription factor proteins are likely candi-
dates for being actors in this two-step regulatory mechanism.

To identify transcription factors involved in the regulation of
priming, Pozo et al. (2008) followed a whole-genome transcript

profiling approach to identify the set of JA-responsive genes that
are primed upon induction of WCS417r-ISR. To this end, uninduced
and WCS417r-ISR-expressing plants were treated with MeJA after
which ISR-primed, JA-responsive genes such as LOX2 (LIPOXYGE-
NASE 2) and PYK10 (encoding a b-glucosidase; Fig. 2) were selected.
Interestingly, the set of ISR-primed genes was enriched for JA-
responsive genes that were previously identified as being respon-
sive to the JA-inducing pathogens and insects P. syringae, A. brassic-
icola, P. rapae, and Frankliniella occidentalis (Western flower thrips)
(De Vos et al., 2005). This suggests that JA-responsive genes that
are activated by JA-inducing attackers are selectively primed dur-
ing ISR (Fig. 3). In silico analysis of the promoters of 442 ISR-
primed, JA-responsive genes revealed that the primed genes were
significantly enriched for a cis-acting G-box-like motif in compari-
son to non-primed, JA-responsive genes (Fig. 4A). This promoter
element can serve as a binding site for the basic helix-loop-helix
leucine zipper transcription factor MYC2 (originally called JIN1
for JASMONATE INSENSITIVE1), which plays a central role in JA-
and abscisic acid-regulated signaling (Lorenzo and Solano, 2005).
MYC2-impaired jin1 mutants were unable to mount WCS417r-
ISR against P. syringae and H. arabidopsidis (Pozo et al., 2008;
Fig. 4B) or P. indica-mediated ISR against Golovinomyces orontii
(Stein et al., 2008), pinpointing MYC2 as an important regulator
in priming during ISR.

In another approach to identify transcription factors involved in
priming, Van der Ent et al. (2009) analyzed the expression profile

Fig. 2. Potentiated expression of JA-responsive defense-related genes. LOX2 and
PYK10 are examples of ISR-primed, MeJA-responsive genes that show a potentiated
MeJA-induced expression pattern in WCS417r-ISR-expressing plants (Pozo et al.,
2008).

Fig. 3. ISR-primed JA-responsive genes are enriched for defense-related genes. The
set of ISR-primed genes is enriched for JA-responsive genes that were previously
identified as responsive to the JA-inducing pathogens Pseudomonas syringae pv.
tomato DC3000 (Pst DC3000) and Alternaria brassicicola, and the insect herbivores
Pieris rapae and Frankliniella occidentalis (De Vos et al., 2005; Pozo et al., 2008),
suggesting that JA-responsive genes that are activated by JA-inducing attackers are
selectively primed during ISR.

Fig. 4. The transcription factor MYC2 is required for WCS417r-mediated ISR. (A) In
silico analysis of the promoter regions of MeJA-responsive genes demonstrated that
the cis-acting G-box-like motif CACATG, which serves as a docking site for the
transcription factor MYC2, was significantly overrepresented in ISR-primed, MeJA-
responsive genes (grey dashed lines) when compared to unprimed, MeJA-respon-
sive genes (black dashed lines), and randomly selected promoters from the
Arabidopsis genome (solid black lines) (Pozo et al., 2008). (B) WCS417r-mediated
protection against Pst DC3000, as observed in wildtype Arabidopsis Col-0 plants, is
lost in MYC2-impaired mutants jin1-1 and jin1-2 (Pozo et al., 2008).
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of over 2000 potential Arabidopsis transcription factor genes upon
induction of the primed state by WCS417r using a robotized real-
time reverse transcription (RT)-PCR-based resource for quantita-
tive measurement of transcripts (Czechowski et al., 2004). In the
absence of a pathogen, colonization of the roots by WCS417r
caused a consistent change in the expression in the leaves of more
than 100 transcription factor genes, amongst which MYC2 (Van der
Ent et al., 2009). In an earlier, microarray-based study these tran-
scription factor genes were not identified (Verhagen et al., 2004),
most likely because this latter technique is substantially less sensi-
tive than the RT-PCR based tool (Czechowski et al., 2004). Different
types of transcription factor genes were induced, but the AP2/ERF
(APETALA2/ETHYLENE-RESPONSIVE FACTORS) family of transcrip-
tion factors was notably overrepresented. Several members of the
AP2/ERF family have been implicated in the regulation of JA- and
ET-dependent defenses (Lorenzo et al., 2003; Pré et al., 2008).
However, their exact role in the regulation of the priming response
during ISR remains to be elucidated.

Although WCS417r directly induced the expression of several
transcription factor genes, such as MYC2, no significant down-
stream activation of defense-related genes was observed in the ab-
sence of a pathogen (Verhagen et al., 2004). This suggests that the
transcription factors remain inactive until the perception of a sec-
ondary pathogen- or insect-derived signal (Fig. 5). Hence, regula-
tory mechanisms that act post-translationally are likely to be
involved in priming as well. Recently, the inactive forms of the
mitogen activated protein kinases (MAPKs) MPK3 and MPK6 were
found to accumulate upon priming induced by the SA-analogue
benzothiadiazole (BTH) (Beckers et al., 2009). These signaling com-
ponents only became activated upon treatment with a secondary
stress, suggesting a role for MAPKs in priming. Epigenetic regula-
tion of gene expression has been suggested to play a role in prim-
ing as well (Bruce et al., 2007). However, future research is
required to fully understand the molecular mechanisms underly-
ing the priming phenomenon.

7. Conclusions

Research on plant immune responses that are triggered by ben-
eficial microorganisms is rapidly expanding. In recent years, many

examples of beneficial microorganisms that are able to induce
resistance against pathogens and pests have been described. From
this research, the picture is emerging that the response of plants to
beneficial microbes is regulated via JA- and ET-dependent signaling
pathways. Often, the induced resistance is not accompanied by
massive changes in defense-related gene expression. Instead, bene-
ficials seem to be exceptionally well capable of priming plants for
enhanced defense. Priming for enhanced defense is a common fea-
ture of induced resistance and can explain the broad-spectrum
effectiveness that is typical for many induced resistance phenom-
ena (Conrath et al., 2006; Frost et al., 2008). Since plant defenses
are costly and involve diversion of resources away from plant
growth and development (Heil and Baldwin, 2002; Walters and
Heil, 2007), priming for enhanced defense is generally considered
to be a cost-effective defense mechanism (Pieterse and Dicke,
2007; Walters and Boyle, 2005). Through the study of the costs
and benefits of priming in Arabidopsis, it was shown that the fitness
costs of priming are indeed lower than those of constitutively acti-
vated defenses (Van Hulten et al., 2006). Moreover, the fitness ben-
efit of priming was shown to outweigh its costs under pathogen
pressure. Recent findings on priming for enhanced defense in bar-
ley (Hordeum vulgare) are in good agreement with these results
(Walters et al., 2009). Saccharin-mediated priming for augmented
defense expression had no significant effect on plant growth rate
and grain yield in the absence of pathogen infection. However, un-
der high disease pressure by the hemibiotrophic fungus Rhynchos-
porium secalis, significant increases in these parameters were
observed for plants that had been primed. Hence, priming for en-
hanced defense, such as triggered by beneficial microorganisms
may be a valuable tool for sustainable crop protection.
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