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PLANT PATHOGEN RESISTANCE

[0001] This application claims priority to provisional appli-
cation U.S. Ser. No. 60/956,301, filed Aug. 16, 2007, the
contents of which is incorporated herein by reference in its
entirety.

[0002] The United States Government has rights in this
invention pursuant to Contract Number DE-ACO0S5-
000R22725 between the U.S. Department of Energy and
UT-Battelle, LLC and also pursuant to Contract Number
10B-0450207 awarded by the U.S. National Science Foun-
dation.

BACKGROUND

[0003] Azelaic acid, derivatives and analogs thereof
increase resistance to plant pathogens and prime plants to
resist pathogen infection.

[0004] Plants activate both local and systemic defenses
against many pathogens (virulent, avirulent and non-host) in
responses that involve the induction of hundreds of genes.
Thus, plants make a substantial investment in defense
responses that help limit the growth of pathogens. Plant
responses to many pathogens are often categorized as either
compatible or incompatible, based on the degree of disease.
In these two extremes, the pathogen typically either grows
and causes extensive disease symptoms (the compatible case)
or is relatively restricted in its replication (the incompatible
case). In the case of incompatible responses (also called
“resistance responses”), signaling is initiated by the percep-
tion of pathogen-derived Avirulence (Avr) proteins that inter-
act directly or indirectly with cognate plant R proteins. Even
in compatible interactions, it is now clear that the plant can
often mount a defense response that is partially effective in
limiting the pathogen. Global expression profiling after
pathogen infection suggests that the compatible and incom-
patible responses largely affect the same sets of target genes,
although the speed and degree to which they are induced is
lower in the compatible case. A subset of these target genes is
likely induced because it encodes important regulatory pro-
teins that participate directly in signal transduction cascades
or generates signal transduction intermediates. Understand-
ing how these regulatory genes are activated under different
conditions can give significant insight into signal flux through
regulatory circuits.

[0005] The induction of salicylic acid (SA) synthesis is
required for conferring resistance to a variety of compatible
and incompatible pathogens. A number of mutants with
reduced accumulation or signal transduction of SA also dis-
play increased susceptibility to pathogens like Pseudomonas
syringae, a gram-negative extracellular pathogen.

[0006] In addition to being important for local defense
responses, SA has been implicated in a whole-plant adaptive
response to pathogens called systemic acquired resistance
(SAR). After infection with an avirulent pathogen, SA accu-
mulates in the systemic uninfected tissue. This systemic tis-
sue shows increased resistance to many pathogens that would
otherwise be highly virulent. Plants that cannot accumulate or
perceive increased levels of SA in systemic tissues do not
develop SAR. However, SA is thought not to be the key
mobile defense signal in SAR and as yet unidentified signals
generated during the defense response may also play a role in
establishing SAR. Discovering the identity and properties of
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these unidentified signal molecules is important, as these are
potential defense signals or signal intermediates.

SUMMARY

[0007] Azelaic acid and its derivatives or analogs prime
plants to activate their resistance response against a pathogen
attack. Azelaic acid and its derivatives induce a plant defense
response prior to pathogen attack in the absence of activating
expression of most defense-related genes.

[0008] A method ofincreasing resistance to a pathogen in a
plant includes:
[0009] (a) obtaining a composition including an effective

amount of azelaic acid or an analog or a derivative thereof;
and

[0010] (b) contacting a plant component with the compo-
sition to increase resistance to the pathogen in the plant.
[0011] A suitable plant component is selected from a group
that includes leaves, roots, stems, fruits, flowers, and seeds.
[0012] A suitable azelaic acid derivative is generally water-
soluble. Examples of azelaic acid derivatives include sodium
azelate, potassium azelate, and azelaic acid esters.

[0013] A method of priming a plant to induce its defense
mechanism against a pathogen includes:

[0014] (a) obtaining a composition including azelaic acid
or an analog or a derivative thereof, and

[0015] (b) contacting the plant with the composition to
prime the plant to induce its defense mechanism in response
to a pathogen attack.

