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Abstract

Priming is an adaptive strategy thatimproves the defensive capacity of plants.
This phenomenon is marked by an enhanced activation of induced defense
mechanisms. Stimuli from pathogens, beneficial microbes, or arthropods, as
well as chemicals and abiotic cues, can trigger the establishment of priming
by acting as warning signals. Upon stimulus perception, changes may occur
in the plant at the physiological, transcriptional, metabolic, and epigenetic
levels. This phase is called the priming phase. Upon subsequent challenge,
the plant effectively mounts a faster and/or stronger defense response that
defines the postchallenge primed state and results in increased resistance
and/or stress tolerance. Priming can be durable and maintained throughout
the plant’s life cycle and can even be transmitted to subsequent generations,
therefore representing a type of plant immunological memory.

485


https://doi.org/10.1146/annurev-arplant-042916-041132
https://doi.org/10.1146/annurev-arplant-042916-041132
https://doi.org/10.1146/annurev-arplant-042916-041132
http://www.annualreviews.org/doi/full/10.1146/annurev-arplant-042916-041132

Systemic acquired
resistance: increased
defense capacity
against a broad range
of pathogens following
local induction by a
pathogen or its
molecules

Induced systemic
resistance: increased
defense capacity of an
entire plant against a
broad range of
pathogens following
local induction by
beneficial
MiCroorganisms
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Plants are exceptional organisms in that they are sessile and therefore cannot escape potential
threats by pathogens, arthropods, or adverse environmental conditions. Constitutive physical and
chemical defense mechanisms such as waxy cuticles, cell walls, and phytoanticipins contribute to
their survival (2). Against pathogens, plants can also defend themselves in a more specific manner
by using extracellular or intracellular protein receptors, termed pattern recognition receptors and
resistance proteins, to recognize pathogen-derived molecules such as pathogen-associated molec-
ular patterns (PAMPs), damage-associated molecular patterns (DAMPs), and effectors, ultimately
leading to PAMP-triggered immunity and effector-triggered immunity (37). Immunity relies on
inducible defense mechanisms that plants deploy in response to an attack, and pathogens in turn
try to suppress these mechanisms.

However, exposure to PAMPs, DAMPs, effectors, certain physical or chemical stimuli, and/or
root-colonizing nonpathogenic microorganisms can result in plant expression of a suite of defense
responses in both a local and systemic manner (Figure 1). These responses are typically associated
with systemic acquired resistance, induced systemic resistance, and mycorrhiza-induced resistance.
These different types of resistance help the plant to contain the attacker and are characterized,
for instance, by the direct induction of antimicrobial proteins. But this is not always the case.
The number of examples of a potentiated defensive capacity without a concomitant induction of
specific defense genes has been steadily increasing over the last 15-20 years, and this phenomenon
has been termed priming. Priming was, however, overlooked in studies of induced resistance
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Figure 1

Induced resistance triggered by various biotic and abiotic stressors. Beneficial interactions with
rhizobacteria, plant-growth-promoting fungi, and mycorrhiza, as well as chemical inducers and abiotic stress
at the root level, can lead to an increased defensive capacity of aboveground parts. Pathogen attack on the
leaves, exposure to abiotic stress, and damage inflicted by arthropods are also able to induce resistance in
systemic parts of the plant. The signals warning the unattacked parts either are transported inside the plant
(solid black arrows) or reach the distal part in the form of volatiles (dashed black arrows).

until the first comprehensive approaches were published in 2002 and 2006 (30, 32). These early
reviews focused on the plant’s conditioning for boosted responses against pathogens. It is now
generally accepted that priming is an intrinsic part of induced resistance: The plant takes defensive
measures against the potential attacker while also preparing its defensive system for a faster and/or
stronger reaction in the future. Interestingly, priming is effective not only against pathogens, but
also against insect arthropods (40, 46) and abiotic stresses (12, 126).
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Priming: enhanced
sensitivity and
responsiveness to
stress that results from
a prior experience and
leads to increased
resistance and/or
abiotic stress tolerance

Priming stimulus:

a signal that prepares a
plant for enhanced
responsiveness by
causing subtle
physiological,
molecular, and
epigenetic changes

Plant-growth-
promoting
rhizobacteria
(PGPRs): beneficial
rhizosphere bacteria
that live on roots and
their surroundings and
promote plant growth

Plant-growth-
promoting fungi
(PGPFs): beneficial
soil fungi that live on
roots and their
surroundings and
promote plant growth
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Initially, it was presumed that plants exposed to a priming stimulus did not change their
metabolism, and no gene expression changes were detected until the plant was exposed to a
challenge infection (70, 149, 150). Because of the rapid increase in analytical power and the recent
advances in -omics techniques, holistic approaches to the study of defense priming (10) have now
demonstrated that priming stimuli trigger direct changes in the plant that are crucial for the en-
hanced defensive behavior. In contrast to the expression of directly induced defenses, however, no
or only minimal fitness costs in terms of growth and seed or fruit production are associated with
defense priming. Thus, the memory of the stimuli, low fitness costs, a more robust defense, and
better performance in the presence of the challenge are essential checkpoints to experimentally
ascertain the presence of defense priming (89).

In the following sections, we review the priming phenomenon from the initial stimuli to the
changes that take place in the plant to create a more robust and efficient defense. We also discuss
both long-term and transgenerational aspects of priming.

PRIMING-INDUCING STIMULI

Plants possess a remarkable capacity to perceive numerous environmental signals that allow them
to respond to their surroundings. Stimuli from pathogens, beneficial microbes, or arthropods, as
well as chemicals and abiotic cues, can trigger the establishment of priming by acting as warning

signals (Figure 2, Table 1).

