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MAP kinase  mitogen-activated protein kinase

NPR non-expresser of PR genes

PR pathogenesis-related

DPst Pseudomonas syringae
pv. tomato

SA salicylic acid

SAR systemic acquired resistance
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ABSTRACT

Upon infection with necrotizing pathogens many plants develop an enhanced resisiance
to further pathogen attack also in the uninoculated organs. This type of enhanced resistance
is referred to as systemic acquired resistance (SAR). In the SAR state, plants are primed
(sensitized) to more quickly and more effectively activate defense responses the second
time they encounter pathogen attack. Since SAR depends on the ability to access past
experience, acquired disease resistance is a paradigm for the existence of a form of
“plant memory”. Although the phenomenon has been known since the beginning of the
20th century, major progress in the understanding of SAR was made over the past sixteen
years. This review covers the current knowledge of molecular, biochemical and physio-
logical mechanisms that are associated with SAR.

INTRODUCTION

In 1901, Beauverie and Ray independently realized that plants previously infected by a
pathogen could better resist further infection.!? Over the 30 years that followed these
reports, many studies suggested the existence of various induced disease resistance
phenomena in plants. These have been summarized by Chester in 1933.3 One prominent
induced resistance phenomenon is nowadays known as systemic acquired resistance
(SAR).%*® SAR is induced by most pathogens that cause tissue necrosis, either as a part of
a hypersensitive response (HR)” or as a symptom of disease.® One characteristic of SAR is
the development of the enhanced resistance in the distal, uninoculated plant organs.4’8
Another hallmark of SAR is its activity against a broad and distinctive spectrum of
pathogens which includes viruses, bacteria, oomycetes, and fungi.#? In addition, SAR
confers a long-lasting protection that can last for weeks to month, and sometimes through-
out an entire season.” Thus, for SAR to be realized, a plant requires the ability to recall past
experience. Therefore, in addition to serving as a paradigm for signal transduction and
having practical value, acquired resistance is a prime example for the existence of a form
of “plant memory”.

SYSTEMIC SAR SIGNALING

Early grafting experiments have shown that a primary infected leaf of a plant can produce
a systemic signal that is graft transmissible from rootstock to scion.!®!! The studies also
revealed that the systemic signal induces SAR in the remote tissue in a species non-specific
manner.!%!! The identity of the long-distance signal, however, remained unknown.4¢
Some experiments suggested salicylic acid (SA) was the translocated signal,'>"!> but others
argued against such a role for SA.1018 Recent work with the Arabidopsis defective in
induced resistancel (d77) mutant indicated that wild-type DIR1 with sequence similarity
to lipid transfer proteins might play a role in the generation and/or transmission of a
mobile signal for SAR, possibly by interaction with a lipid-derived molecule.!® Also, in the
Arabidopsis enhanced disease susceptibility 1 (edsI) and phytoalexin deficient 4 (pad4)
mutants, which are both defective in putative lipaSCS,ZO’Zl SAR cannot be activated.®
Together, these findings suggest that lipid signaling might contribute to SAR.

Hydrogen peroxide has also been proposed to have a signaling role in SAR.??
Inoculation of lower leaves of Arabidopsis plants with avirulent Pseudomonas syringae pv.
tomato (Pst) DC3000 (avrRpt2) elicited a prominent H,O, burst in the infected leaves.
The oxidative burst was followed by the appearance of lower levels of H,O, in small
groups of cells in uninoculated leaves. The systemic “microbursts” were followed by the
formation in the remote tissue of so-called “micro-HR” lesions. Using a pharmacological
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approach it has been shown that both the initial and
secondary H2O2 bursts are both required for
SAR.?2 However, whether hydrogen peroxide might
serve as a mobile systemic signal for SAR remained
unclear.

Gaseous methyl salicylate, a major volatile
produced in tobacco leaves inoculated with tobacco
mosaic virus, was recently shown to function as an
airborne signal which induces disease resistance in
both the infected and non-infected tissues of an
infected plant, and also in neighboring plants.23’24
Similarly, experiments with an ethylene-insensitive,
transgenic tobacco line implicated ethylene as a
signal for SAR, at least in tobacco.?® Together, the
above findings indicate a complex nature for SAR
long-distance signaling that might involve various
different signals whose contribution to SAR might
depend on the plant species.