[0016] A method of protecting a plant against a pathogen
infection includes:

[0017] (a) providing a composition including azelaic acid
or an analog or a derivative thereof, and

[0018] (b) exposing the plant to the composition to protect
the plant against the pathogen infection.

[0019] Some examples of plant pathogens include bacte-
rial, fungal, oomycete, and viral plant pathogens. Suitable
plants for treatment as described herein include monocots and
dicots. For example, a monocot plant is a crop plant. A suit-
able plant is also an ornamental plant.

[0020] Azelaic acid concentration in a composition may
include a range of about 0.01 mM to 10 mM and any inter-
vening concentrations such as 0.1 mM, 0.5 mM, 1 mM, 2
mM, and 5 mM. If azelaic acid is mixed with one or more of
other defense inducing components, the concentration of aze-
laic acid may be lower. Azelaic acid or its derivative, includ-
ing analogs, are sprayed over a plant foliage. The composition
may also be taken up through the plant roots. The composition
is generally administered in the presence of light.

[0021] The compositions disclosed herein may also be
administered as a combination with a plant nutrient. The
composition may be administered prior to a pathogen attack
or during a pathogen attack.

[0022] The compositions may also include a component to
induce defense mechanisms that depend on ethylene or jas-
monic acid.

[0023] A method of inducing disease resistance in a plant
includes:
[0024] (a) pre-treating the plant with an effective concen-

tration of a composition consisting essentially of azelaic acid
and any other component that does not materially affect the
functioning of azelaic acid;

[0025] (b) inducing disease resistance in plants by priming
the plant’s defense response against a pathogen.
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[0026] A method of inducing systemic acquired resistance
response in a plant includes:

[0027] (a)applying a composition including azelaic acid or
an analog or a derivative thereof to one or more parts of the
plant; and

[0028] (b) inducing a systemic resistance response in the
entire plant against a pathogen.

[0029] A method of priming a plant against a pathogen
infection includes:

[0030] (a) contacting the plant with a composition includ-
ing a component of a plant exudate, wherein the composition
does not significantly induce pathogenesis-related protein 1
(PR-1); and

[0031] (b) priming the plant against the pathogen infection.
[0032] A method of inducing pathogen resistance in a plant
includes:

[0033] (a) contacting the plant with a composition includ-

ing azelaic acid or a derivative thereof;

[0034] (b) contacting the plant with an agent that activates
one or more plant defense responses; and

[0035] (c) inducing pathogen resistance in the plant.
[0036] A suitable agent that can be used along with azelaic
acid or its derivative includes for example, salicylic acid
agonists, reactive oxygen species, benzothiazole, jasmonic
acid, and ethylene.

[0037] A plant defense-inducing composition includes an
effective amount of azelaic acid or a derivative thereof and a
plant nutrient.

[0038] A plant growth-promoting composition includes an
effective amount of azelaic acid or a derivative thereof and a
plant nutrient.

BRIEF DESCRIPTION OF THE DRAWINGS

[0039] FIG. 1 demonstrates that petiole exudates from
pathogen-infected plants have signaling compounds that
induce disease resistance and defense markers in Arabidopsis
Col plants. (A) PR1 expression in leaves of wild-type Col at
2 days after treatments with 0.25 mM EDTA and petiole
exudates from mock-treated Col (Col-Mex) and from
Pseudomonas syringae pv. maculicola carrying avrRpt2-in-
oculated Col (Col-Pex). AtEF1-a. was used as an internal
control for the quantity of mRNA. (B) Reduced bacterial
growth in Col leaves pre-treated by syringe-inoculation with
pathogen-induced petiole exudates (Col-Pex). Different let-
ters indicate statistically significant differences (P<0.001,
t-test, n=6). (C) Relative gene expression in Col leaves at 2
days after infiltrating different exudates that were collected at
various times after pathogen inoculation. The number of
asterisks indicates samples that were different from one
another at given level of statistical significance (**p<0.01).
0.25 mM EDTA was applied as a control (M).