Pathogen-Derived Stimuli

Pathogens themselves, or pathogen-derived molecules, can act as priming stimuli in plants.
Broadly, molecules produced by pathogens are referred to as PAMPs and effectors, whereas
molecules released by the host plant following an attack are referred to as DAMPs (16, 37, 127).
Pathogen-derived molecules can be of different biochemical natures (peptides, polysaccharides, or
lipids) and are perceived by plants through appropriate protein receptors (pattern recognition re-
ceptors or resistance proteins) (16, 37, 127). Unlike effectors, PAMPs, by definition, are not strain
or species specific and do not contribute to pathogen virulence; they are thus present in both
pathogenic and nonpathogenic microorganisms (127). Structural molecules such as lipopolysac-
charides and flagellin (or its derived 22-amino-acid peptide, flg22) from bacteria, chitin from fungi,
and B-glucans from fungi and oomycetes (16, 127) are clear examples of PAMPs. Lipopolysac-
charides and flg22 are probably the best-known priming PAMPs (45, 91, 96). These molecules
are also present in beneficial microbes, where the term microbe-associated molecular pattern
(MAMP) (16, 105) is used instead of PAMP.

Beneficial-Microbe-Derived Stimuli

Beneficial microbes include plant-growth-promoting rhizobacteria and fungi that exert positive
effects in the interplay between microbes and hosts.

Plant-growth-promoting rhizobacteria and fungi. Plant-growth-promoting rhizobacteria
(PGPRs) and plant-growth-promoting fungi (PGPFs), both of which induce systemic resistance,
can also trigger defense priming (105). The subtle costs associated with these interactions are
negligible under pathogenic pressure, and many studies have provided evidence that the induced
resistance they trigger is based on priming (3, 19, 73, 76, 105). The most studied PGPRs belong
to the genus Pseudomonas, followed by those belonging to the genera Servatia and Bacillus. The
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Figure 2

The sequential steps of defense priming. Stimuli stemming from pathogenic or beneficial fungi, bacteria,
rhizobacteria, arthropods, and abiotic stresses are perceived by the plant, leading to a slight induction of
various compounds and activities in the so-called priming phase. These compounds are referred to as the
priming fingerprint, and a subset of these compounds may be common to several stimuli. Upon challenge
with an attacker, these primed plants display an enhanced perception of the attackers and therefore are able
to mount a more robust defense against it in the postchallenge primed state.

most studied PGPFs are Trichoderma spp., nonpathogenic strains of Fusarium spp., Piriformospora
indica, and arbuscular mycorrhizal fungi (AMFs) from the genus Glomeromycota (73, 105).

The goal of the initial chemical interplay between microbe and plant is the establishment
of symbiosis. However, the involved signals can also serve as stimuli for defense priming. For
instance, the first chemical stimuli exchanged to start the symbiosis are hormones and flavonoids
from the host and nodulation (Nod) factors from rhizobacteria (97). Beneficial microbes also need
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to suppress local immune responses in the host; two well-known effectors from mycorrhizal fungi
are secreted protein 7 (SP7) and mycorrhiza-induced small secreted protein 7 (MiSSP7) (144). In
addition, the interaction between beneficial microbes and host plants is mediated by compounds
with eliciting activity. From PGPRs, for instance, we can mention 2,4-diacetylphloroglucinol,
pyocyanin, N-acyl-homoserine lactones, pyoverdin and other iron-dependent siderophores, and
biosurfactants (34, 105).

Trichoderma. Beneficial fungi from the genus Trichoderma have been defined as opportunistic
avirulent plant symbionts (55). Many Trichoderma symbiotic strains are used as biofertilizers to
protect crops against fungal diseases, and several recent publications have pointed to plant sen-
sitization as the main mechanism behind their beneficial effect on defenses (19, 88, 105). For
example, ergosterol contained in the cell membranes of Trichoderma fungi is recognized by plants
as a MAMP (16) and may promote a primed defense.

Mycorrhiza. AMFs protect plants against different pathogens (68). In 2005, Lee etal. (74) demon-
strated that Rhizophagus irregularis (formerly Glomus intraradices) could protect against anthracnose
disease. Despite the evidence demonstrating the effectiveness of mycorrhiza-induced resistance,
mycorrhizal stimuli that trigger responses in plants are still mostly elusive (68).

A stimulus that marks the symbiotic interaction is the accumulation of H,O; (43). Although
this accumulation seems to lead to arbuscule degradation during the asynchronous process, the
increase of H,O, could indirectly serve as a priming signal in AMF-colonized roots against soil
pathogens. As a further confirmation, these peroxides accumulate in the cytoplasm rather than in
the apoplast, thus pointing to a signaling role in mycorrhizal roots (43). Lipochitooligosaccharides
are likely stimuli from AMFs. R. irvegularis, for example, secretes sulfated and nonsulfated lipochi-
tooligosaccharides (85). Although no studies have reported that lipochitooligosaccharides are the
ultimate signals that trigger mycorrhiza-induced resistance, this important discovery opens a new
field of study. Delaux et al. (35) proposed a tool kit of plant-symbiotic microbes that includes
proteins, small molecules, and microRINAs as important players in the establishment of symbio-
sis and subsequent signaling. Importantly, two genes, NOD FACTOR PERCEPTION (NFP) and
DOES NOT MAKE INFECTIONS 2 (DMI2), both of which code for receptor-like kinases, can
perceive lipochitooligosaccharide signals and activate downstream phosphorylation events (35),
thus leading to priming.

The overall scenario becomes even more complicated when arbuscular mycorrhizal plants
develop in natural environments where a complex microbiome is present in the soil and where
interactions between these plants and other beneficial microbes occur (23, 90). Obviously, when
the entire mycorrhizosphere is participating, stimuli responsible for AMF-triggered priming are
not univocal (23).

Arthropod-Derived Stimuli

Herbivore-associated stimuli can be of biological or physical origin. Biological stimuli include
oral secretions, insect-associated microbes, insect-associated molecular patterns (IAMPs), and
oviposition signals (56, 58, 61); physical signals consist of spatiotemporal repeated patterns and
trichome sensing of insects walking on leaf surfaces (58, 61, 103). Moreover, herbivore-induced
plant volatiles have been described as elicitors of priming because they act as stimuli to neigh-
boring plants (46). All of these stimuli are produced during challenge with an arthropod, which
obviously triggers direct defenses in the plant, but when these physical or biological stimuli are
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used experimentally, they can induce a faster and/or stronger defensive behavior in the attacked
plants.

Oral secretions. Oral secretions are important elements that help plants distinguish between
mechanical wounding and insect herbivory. Among the many components found in caterpillar
secretions, fatty acid—amino acid conjugates are responsible for triggering specific responses in
attacked plants (61). Volicitin was one of the first fatty acid—amino acid conjugates reported in
lepidopteran larvae (5). In addition, insect oral peptides and sulfated fatty acids act as primary
stimuli in insect-plant interactions (4, 58).