SALICYLIC ACID: ENDOGENOUS SIGNAL FOR SAR

Though the identity of the long-distance signal
for SAR is unknown, it is appreciated that SA is
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needed to establish SAR in the remote tissue.46
First compelling evidence for this came from studies
with transgenic tobacco and Arabidopsis plants
constitutively expressing a bacterial SA hydroxylase.
These plants are unable to accumulate high levels
of SA and do not acquire systemic resistance upon
infection with necrotizing pathogens,®? presum-
ably due to the destruction of the SA signal. More
recent work with Arabidopsis mutants affected in
either SA production or SA signaling confirmed the role of SA as an
important signal in SAR.?%2?? In addition, in transgenic tobacco and
Arabidopsis plants, overproduction of SA enhanced the resistance to
pathogens.30:3!1

CHEMICAL SAR ACTIVATORS

Since it has been appreciated that SA is an endogenous signal for the
activation of SAR, there was increased characterization of synthetic
chemicals able to mimic SA in SAR induction. 2,6-dichloroisonico-
tinic acid and its methyl ester (both are referred to as INA) were the
first synthetic compounds shown to activate SAR.32 As INA is
insufficiently tolerated by some crops, benzo(1,2,3)thiadiazole-7-
carbothioic acid S-methyl ester (BTH) became an attractive synthetic
SAR activaror.33-35 SA, INA and BTH are assumed to activate SAR
through a same signaling mechanism.?

SAR GENES

In tobacco and Arabidopsis, establishment of SAR is associated
with the expression of a set of so-called SAR genes,3® which include
some of those encoding pathogenesis-related (PR) proteins.>” Some
PR proteins have been identified as acidic f-1,3-glucanases (BGL2)
and chitinases (PR-3), possibly able to hydrolyze microbial cell wall
components.3” Therefore, the accumulation of PR proteins has
often been proposed as the molecular basis for SAR.

However, over the past few years it became widely appreciated
that the accumulation of PR proteins does not per se explain the
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Figure 1. Sequence of events associated with the establishment of SAR. Upon primary infection
of a plant leaf with a necrotizing pathogen,!
systemically throughout the plant.2 The signal causes systemic accumulation of salicylic acid
(SA).3 SA causes direct activation of SAR genes, some of which encode enzymes with antimi-
crobial activity. SA also conveys the tissue to the primed state® which is characterized by an
enhanced capacity to activate defense responses upon secondary pathogen attack. The faster
and/or stronger activation of defense responses at the sites of secondary infection results in
a decrease in disease symptoms,®

a yet unknown systemic signal(s) is distributed

reflecting the SAR state.”

SAR phenomenon.® For instance, cloning of PR genes and plant
transformation by now have not provided a single example in which
an inducible acidic glucanase or chitinase, alone or in combination,
enhances resistance to fungal pathogens. Thus, the contribution of
PR proteins to SAR appears to be minor.38

PRIMING (SENSITIZATION)

Upon pathogen infection, there is activation of cellular defense
responses in attacked cells of both susceptible and resistant plants.
However, in case of (induced) resistance, cellular defense responses are
induced more rapidly and stronger than in a susceptible interaction.”
Thus, an enhanced ability for the quick and effective activation of
cellular defense responses that are induced not until challenge
pathogen attack is another hallmark of SAR. According to the termi-
nology for mammalian monocytes and macrophages the state of the
enhanced ability to activate cellular defense responses was named
the “primed” (“sensitized”) state of the plant (Fig. 1).9:39-41 Although
the phenomenon has been known for years,” priming and the resulting
potentiation of cellular defense responses have not been widely
appreciated until the early 1990s. This may, at least in part, be due
to the fact that the enhanced ability of the tissue with SAR to better
activate cellular defense responses does not become obvious until
(challenge) pathogen attack of the protected tissue. In addition, the
(enhanced) cellular defense responses are induced only in the few
cells that are under attack, thus making their investigation difficult.