[0040] FIG. 2 illustrates that some defense mutants show
attenuated defense-related gene induction and/or pathogen
resistance induced by Col-Pex exudates. (A) Relative
defense-related gene expression in leaves of wild-type (WT)
(Col) and mutant plants at 2 days after treatment of active
exudates. (B) Pseudomonas syringae pv maculicola strain
PmaDG3 growth in leaves of wild-type Col and mutant plants
treated with Col-Mex (white bars) and Col-Pex (line bars).
PmaDG3 (OD600=0.0001) was infiltrated into leaves at 2
days after pre-treatment of exudates. The growth of bacteria
was measured on day 3 after inoculation. The number of
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asterisks indicates samples that were different from one
another at a given level of statistical significance (* p<0.05,
*#5<0.005)

[0041] FIG. 3 demonstrates that the petiole exudate com-
ponent azelaic acid induces plant resistance against PmaDG3
infection. (A) Local and systemic resistance response by aze-
laic acid treatment against virulent PmaDG3 infections.
Local or systemic leaves of 21~23-day-old plants were
treated with SmM MES (pH 5.6) (black bars) or 1 mM azelaic
acid in 5 mM MES (pH 5.6, white bars) 2 days prior to
challenge with the virulent PmaDG3 strain (OD600=0.0001).
MES and azelaic acid were introduced into leaves by syringe-
infiltration. Azelaic acid induced a significant reduction in the
disease symptoms of local and systemic leaves and a reduc-
tion in pathogen growth. (B) Growth of avirulent strains
PmaDG6 (PmaDG3 carrying avrRpt2) and PmaDG34
(PmaD@G3 carrying avrRpm1) in leaves of Col pretreated with
5 mM MES (black bars) or 1 mM azelaic acid in 5 mM MES
(pH 5.6, white bars). (C) Twenty three-day-old plants were
pretreated with 1, 10, 100, and 1000 pM azelaic acid in S mM
MES or 5 mM MES for 2 days and then subjected to infection
with virulent PmaDG3 at OD600=0.0001. The 100 and 1000
UM azelaic acid treatments resulted in significant reduction of
the growth of bacteria under the conditions tested. (D) Plants
were treated with 5 mM MES or 1 mM azelaic acid for the
indicated times prior to inoculation with virulent PmaDG3.
Inoculations with PmaDG3 were performed between noon
and 1 pm. Azelaic acid (Aza) in 5 mM MES was applied to
plants using a hand-sprayer. The growth of bacteria was mea-
sured on day 3 after inoculation. The number of asterisks
indicates samples that were significantly different from one
another at given level (* p<0.05, **p<0.01). Significant pro-
tection occurred when inoculations were performed 48 h after
spraying plants. (F) Plants were treated and infected as in (D),
except that infections were performed between 8 and 9 pm.
(*p<0.04). These experiments were repeated two to four
times to confirm reproducibility.

[0042] FIG. 4 shows Pseudomonas syringae (strain
PmaDG3) growth in leaves of plants defective for systemic
acquired resistance (SAR) and salicylic acid (SA)-deficient
mutants. 1 mM azelaic acid in 5 mM MES was applied to
wild-type Col, SAR-defective, and SA-deficient mutants (A)
and jasmonic acid/ethylene-insensitive mutants (B) 2 days
prior to challenge-inoculation of virulent PmaDG3
(OD600=0.0001). Azelaic acid did not induce plant resis-
tance in the SAR-defective and SA-deficient mutants tested
herein. This suggests that these cellular components were
required for azelaic acid-induced resistance response in Ara-
bidopsis. By contrast, jarl and etr] mutation did not affect
azelaic-induced resistance in Arabidopsis. The experiments
were repeated a minimum of three times. The number of
asterisks indicates samples that were different from one
another at given levels of statistical significance (* p<0.05,
*%p<0.01).