Oviposition signals. Stimuli provided by oviposition may play a dual role depending on the
challenge that follows the stimulus. In fact, they can induce priming or the suppression of host
defenses according to the subsequent challenge (21, 57).

Physical stimuli. In addition to the stimuli described above, trichomes can perceive insect con-
tact and prepare the plant to defend against herbivore attack (103). Moreover, certain entomo-
phytophagous beneficial insects can act as stimulants by injecting stylets into the plant’s stem and
activating indirect defense mechanisms and antixenosis (104).

Volatile organic compounds. Arthropods can trigger the release of plant volatile organic com-
pounds (VOCs) that can prime distal plant parts and neighboring plants (46). A relevant subset
of priming stimuli within VOCs induced by insects is the herbivore-induced plant volatiles (46,
71). Engelberth et al. (40) described how Arabidopsis plants exposed to several green leaf volatiles
(small aliphatic alcohols and aldehydes) displayed primed jasmonate (JA)-dependent signals that
were enhanced only following infestation with a caterpillar. Among the relevant set of VOCs
that induce priming, terpenoids are the main priming stimuli against Spodoptera litroralis in maize
(128). Recently, a more detailed study of herbivore-induced plant volatiles has revealed that in-
dole is present in the blend of volatiles released by infested leaves and that it triggers priming by
enhancing the terpene levels in systemic leaves and neighboring plants (41).

Chemical Stimuli

Numerous chemical compounds, often of natural origin (see sidebar titled Priming Chemicals
or Natural Compounds?), have been shown to act as priming stimuli. These chemicals normally
induce a much more reproducible response, and for this reason investigators frequently prefer
to use them to carry out molecular and genetic studies on priming. Because of the large number
of chemicals known, in this review we report on a few whose mechanisms of action are best
understood.

PRIMING CHEMICALS OR NATURAL COMPOUNDS?

Volatile organic
compounds (VOCs):
chemicals with high
water pressure emitted
by plants that can be
stimuli to prime distal
parts or neighboring
plants

Priming stimuli cover a wide range of physical, biological, or chemical environmental inputs to which a plant
responds by acquiring a memory. These inputs induce low-cost changes in the plant thatinclude the accumulation of
numerous metabolites. Many of these natural molecules, when applied exogenously, can themselves act as priming

stimuli, generating a plant memory that boosts induced defenses and improves the plant’s performance upon
challenge. This is the case, for example, for some hormones and, as shown recently, for BABA as well (126a).
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(BABA): a nonprotein
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biotic and abiotic
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Priming phase: the
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which occurs from the
time of stimulation
through the exposure
to a challenging stress
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Among these chemicals are (-aminobutyric acid (BABA), probenazole, benzothiadiazole
(BTH), and salicylic acid (SA), all of which can induce resistance in plants by protecting against
a broad range of pathogens (98). SA is a hormone that triggers several direct responses in plants,
but at low doses it has been reported to enhance flg22-induced MITOGEN-ACTIVATED
PROTEIN KINASE 3 (MPK3) and MPKG6 activation (145). BTH and BABA have been thor-
oughly studied as priming agents against pathogens and insects (8, 10, 101). Similarly to SA, both
of these chemicals may directly induce defenses when applied at high doses (135). Dempsey &
Klessig (36) reviewed natural secondary metabolites that had been found to mediate systemic
acquired resistance, including JA, azelaic acid, dehydroabietinal, glycerol-3-phosphate, methyl
salicylate, and pipecolic acid. These compounds, however, are likely to trigger priming, as has
been confirmed, for example, for azelaic acid and pipecolic acid (67, 95). Because the molecular
mechanisms behind the induced resistance by chemicals are not fully understood, it is not always
easy to classify them as priming stimuli. Table 1 lists chemicals with priming activity, and recently
published reviews have summarized the available information (10, 31, 49).

Abiotic Stimuli

A study carried out on Arabidopsis demonstrated that repetitive exposure of a plant to mild abiotic
cues, such as heat, cold, or salt, can enhance resistance against virulent Pseudomonas syringae pv.
tomato (Pst) DC3000 by acting at the epigenetic level (115) (Table 1). Importantly, when plants
were subjected to long-term exposure or high salt concentrations, priming did not occur (115).

Different forms of abiotic stimulation can also induce resistance in plants. Interesting examples
include mechanical stimulation by repetitive leaf rubbing or bending (15) and wounding (28). In
addition, submergence (62) and exposure to ultraviolet light or ozone (143) can induce protection
against pathogens, although the role of defense priming is not clear. Finally, heavy metal stress
caused by copper primes for enhanced VOC and JA production upon caterpillar feeding in maize
plants (140).

THE PRIMING PHASE: CHANGES FOLLOWING STIMULATION

The priming phase refers to the biological process of acquiring priming, which takes place from the
initial stimulation through the exposure to a challenging stress. It includes all changes that occur
in the plant after the perception of a stimulus and prepare the plant for enhanced responsiveness
when a challenge occurs. These changes can take place at the physiological, molecular, and epi-
genetic levels; can occur within seconds or hours after stimulation; can be transient or maintained
throughout the lifetime of a plant; and can even be inherited by subsequent generations. Different
priming stimuli may cause similar changes as well as specific ones. Stimulus specificity may reside,
for example, in the activation of only some of the responses described below (Table 1).

Physiological and Transcriptional Changes

Transient changes in the level of intracellular calcium occur within a few seconds or minutes and
are among the best-known early responses to stimulation. Cytosolic calcium rapidly increases, for
instance, in cells neighboring a wound site or after leaf rubbing, and the calcium increase is crucial
for local priming by wounding (14, 28). PAMPs (16, 65) and insect feeding (57) but not BABA (39)
have been reported to transiently impact calcium levels during the priming phase. Calcium fluxes
could also play a role during AMF root colonization: For example, Oryza sativa calcium-dependent
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protein kinase 18 (OsCPK18) is strongly upregulated at the gene level in cortical cells, suggesting
that an increase in cytoplasmic calcium is triggered by AMFs (25).