To overcome these difficulties and to provide a first systematic
description of the priming phenomenon, the Kauss and Conrath
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laboratories took advantage of a parsley cell culture-elicitor model
system to study priming and the resulting augmentation of cellular
defense responses:4%41 Pretreatment with SA, INA or BTH, in a
strictly time-dependent process, primed the parsley cells for strong
activation already at low elicitor doses of various cellular defense
responses.*24¢ In more detailed studies with the parsley cell culture,
Conrath and associates found that the effect of the SAR inducers on
defense gene activation strongly depended on the gene that was
monitored.4>4¢ One class of defense genes was found to be directly
responsive to relatively low concentrations of SA or BTH.4>40 A
second class of parsley defense-related genes was only slightly
responsive to the treatment with any of the two SAR activators tested.
Yet, already at low concentrations of SA or BTH, these genes dis-
played activator-dependent potentiation of their expression but only
following treatment with a low dose of elicitor.#>4¢ For example, SA
concentrations of 500 uM and higher were needed to activate the
phenylalanine ammonia-lyase (PAL) defense gene using only SA,
whereas as little as 10 uM SA greatly potentiated the subsequent
elicitor-induced PAL expression.*> These results revealed a dual role
for SAR inducers at the activation of plant defense responses: low
doses of SA primed for potentiated activation of some defense genes,
whereas higher doses directly activated other defense-related genes.

The first in-depth description of the priming phenomenon in
whole plants was provided by Mur et al. in 1996.47 The authors
reported that transgenic tobacco plants hydroponically pretreated
with SA did not significantly express chimeric Asparagus officinalis
PR-1::GUS or PAL-3::GUS defense genes. However, upon infection
with Ps. pv. syringae or wounding, activation of the reporter genes
was greatly enhanced.4” The SAR non-inducing SA analog 4-hydroxy
benzoic acid was found inactive in this assay.#’ Similar to the above
mentioned results with systemically resistant tobacco plants, pre-
treatment with BTH was found to prime Arabidopsis for potentiated
PAL expression upon infection with Pst DC3000.4 The BTH-
induced priming also enhanced both PAL gene expression and callose
deposition when these responses were induced by either mechanically
wounding the leaves with forceps or by infiltrating them with water48
The observations with Arabidopsis suggested that priming might be
a common component that mediates cross-talk between pathogen
defense, and wound and osmotic stress responses.48 Intriguingly,
when SAR of Arabidopsis was biologically induced by previous
infection with an avirulent strain of Pst (Pst DC3000 avrRpt2), there
was potentiated activation also of PR-1 upon challenge infection with
virulent Pst DC3000.48 Thus, it is likely that priming is the major
mechanism in bona fide SAR, at least in Arabidopsis.

The Arabidopsis mutant enhanced disease resistance (edrI) shows
constitutively enhanced resistance to Pst DC3000 and to the fungal
pathogen Erisyphe cichoracearum.®® Interestingly, edrl is different
from other mutants with enhanced disease resistance because it shows
no constitutive induction of PR-1 and BGL2, although transcripts of
both genes accumulate in response to pathogen infection. This fact
and the finding that edr! displays stronger induction of defense
responses such as the HR and callose deposition after infection
strongly suggest an involvement of EDR1 in priming.

The Arabidopsis non-expresser of PR genes (nprl) mutant (nprl
also known as niml or sail) accumulates wild-type SA levels in
response to treatment with avirulent pathogens. However, the
mutant is unable to express biologically or chemically induced
SAR.5%52 Intriguingly, the potentiation by BTH-priming of both
Pst-induced PAL expression and wound- or water infiltration-induced
PAL gene activation and callose deposition are absent in npr1,8
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strongly suggesting that a functional NPR1 gene is required for
priming. Conversely, in the constitutive expresser of pr genes (cprl)
and ¢pr5 mutants of Arabidopsis, which express SAR in the absence of
pretreatment with SAR activators,”>>4 there was constitutive priming
without BTH pretreatment, for potentiated PAL activation by Pst
DC3000 infection, and for augmented induction of both PAL gene
expression and callose deposition upon wounding or infiltrating the
leaves with water.48 Though it cannot be excluded that constitutive
priming in cpr] and cpr5 might be due to the expression of a plethora
of defense genes in these plants or due to activation of stress
responses other than SAR, it is likely that because of the enhanced
levels of SA in ¢prl and ¢pr5,535% these are permanently in the
primed state. Because of constitutive priming, cprl and ¢pr5 might
be able to rapidly and effectively induce their various cellular defense
responses, thus leading to enhanced defense responses to pathogen
attack, wounding or infiltration of water.4 It is noteworthy that the
constitutively enhanced pathogen resistance of another Arabidopsis
mutant, ¢pr3-2, has been ascribed to the potentiated induction of
the PR-1 gene.55