[0043] FIG. 5 shows that azelaic acid does not affect endog-
enous salicylic acid and camalexin levels but does induce
expression of a lipid transfer protein (LTP) gene in wild-type
Col Arabidopsis. (A) Time course of free and total salicylic
acid levels in leaves of Col after spray treatments with 5 mM
MES (black bars) and 1 mM azelaic acidin 5 mM MES (white
bars). (B) Camalexin levels in leaves of Col after azelaic acid
treatment by spraying. Each experiment in (A) and (B) was
performed with three different samples and the experiments
were repeated three times. (C) Expression of an LTP gene
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(At2g38530) was elevated after azelaic acid treatment per-
formed as in (A), however expression of PR1 and many other
defense-related genes was unaffected. RT-PCR (23 cycles)
was used to assess gene expression, with EFla serving as a
loading control.

[0044] FIG. 6 demonstrates that azelaic acid primes SA-
dependent defense signaling. (A) Endogenous free and total
SA levels in azelaic acid-treated plants were significantly
higher than those in mock-treated plants during Pseudomo-
nas syringae infections. Five mM MES or 1 mM azelaic acid
in 5 mM MES were applied to leaves of wild-type Col Ara-
bidopsis 2 days prior to inoculation of 10 mM MgSO, (M),
virulent PmaDG3 (V) and avirulent PmaDG6 expressing Avr-
Rpt2 (Av). Leaves were collected at different times after
inoculation and endogenous free and total SA level was mea-
sured. (B) Relative PR1 expression in leaves of mock-treated
plants and azelaic acid-treated plants after virulent PmaDG3
infection. The expression of PR1 is plotted on a log scale. The
number of asterisks indicates samples that were different
from one another at given levels of statistical significance (*
p<0.075, **p<0.05, ***p<0.01).

[0045] FIG. 7 demonstrates that exudates from pathogen-
infected plants contain significantly more azelaic acid than
exudates from mock treated plants. Exudate samples from
leaves treated with PmaDG6 (Col-Pex) or 10 mM MgSO4
(Col-Mex) for 72 hrs were analyzed using GC-MS. The active
exudates contained an average of 6.2 fold higher levels of
azelaic acid compared to inactive exudates (5.1 uM in mock-
induced exudates, 31.6 uM in pathogen-induced exudates,
p=0.042, t-test).

DETAILED DESCRIPTION

[0046] Disclosed herein are methods and compositions that
induce disease resistance in plants by activating endogenous
defense mechanisms. Azelaic acid, a plant exudate compo-
nent, is shown to prime plants against pathogen attack. Aze-
laic acid by itself enhances protection against pathogen attack
in plants by activating a plant’s underlying signaling mecha-
nism in the absence of a substantial induction of ‘defense
genes’ (e.g., pathogenesis related (PR) genes). However,
upon pathogen attack the azelaic acid-treated plants display
enhanced protection against pathogen infection compared to
untreated plants. This protection is accompanied by a stron-
ger activation of defense responses indicating that the azelaic
acid treatment primes the plant’s resistance response against
pathogen attack. Azelaic acid treatment does not impose a
significant metabolic burden on the plants in the absence of a
pathogen attack. Structural and functional analogs and
derivatives of azelaic acid are also suitable in activating a
plant’s resistance response against pathogens.

[0047] Compositions that include an effective amount of
azelaic acid are applied to the plants by appropriate methods
of application known to those of ordinary skill in the art. For
example, stable formulations of azelaic acid or its derivatives
are included along with plant nutrient mix as part of a root
feeding approach. Leaf wetting agents such as, for example, a
surfactant may also be used when aerial spraying is used to
contact the plants with azelaic acid or its derivatives. The
compositions can be applied by, for example, spraying, atom-
izing, dusting, scattering, coating or pouring, introducing into
or on the soil, introducing into irrigation water, by seed treat-
ment, or dusting at a time when the plant pathogen has begun
to appear or before the appearance of pathogens as a protec-
tive measure. Any means that bring the azelaic acid-based
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compositions in contact with the plants can be used in the
practice of the embodiments. The compositions can be for-
mulated with an acceptable carrier into a composition(s) that
is, for example, a suspension, a solution, an emulsion, a
dusting powder, a dispersible granule, a wettable powder, an
emulsifiable concentrate, an aerosol, an impregnated granule,
an adjuvant, a coatable paste, or also encapsulations in, for
example, polymer substances.