The increase in cytosolic calcium triggers ion fluxes across the membranes that lead to mem-
brane depolarization (65)—another transient physiological event that has been reported, for in-
stance, after PAMP perception (65). Interestingly, membrane depolarization triggers electrical
signaling that can transmit the local perception of wounding to undamaged leaves and activate JA
signaling in those leaves (94).

The increase in intracellular calcium can precede the generation of reactive oxygen species
(ROS) (14, 65), the so-called ROS burst. In 1998, Alvarez et al. (6) demonstrated that, after inoc-
ulation with avirulent P. syringae, both the localized oxidative burst and the subsequent secondary
microbursts in distal leaves were necessary to establish systemic acquired resistance. A fine-tuning
of ROS homeostasis seems to also be crucial for priming, as reported in Arabidopsis after treatment
with BABA (102). Balmer et al. (10) have published a review that provides more information on
the involvement of ROS during the priming phase.

Stimulus perception and downstream cellular immune responses are rapidly linked by sequen-
tial phosphorylation events (31). For instance, PAMPs trigger the activation of the protein kinase
BRI1-ASSOCIATED RECEPTOR KINASE (BAK1), which mediates the activation of MPKs
(29). Importantly, treatments with BTH induce the accumulation of inactive unphosphorylated
MPK3 and MPKG6 (13), which plays a pivotal role in the rapid activation of phosphorylation-
dependent defense mechanisms (31).

It is widely accepted that local and systemic transcriptional reprogramming may occur during
the priming phase (51, 112, 134). For example, quantitative polymerase chain reaction analysis
revealed that application of BABA or inoculation with Pseudomonas fluorescens WCS417r in Ara-
bidopsis induced the expression of transcription factors associated with defense response mecha-
nisms (134). Importantly, transcriptional changes induced by different priming stimuli are partially
specific: For example, 30% of the induced genes were different after treatment of grapevine leaves
with laminarin or its sulfated derivative (PS3) (51), and almost 90% of the induced genes did
not overlap after treatment with BABA or inoculation with P. fluorescens WCS417r in Arabidopsis
(134).

Massive transcriptomic changes have been also reported following mycorrhizal colonization
of maize and tomato plants by the AMF R. irregularis (27, 53). In maize, one group of the induced
genes was related to anthocyanin and lipid metabolism, most likely dependent on the improved
phosphorus status of mycorrhizal plants (53). Interestingly, leaf analysis also revealed a systemic
induction of defense-related genes and a concomitant induction of secondary metabolites in addi-
tion to changes in genes involved in primary metabolism, such as the metabolism of carbohydrates,
organic acids, and amino acids (53). In a parallel study performed in tomato plants, R. irregularis
inoculation caused changes in systemic leaves for 742 out of 21,113 genes analyzed by RNA se-
quencing (RNA-seq) and induced resistance against Xanthomonas campestris pv. vesicatoria (27).
Changes in gene expression affected hormone metabolism, biotic and abiotic stress responses, sig-
naling, and transport, suggesting that this transcriptional reprogramming may facilitate defense
responses to subsequent infection with X. campestris (27).

Some studies have investigated changes at the protein level induced by priming-inducing
chemicals during the priming phase (10). BABA, for example, may in some cases directly in-
duce pathogenesis-related (PR) proteins (8), and lipopolysaccharides can transiently increase the
enzymatic activity of a tyrosine decarboxylase (96). Importantly, protein levels corresponding to
pattern recognition receptors and coreceptors increase after treatment with BTH (124), suggest-
ing that following stimulation, plants prepare their defensive system for an enhanced sensitivity
against potential attackers (31).
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Finally, several proteins have been reported to act as negative regulators of defense priming. For
instance, genetic mutations in the genes encoding proteins involved in the regulation of nitrogen
uptake (22), chloroplastic transcription factors (50), DNA-dependent RNA polymerases (77), and
MPKs (47) result in mutants that are constitutively primed.

Metabolic Changes

The accumulation of inactive forms of defense-related hormones seems to be implied in the sen-
sitization of defenses (22). For instance, the constitutively primed Arabidopsis mutant nitrate trans-
porter 2.1 (nrt2.1) has low basal levels of free SA that rapidly increase after challenge with Psz (22).
Similar mechanisms seem to occur with hormone conjugates, phytoanticipins, and indolic glucosi-
nolates (10, 49). In addition, priming activators can increase the levels of compounds involved in
primary metabolism, such as amino acids, tricarboxylic acids, glycerol-3-phosphate, 7zyo-inositol,
and xylitol (49, 100), as well as the levels of methyl salicylate and (E,E)-4,8,12-trimethyl-1,3,7,11-
tridecatetraene, as found in tomato after seed treatment with JA (117). Importantly, treatment
with BABA also induces the accumulation of aspartic acid as a direct consequence of the block-
age of the enzymatic activity of IMPAIRED IN BABA-INDUCED IMMUNITY 1 (IBI1), an
aspartyl-tRINA synthetase that functions as the BABA receptor (83). In addition, treatment with
BABA or infection with avirulent Pst AvrRpr2 causes similar metabolomic changes in Arabidop-
sis (100). On the basis of studies that have analyzed different priming stimuli (49, 100, 101), a
common subset of shared compounds can be identified that are then referred to as the priming
fingerprint (49). These compounds undergo a slight induction after stimulation, but their accumu-
lation following challenge is faster and/or stronger in challenged plants than it is in unstimulated
controls (49).

Beneficial microorganisms can induce metabolic changes in colonized plants that can be helpful
for the plant to enhance responsiveness upon subsequent challenge (see sidebar titled Evaluation
of Priming Induced by Beneficial Organisms). For instance, maize roots colonized by PGPRs
of the genus Azospirillum significantly affect the benzoxazinoid profile in a strain- and cultivar-
dependent manner (136). The metabolic fraction analyzed by liquid chromatography-mass spec-
trometry showed no overlap in a principal component analysis among different Azospirillum strains,
either in the root extracts or in the shoot (136). Some benzoxazinoids, such as 2,4-dihydroxy-7-
methoxy-1,4-benzoxazin-3-one or its glucoside, were detectable only with specific strains. This
hints at specific mechanisms of interaction and recognition between the host plant and PGPRs
1306).