The strong correlation between SAR and presence of priming,
stressed the assumption that priming is a crucial mechanism in the
bona fide SAR response of plants. The conclusion was further
supported by the close correlation between the capability of various
chemicals to induce SAR against tobacco mosaic virus in tobacco®®
and their ability to prime for potentiated PAL expression induced by
either elicitor treatment in parsley cells#546 or Pst DC3000 infection,
wounding or water infiltration in Arabidopsis plants.48 Moreover, an
attenuation of priming and the concomitant loss of potentiated
induction of the oxidative burst have been associated with a lack of
resistance to avirulent bacterial pathogens in tobacco.”” And further-
more, overexpression in tomato of the disease resistance-associated
gene PTT5 potentiates pathogen-induced defense gene expression
and enhances the resistance to Pst.>8

Observations similar to those made with parsley cell cultures, and
tobacco, tomato, and Arabidopsis plants have been reported from
SA-treated soybean cell cultures infected with Ps. pv glycinea,59 from
BTH-primed and elicited Agastache rugosa suspension cells,® and
from SAR-induced and subsequently infected sunflower! cucumber,®2
asparagu563’64 and cowpea plants.65 Together, these studies suggested
that priming is a major mechanism of SAR in various different plant
species.

HYPOTHETICAL MECHANISMS OF PRIMING:
A PLANT'S “MEMORY"?

Induction of the primed state by SA, INA and BTH for
augmentation of cellular defense responses was strictly dependent on
an extended preincubation period.2454¢ Therefore it has been
hypothesized that the SAR inducers during pretreatment might
cause time-dependent biosynthesis and preinfectional accumulation
or posttranslational modification of cellular components with impor-
tant roles in signal transduction and/or amplification. Accumulation
or modification of the components per se would not activate most of
the plant’s defense responses. Yet due to their enhanced level in
primed cells, there’s augmented recruitment of the signal transmis-
sion components and, thus, potentiated activation of downstream
defense responses but only upon subsequent exposure to biotic or
abiotic stress.*8 Recently, a mitogen-activated protein (MAP) kinase
has been identified that accumulates upon priming in both parsley
culture cells and Arabidopsis plants without displaying enzyme
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activity (Beckers, Zhang, Conrath, unpublished data). Probably due
to the enhanced level of the inactive MAP kinase in primed cells and
plants, there's augmented MAP kinase activity after stimulation by
biotic or abiotic stress which is associated with enhanced induction
of defense responses (Beckers, Zhang, Conrath, unpublished data).
The priming-associated MAP kinase is a hot candidate for a cellular
component that mediates priming.

Since various defense genes are activated faster and/or stronger in
primed cells and plants than they are in nonprimed ones, the
chromatin structure of defense-related genes has recently received
increased attention when elucidating priming and SAR. As a matter
of fact, the promoters of defense genes can be in more states than
just “on” or “off” and the different stimuli that together cause
promoter activation follow each other often with significant lag of
time.% In a recent pioneer study, Ng et al.%” investigated histone
modifications associated with the inactive state, the primed state
(inactive, but prepared for activation) and the active state of the
B-phaseolin promoter in a heterologous Arabidopsis system. The
studies uncovered that dependent on the promoter state, specific
histone acetylation and methylation patterns were established in a
specific manner indicating that a chromatin structure permissive for
transcription can be established via progressive steps. In this scenario,
an inactive promoter stores information in form of histone modifi-
cations to allow for a temporally separated transcriptional activation
response. Whether similar processes play a role in priming for faster
and/or stronger activation of defense genes, however, remains
unclear. Interestingly, both systemic DNA rearrangements®® and
alterations in the methylation pattern of DNA® have been associated
with the establishment of plant disease resistance.