EVALUATION OF PRIMING INDUCED BY BENEFICIAL ORGANISMS

Root colonization by beneficial organisms induces considerable changes in the host (10, 109). Arbuscular mycorrhizal
fungi, for example, cause significant changes in the host plant (109), which apparently rules out the possibility
that mycorrhiza-induced resistance takes place through priming. In this situation, the absence of fitness costs in
the plant is a desirable trait to determine whether mycorrhiza-induced resistance can still be considered defense
priming. Although most research reports point to clear growth promotion and other beneficial effects of arbuscular
mycorrhizal fungi, some studies have demonstrated that a massive colonization or certain environmental conditions
influencing symbiont growth may incur additional costs, thereby reducing plant growth (119). The consideration
of defense priming as a mechanism behind mycorrhiza-induced resistance therefore requires a careful study of the
individual cases.
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Importantly, some bacterial strains are well known for their ability to release VOCs that can
mediate induced systemic resistance, such as 2,3-butanediol (111). Interestingly, Farag et al. (42)
reported that volatiles released by PGPRs were strain dependent. Further study is needed to
decipher the metabolomic changes occurring in the host plant after PGPR colonization that
might share a common priming fingerprint.

More information is available concerning the interaction between plants and beneficial fungi.
In this kind of interaction, PGPFs must first be perceived and then establish in the root, after
which metabolic changes related to priming take place in the shoot. The initial fungal stimuli are
linked to the perception of fungal chitin oligomers (54). Upon colonization, the root switches
from a permissive penetration stage to increasing amounts of SA, presumably to control coloniza-
tion and prevent excessive carbohydrate waste. During fungal spread and arbuscule formation in
mycorrhized plants, other plant hormones are affected. JA and abscisic acid, for instance, are used
by the host plant to keep AMFs under a certain level of colonization, and they mediate the acti-
vation of defense mechanisms that confer priming (107). Because AMFs use plant carbohydrates
for their own metabolism, they are important sinks for carbon and affect the carbon balance of
the leaf primary metabolism (113). Additionally, AMFs also influence nitrogen uptake efficiency
(118). Both AMF and nutritional starvation alter the carbon/nitrogen balance in plants, which can
play a role in signal delivery (84). Thus, alteration of carbon/nitrogen status in the symbiont may
be another important priming stimulus.

Metabolic changes associated with the release of VOCs triggered by mycorrhiza have also been
studied. For instance, Medicago truncatula plants colonized by R. irregularis did not show differences
in the blend of basal VOCs emitted by mycorrhizal and nonmycorrhizal plants but did show a
different volatile profile upon herbivore damage driven by mycorrhization (75). Another study
reported the role of alkanes, alcohols, and phenyl compounds as an important pool of secondary
metabolites released by Sorghum bicolor roots colonized by R. irregularis (123).

Finally, common mycelial networks of AMFs have recently received considerable attention
(121). Unstressed plants that are connected by these networks with neighboring stressed plants
show enhanced expression of defense-related genes, accumulation of defensive enzymes, and in-
duction of the JA pathway, culminating in the release of aphid-repelling VOCs (121), suggesting
that these networks can transmit certain stimuli. The signals mediating this transmission could be
amino acids, lipids, and phosphate transporters that can be delivered into the hyphal cytoplasmic
stream (9). Another candidate could be electrical signals mediated by variations in the level of Ca**
and propagated by glutamate receptors (94), which could elicit responses or signal to neighboring
plants connected by common mycelial networks.

Epigenetic Changes

Genetic imprinting, paramutations, transposon activity, and gene silencing are epigenetic phe-
nomena known to take place in all living organisms. The mechanisms behind these phenomena
involve changes in chromatin structure, which can ultimately alter genomic processes such as gene
transcription, replication, and recombination (see sidebar titled Epigenetic Phenomena).

Priming smells of epigenetics. Priming is based on the assumption that certain alterations
serve as pivotal changes that affect a future response. Therefore, several research groups have
hypothesized that changes at the epigenetic level could influence the way plants respond to biotic
and abiotic stresses (20, 133). The rationale behind the response would be that the initial stimulus
alters the chromatin structure in a way that leaves gene promoters more accessible and therefore
easy to activate. The idea that “priming smells of epigenetics” was built up after the discovery
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EPIGENETIC PHENOMENA

Epigenetics, first defined by Conrad Waddington in 1942, refers to inheritable changes in phenotype or gene
expression that do not affect the DNA sequence. The mechanisms behind these phenomena involve changes in
chromatin structure and compaction, which can ultimately alter genomic processes such as gene transcription,
replication, and recombination. Changes in chromatin compaction consist of posttranslational modifications of
histones, such as methylation and acetylation, the creation of histone variants, and changes in DNA methylation.
Well-characterized examples of posttranslational modifications that change compaction are acetylation of histone
H3 atlysine 9 (H3K%ac) and trimethylation of histone H3 atlysine 27 (H3K27me3), marks associated with positive
and negative gene transcriptional activity, respectively (99, 147). DNA methylation in plants has evolved from a re-
sistance capacity to foreign DNA and involves modulation of genomic imprinting, gene expression, and transposon
activity (52, 148). Posttranscriptional gene-silencing processes in living cells can also be mediated by RNA inter-
ference through microRNAs and small interfering RNAs. Small interfering RNAs are targeted by RNA-silencing
complexes that, in association with RNA-dependent DNA polymerases, result in epigenetic marks such as changes
in DNA methylation or chromatin modifications.

that the SUPPRESSOR OF NPR1 INDUCIBLE (SNI1) protein suppresses SA-dependent PR
gene expression through posttranslational modifications of histone H3 (93). The following years

bloomed with studies that ultimately supported these hypotheses.