NPR1: A KEY COMPONENT FOR SAR

Over the past decade, a variety of mutants with compromised
activation of SAR have been identified. The Arabidopsis mutant
nprl (see text above) is probably the most prominent of these mutants.
Nprl accumulates wild-type SA levels in response to infection with
avirulent pathogens but is unable to activate PR genes,’*>2 or
establish the primed state,* or develop biologically or chemically
induced SAR.%-52 Thus NPR1 is a likely key regulator of SAR and
priming. This assumption has further been supported by two studies
demonstrating that constitutive overexpression of NPRI in transgenic
plants did not lead to enhanced SA levels or constitutive expression
of PR genes. Rather, these plants showed stronger PR gene expression
after pathogen infection and they also expressed greatly enhanced
disease resistance.”%”! Interestingly, 7pr] shows enhanced suscepti-
bility to some virulent pathogens and seems to be involved also in R
gene-mediated disease resistance.® In addition, NPR1 seems to play
a key role in the SA-independent induced systemic resistance (ISR)
response.”? ISR is triggered by selected strains of saprophytic rhizo-
bacteria and confers broad-spectrum disease resistance in the aerial
parts of the plant.”? Impressively, in Arabidopsis activation of the
NPRI1-dependent ISR state is not associated with major changes in
defense gene expression before pathogen infection.”4 Rather, a
plethora of defense-related genes shows augmented expression after
pathogen attack,”4 suggesting that NPR1-dependent priming is a
major mechanism also in ISR.4%4! Similarly, the resistance that is
induced by the non-protein amino acid B-aminobutyric acid
(BABA) against Pst DC3000 and the fungal pathogen Borryris
cinerea in Arabidopsis also depends on an intact NPRI gene.”>7®
Intriguingly, the BABA-induced resistance to the pathogenic
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oomycete Hyaloperouospora parasitica was associated with a primed
state enabling potentiated deposition of callose-containing papillae
after infection.”>

NPR1 has two domains likely mediating protein-protein interac-
tions, an ankyrin repeat and a broad-complex, tramtrack, bric-4-brac/
poxvirus, zinc finger (BTB/POZ) domain, as well as phosphorylation
sites and a putative nuclear localization signal.®’”7® Upon SAR
activation, alterations in the redox state of the cell are the likely driving
force that causes the inactive NPR1 homooligomer to convert to the
active NPR1 monomer’? that accumulates in the nucleus®® where it
interacts with a variety of proteins. These include members of the
TGA family of basic leucine zipper transcription factors with a role
in the activation of defense genes.8! A comprehensive literature review

covering NPR1’s role in SAR signaling has been published recently.®

THE COSTS OF PRIMING AND SAR

Many reports demonstrated that constitutive induction of disease
resistance in plants might incur fitness costs. In most of these studies,
defense responses have been activated by treatment of plants with
high doses of SAR activators, transforming them with SA biosynthetic
enzymes or by inducing gain-of-resistance mutations in Arabidopsis.
For example, when wheat plants grown under pathogen-free conditions
and under limited nitrogen supply were treated with BTH, the plants
exhibited reduced growth and impaired seed set.®? Furthermore,
transgenic Arabidopsis plants constitutively accumulating high levels
of SA due to the expression of a SA synthase show a dwarfed
phenotype and produce few seeds.’! In the ¢prl, cpr5, and ¢pr6
mutants of Arabidopsis, which contain constitutively high levels of
SA and permanent expression of PR genes,”>>* dwarfing has also
been associated with reduced fitness of the plants.®

However, most of the studies aimed at evaluating the costs of
resistance induction were based on the analysis of plants that had
constitutively activated defense responses. The analyses did not
consider that bona fide SAR is rather associated with the primed state
for quicker and/or stronger activation of defense responses rather
than with the direct activation of defense mechanisms. Recently, van
Hulten et al.83 compared the costs of chemical priming by low doses
of BABA with those for the direct induction of defense responses by
high doses of BABA or BTH in Arabidopsis. The authors found that
the direct induction of defense mechanisms seriously affected growth
and seed set while priming had only marginal effects.3? Thus, priming
seems to have economical advantages over the direct induction of the
overall plant defense response.

CONCLUSION

SAR is a widely observed phenomenon in plants and priming for
potentiated activation of defense responses has emerged as an impor-
tant part of it (Fig. 1). In the primed state, plants are able to more
quickly and more effectively activate defense responses when exposed
to biotic or abiotic stress. A thorough elucidation of the primed state
on the molecular, biochemical and physiological levels will not only
contribute to a better understanding of signal transduction in plants.
It will also enable utilization of the broad-spectrum, natural defense
capacity of plants in the field. Finally, in-depth analysis of priming
and SAR will provide access toward understanding this form of
“plant memory”.
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