Chromatin modifications. Studies have investigated the role of epigenetic mechanisms in the

activation of defense-dependent genes. Alvarez-Venegas et al. (7) reported that the expression of

the WRKY70 gene, which encodes an SA-dependent transcription factor involved in crosstalk with

JA, was dependent on trimethylation of histone H3 at lysine 4 (H3K4me3). Moreover, chromatin
changes made by the ATP-dependent chromatin remodeler SPLAYED (SYD) were implicated
in the activation of the JA-dependent PLANT DEFENSIN 1.2 (PDF1.2) gene after infection with
Botrytis cinerea (137). The role of histone replacement by variants also affects the activation and

expression of SA-dependent defense genes. Arabidopsis mutants disrupted in the enzymes needed to

incorporate histone variant H2A.Z into the nucleosome showed an upregulation of SA-dependent

genes that resulted in enhanced resistance to Pst (86).

However, the ultimate proof that certain stimuli can change the epigenetic status came from
a study by Jaskiewicz et al. (64), who showed that changes in posttranslational modifications are

unlinked from direct gene expression. After BTH treatments, the chromatin structure surrounding
the promoter of WRKY29, WRKY6, and WRKY53 (which encode transcription factors associated
with changes controlled by SA) was associated with changes in the acetylation and methylation
levels of histones H3 and H4 at different residues (64). BTH did not activate gene expression, but
these changes facilitated a faster and stronger expression after subsequent infection by P. syringae

pv. maculicoln (64).

In addition, several studies have investigated changes in chromatin after BABA treatment.

For instance, Po-Wen et al. (106) showed that the enhanced responsiveness of PAMP-triggered-
immunity-responsive genes after BABA treatment is mediated by acetylation of histone H3 at
lysines 9 and 14 (H3K9K14ac) and dimethylation of histone H3 at lysine 4 (H3K4me2). A recent
study performed in common bean has also demonstrated that priming by treatments with BABA or

2,6-dichloroisonicotinic acid results in changes in H3K4me3 levels in defense-related genes (87).

Finally, environmental stress by heat, cold, or salt triggers posttranslational modifications and
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facilitates the expression of PAMP-triggered-immunity-responsive genes, which are responsible
for enhanced resistance to Pst (115).

The role of DNA methylation and demethylation in bacterial disease has been documented. For
instance, infections with Pst DC3000 failed to develop in mutants impeded in DNA methylation
(38). In addition, bacterial infection leads to a reduction of the levels of DNA methylation during
defense response, and DNA hypomethylation during pathogen infection promotes the expression
of defense-related genes (146). In agreement with this, a recent publication has demonstrated the
link between methylation status and priming (78). In this study, mutants displaying contrasting
DNA methylomes showed an opposite resistance phenotype to Hyaloperonospora arabidopsidis and
Plectosphaerella cucumerina that was dependent on the capacity of plants to prime both the activation
of defense-dependent genes and callose deposition (78).

Regulation by RNA-directed DNA methylation was first linked to the activation of defense
responses by Agorio & Vera (1), who demonstrated that the RNA-binding ARGONAUTE 4
(AGO4) protein plays a role in defense and that an #go4 mutant is more susceptible to Pst. Since
then, studies have demonstrated that other mutants blocked in RNA-directed DNA methylation
processes are more resistant to pathogens, including H. arabidopsidis and Pst (66, 82), and more
susceptible to necrotrophic pathogens (78). Moreover, Lopez et al. (77) demonstrated the link
between posttranslational modifications and DNA methylation using RNA polymerase V mutants
that showed enrichment in H3K4me3 at the promoter of defense genes, leading to priming of
SA-dependent genes and resistance to Pst.

In conclusion, the changes described above alter the chromatin structure at the promoter
regions and can ultimately destabilize the chromatin structure of neighboring regions, thus fa-
cilitating the access of transcription components (31). Therefore, it is clear that modifications of
histones or DNA methylation levels can serve as pivotal mechanisms to facilitate transcription of
defense-dependent genes upon subsequent challenge.

THE POSTCHALLENGE PRIMED STATE: ENHANCED
RESPONSIVENESS UPON CHALLENGE

Enhanced Perception of the Attacker

A key trait for resistance in plants is fast and efficient perception of their surroundings, and recent
discoveries point to enhanced perception of attackers as an important aspect of defense prim-
ing. This postchallenge primed state is suggested by the evidence that Arabidopsis plants treated
with the SA analog BTH increased their levels of pattern recognition receptors and coreceptors,
such as BAK1, FLAGELLIN-SENSITIVE 2 (FLS2), and CHITIN ELICITOR RECEPTOR
KINASE 1 (CERK1), and showed enhanced responsiveness to flagellin and chitin (124). The
aminotransferase AGD2-LIKE DEFENSE RESPONSE PROTEIN 1 (ALDI) plays a role in
regulating levels of pattern recognition receptors, coreceptors, and PAMP responsiveness and
also mediates pipecolic acid accumulation (26). Another player acting at this level is the plasma
membrane-localized protein lectin receptor kinase V1.2 (LecRK-VI.2), which is associated with
FLS2 and is required for BABA-induced resistance and priming of PAMP-triggered immunity
(63). Importantly, priming by BABA relies on a subcellular translocation of its receptor, IBI1,
from the endoplasmic reticulum to the cytoplasm after challenge (83).

Boosted perception is due not only to cell receptors, but also to physical structures that help
plants to monitor their surroundings, as is the case for trichomes. Chemical treatment with methyl
jasmonate induces enhanced production of trichomes in tomato leaves, preparing the plant for
increased sensitivity to the presence of herbivores (17, 103).
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Enhanced Signal Transduction and Defense Responses

Primed plants can show potentiated ROS generation in response to a challenge. Priming treat-
ments with SA, BTH, BABA, and PS3, for example, boost ROS generation upon challenge with
pathogens, PAMPs, or DAMPs (8, 39, 51, 102, 124, 142). In turn, PAMPs potentiate ROS gener-
ation when challenged by endogenous danger signals, such as plant elicitor peptides (45). Boosted
ROS generation also occurred in PGPR-bacterized grapevine plants upon exposure to cold stress
(126).

Wang et al. (139) recently suggested that interplay between ROS signaling and chloroplastic
Ca’* generation would facilitate the primed state for stomatal closure when plants sense a stress-
ful environment. Indeed, primed plants have exhibited accelerated stomatal closure, a defensive
measure aimed at hampering bacterial ingress (8, 105). N-acyl-homoserine lactones, which are
bacterial quorum-sensing molecules, are among the priming stimuli that have been shown to
boost this response (112). Interestingly, primed plants are also able to block pathogen-mediated
(coronatine-dependent) reopening of stomata during Pst DC3000 infection (132), a result further
supported by the discovery of the Arabidopsis mutant 7722, which displays constitutive priming
and reduced sensitivity to coronatine (22). An improved stomatal response can also lead to abiotic
stress tolerance. As reported in BABA-treated plants, a decrease in stomatal conductance may help
improve water use efficiency and lead to drought stress tolerance (8).

Primed callose deposition is a widely used marker of successful enhanced responsiveness to
fungi, oomycetes, bacteria, or PAMP application at the sites of attempted colonization or ap-
plication (8, 102, 106, 115, 124). Enhanced callose accumulation is not exclusively a hallmark of
priming by pathogen-derived or chemical stimuli. In 2005, Lee et al. (74) reported for the first time
a primed callose response in plants colonized by AMFs: Cucumber plants colonized by the AMF
R. irregularis showed enhanced callose formation after 5 days of infection with Colletotrichum orbic-
ulare compared with nonmycorrhized plants (74). Interestingly, the growth conditions of the plant
can influence the callose response: High light intensity, for example, can boost flagellin-induced
callose (81).

As one of the main signaling components during defense, MPKs also exhibit enhanced acti-
vation in primed plants upon pathogen challenge or abiotic stress (13, 145). For example, their
primed status can be observed in terms of longer and more intense phosphorylation, as reported,
for example, for MPK3 in Arabidopsis upon challenge with P. syringae pv. maculicola and for leaf
infiltration (13). Conrath et al. (31) recently reviewed the role of MPKs in defense priming.

Earlier and/or stronger gene expression upon challenge is one of the most common responses
detected in primed plants (28, 115) (Table 1). Tomato plants colonized by the AMF Funneliformis
mosseae (syn. Glomus mosseae) showed, for example, enhanced expression of the LIPOXYGENASE
D (LOXD), ALLENE OXIDE CYCLASE (AOC), and SERINE PROTEASE INHIBITOR I (PI-I)
and PI-II genes upon chewing of the leaves by the caterpillar Helicoverpa armigera (122), indicative
of priming of the oxylipin pathway and JA-related defenses. By contrast, tomato plants colonized
by the same AMF showed enhanced expression of PRI, PR2, and PR3, in addition to enhanced
expression of LOX, AOC and PHENYLALANINE AMMONIA-LYASE (PAL) genes, in leaves
upon Alternaria solani attack (120), indicative of priming not restricted to JA signaling. In tomato
plants, the increased resistance induced by Trichoderma barzianum against B. cinerea was associated
with enhanced expression of the JA-responsive gene encoding prosystemin (88). Interestingly,
oviposition by Helicoverpa zea on tomato leaves led to increased transcription of the PI-II gene
and enhanced production of JA upon subsequent wounding and application of oral secretions, a
challenging treatment to mimic herbivory by newly hatched neonate larvae (72). Studies performed
with the priming inducer BABA have provided a comprehensive picture of the hormonal interplay
in defense priming (44, 129, 150; for a review, see 8). Studies have also shown that pathways
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dependent on JA, SA, abscisic acid, ethylene, phosphatidylinositol, and phenylpropanoids are
involved in BABA priming, depending on the plant and the challenging stress (8, 129).

Primed plants also show increased protein accumulation and enzymatic activity upon chal-
lenge, as extensively documented, for instance, for PR proteins after BABA priming (8). However,
an increased enzymatic activity was also reported after AMF preinoculation of tomato plants:
F. mosseae colonization led to increased enzymatic activity of $-1,3-glucanase (PR2), chitinase
(PR3), PAL, and LOX upon foliar challenge with A. solani (120).

In addition to the responses mentioned above, boosted synthesis of metabolites, amino acids,
and phytoalexins has been frequently detected in primed plants upon subsequent challenge (8, 10,
28, 96). PGPR colonization of grapevine, for example, boosted the proline increase during cold
stress (126).

The hypersensitive response is the best-known defense reaction mounted by plants with a
certain degree of resistance at the sites of attempted infection. Primed plants can show a potentiated
hypersensitive response upon challenge, as has been found, for example, after priming by BABA
or PS3 (8, 131).

Finally, it is worth mentioning that priming can also influence tritrophic interactions, because
primed plants can display enhanced attractiveness to predators. Bean plants colonized by the AMF
F. mosseae showed enhanced population growth of the predatory mite Phytoseiulus persimilis, the
natural enemy of the herbivorous spider mite Tetranychus urticae (59).

DURATION OF THE PRIMED STATE

Unlike mammals, plants have a nonadaptive immune system that relies on biochemical changes.
Nevertheless, priming of induced resistance influences responses after an initial stimulus, and it
therefore represents a type of immunological memory that allows plants to remember stressful
situations. Epigenetic modifications are one of the mechanisms that enable plants to acquire
memory and can cause long-term alterations to gene responsiveness.

Long-Term Responses Within the Same Generation

Initial epigenetic changes in chromatin structure via DNA methylation and posttranslational
modifications provide long-term memory within a generation that allow the plant to keep defense
mechanisms primed for future attacks (101). Luna et al. (80) showed that the histone methyltrans-
ferase KRYPTONITE (KYP) is required for long-lasting priming by BABA against H. arabidopsidis
in Arabidopsis. However, they found no direct changes in posttranslational modification at the pro-
moter level of BABA-primed defense regulatory genes, such as the PRI or WRKY transcription
factor genes, pointing to an epigenetic #rans-regulation role of defense responses (80). Changes in
the DNA methylation status of the plant can also affect long-term responses to biotic and abiotic
stresses. Interestingly, a recent study reported that DNA methylation and demethylation do not
play a role in systemic acquired resistance four weeks after the initial stimulus (78).

Other studies have reported long-lasting induced resistance to pests and pathogens. For in-
stance, it is possible to achieve durable induced resistance in tomato after seed treatment with
BABA or JA (141). This long-lasting resistance was based on priming of gene expression and did
not cause any reduction in growth (141).

Transgenerational Immune Resistance

Plants can rapidly acquire stress tolerance through physiological changes that are often associated
with developmental costs. Consequently, plants need to be able to revert the acquired tolerance
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once the stress has ceased. Epigenetic modifications provide an excellent evolutionary strategy for
plant adaptation to environmental challenges because they are heritable, occur rapidly, and can
be reversed.

The discovery that changes in DNA methylation are inheritable prompted hypotheses about
epigenetic traits being passed on to subsequent generations. The first study showing higher re-
sistance in the progeny of plants infected with tobacco mosaic virus was published in 1983 (110),
with similar findings later described (60). Interestingly, Molinier et al. (92) first observed that
exposure to UV or flg22 resulted in greater homologous recombination frequency in subsequent
generations, pointing to an epigenetic regulation of environmentally induced changes. Changes
in homologous recombination frequency were also reported in the progeny of plants infected with
tobacco mosaic virus (18), along with enhanced resistance to tobacco mosaic virus and bacterial
and fungal pathogens (69).

In 2012, three independent studies described a transgenerational priming state that mani-
fested as enhanced resistance in the progeny of plants exposed to bacterial infection (79), BABA
treatment (116), and herbivory (108). Infections with a pathogenic strain of P. syringae enhanced
resistance to both the same pathogen and H. arabidopsidis, a phenomenon that was based on prim-
ing of SA-dependent defenses (79). Similarly, Arabidopsis plants treated with either BABA or an
avirulent strain of P. syringae produced progeny that were more resistant to H. arabidopsidis (116).
Finally, caterpillar attack resulted in progeny that were more resistant to herbivory infestation
in both Arabidopsis and tomato, a transgenerational induced resistance based on priming of JA-
dependent defenses (108). Studies demonstrating transgenerational resistance after bacterial and
herbivory infestation further endeavored to elucidate the epigenetic changes mediating this phe-
nomenon. After directly comparing the transgenerational resistance of mutants in RNA-directed
DNA methylation, CpNpG methylation, and de novo CpNpN methylation with that of their
wild-type relatives, Luna and colleagues (79, 82) suggested that non-CG methylation plays a
pivotal role in transgenerational inheritance of defense priming.

Costs

Transgenerational resistance can incur associated costs. For instance, crosstalk between SA- and
JA-dependent resistance has been demonstrated in the progeny of virulent Pst-infected plants
(79). SA-primed progeny downregulated JA-dependent defenses, resulting in plants that were
more susceptible to the necrotrophic fungus Alternaria brassicicola (79). Lopez et al. (77) also
demonstrated epigenetic regulation of SA-JA crosstalk using mutants impaired in enzymes that
mediate RNA-directed DNA methylation, which were more resistant to biotrophic pathogens but
more susceptible to necrotrophs. Thus, different immune responses can achieve transgenerational
priming with a certain level of specificity to the parental stimulus, resulting in costs associated
with the inheritance of defense-hormone crosstalk.

Plants Can Also Forget

Priming generally results in low fitness costs for the plant (89). However, it could lead to the down-
regulation of some resistance pathways or could sensitize plants such that they respond to false
alarm signals. For these reasons, Crisp et al. (33) recently hypothesized that plants might be better
at forgetting previous stresses in order to avoid compromising development, yield, and ultimately
survival. This is in accordance with the hypothesis that the durability of transgenerational defense
priming over stress-free generations may be linked to the level of the stress originally encoun-
tered (79). For example, infections with virulent Psz and herbivory attack were able to induce a
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long-lasting resistance that was maintained over at least one stress-free generation, whereas re-
sistance after infection with avirulent Pst was lost at this stage (79, 108, 116). Transgenerational
resistance can be sustained through more generations when the initial stress is repeatedly applied,
thus warning the progeny of a persistent stress (114). These differences hint at a dependent re-
lationship between the intensity of the stimulation and the durability of the transgenerational
resistance. From an ecological perspective, this outcome makes perfect sense: If the stress pres-
sure is high, then the progeny will likely encounter the same stress suffered by the parental plants.
Accordingly, owing to the fast and reversible nature of epigenetic modifications, it is likely that
transgenerational immune priming is erased after certain stress-free generations, thus removing
the plausible costs.

Transgenerational Resistance in Crops

Since the discovery that defense priming can be transmitted to subsequent generations, several
publications have described similar findings in crops (138). Rasmann et al. (108) demonstrated
that transgenerational resistance to herbivory attack can be achieved in Solanum lycopersicum.
However, transgenerational resistance can also be obtained in legumes (87, 125). Therefore,
transgenerational immune priming does not seem to be limited to short-life model species, such
as Arabidopsis, and is achievable in economically relevant crops with longer life spans. Studying the
mechanisms behind this phenomenon will open opportunities to optimize resistance in cultivars
via epigenetic exploitation.

CONCLUSIONS

Priming is an effective strategy to combat biotic and abiotic stresses, and it therefore represents a
potential approach to enhance plant protection in agricultural systems (138). As there is an urgent
need for new strategies that do not rely on pesticides or single resistance genes, the exploitation
of the capacity of the plant immune system in combination with other strategies may hold the
potential to achieve better protection of crops. The attractiveness of priming for agricultural
protection is also associated with the fact that this phenomenon, unlike the direct activation of
defenses, does not incur major developmental costs (135). There has already been a considerable
translation of knowledge from the laboratory to the field 31, 138).

Importantly, certain side effects need to be considered before priming can be fully integrated
into an agricultural setting. For instance, a stimulation level that is too high mightlead to direct re-
sistance induction, thus compromising fitness. Moreover, plants can be more prone to responding
to false alarm signals that do not represent a threat, causing them to unnecessarily reallocate energy
resources. The most prominent challenge lies in the fact that, in the field, many biotic and abiotic
stresses happen concurrently. Little is known about how plants then set their defensive priorities,
which makes it difficult to predict their reaction and obtain a robust and broad-spectrum resistance
response. In the future, this might even become more difficult in view of the unpredictable effects
of climate change.

SUMMARY POINTS

1. Priming is an intrinsic part of all induced resistance mechanisms in plants.

2. Priming can be induced by a wide variety of biotic and abiotic stimuli.
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3.

4.

Stimuli induce physiological, molecular, and epigenetic changes that prepare the plant
for enhanced responsiveness.

The primed state can last for the lifetime of a plant and can even be transmitted to its
descendants.
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