[0048] Azelaic acid or its derivative-containing composi-
tions disclosed herein may be obtained by the addition of a
surface-active agent, an inert carrier, a preservative, a humec-
tant, a feeding stimulant, an attractant, an encapsulating
agent, a binder, an emulsifier, a dye, a UV protectant, a buffer,
a flow agent or fertilizers, micronutrient donors or other
preparations that influence plant growth.

[0049] Agronomically acceptable carriers are known and
include, for example, solid carriers such as fine powders or
granules of kaolin clay, attapulgite clay, bentonite, acid clay,
pyrophillite, talc, diatomaceous earth, calcite, corn starch
powder, walnut shell powder, urea, ammonium sulfate, syn-
thetic hydrated silicon dioxide and the like. Acceptable liquid
carriers include, for example, aromatic hydrocarbons such as
xylene, methylnaphthalene and the like, alcohols such as
isopropanol, ethylene glycol, cellosolve and the like, ketones
such as acetone, cyclohexanone, isophorone and the like,
vegetable oils such as soybean oil, cottonseed oil, corn oil and
the like, dimethyl sulfoxide, acetonitrile, water and the like.

[0050] Suitable wetting agents include for example alkyl
benzene and alkyl naphthalene sulfonates, alkyl and alkyl
aryl sulfonates, alkyl amine oxides, alkyl and alkyl aryl phos-
phate esters, organosilicones, fluoro-organic wetting agents,
alcohol ethoxylates, alkoxylated amines, sulfated fatty alco-
hols, amines or acid amides, long chain acid esters of sodium
isothionate, esters of sodium sulfosuccinate, sulfated or sul-
fonated fatty acid esters, petroleum sulfonates, sulfonated
vegetable oils, ditertiary acetylenic glycols, block copoly-
mers, polyoxyalkylene derivatives of alkylphenols (particu-
larly isooctylphenol and nonylphenol) and polyoxyalkylene
derivatives of the mono-higher fatty acid esters of hexitol
anhydrides (e.g., sorbitan). Dispersants include methyl, cel-
Iulose, polyvinyl alcohol, sodium lignin sulfonates, poly-
meric alkyl naphthalene sulfonates, sodium naphthalene sul-
fonate, polymethylene binaphthalene sulfonate, and
neutralized polyoxyethylated derivatives or ring-substituted
alkyl phenol phosphates. Stabilizers may also be used to
produce stable emulsions, such as magnesium aluminum sili-
cate and xanthan gum.

[0051] Suitable concentrations of azelaic acid or its deriva-
tives range from about 0.1 mM to about 1000 mM, including
any of the intervening concentrations such as 1 mM, 10 mM,
20 mM, 50 mM, 100 mM and 500 mM. Depending on the
nature of the plants, the age of the plants, the mode of admin-
istration, and the environmental conditions, either lower or
higher concentrations of azelaic acid may also be applied. In
addition, depending upon the stability, toxicity, and effective-
ness of azelaic acid analogs or derivatives, suitable concen-
tration may range from about 0.01 mM to about 10 mM.
Optimal concentrations of azelaic acid and its derivatives or
analogs are determined by using one or more of the methods
disclosed herein by measuring, for example, pathogen growth
after infection or gene expression, or by determining any
suitable resistance response marker. Compositions that con-
sist essentially of azelaic acid or its derivatives may be in the
form of a stock suspension or in a dry state.
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[0052] Some of the desirable considerations for azelaic
acid analogs and derivatives include extended in vivo and ex
vivo stability, increased effectiveness, reduced plant toxicity,
capability of being absorbed through the leaves and/or roots,
and reduced side effects, if any, upon human consumption of
any left-over derivatives or analogs through plant products.
The analogs and derivatives include structural analogs of
azelaic acid as well as formulations that extend the stability or
effectiveness or both of azelaic acid.

[0053] Azelaic acid or its derivatives may also be used in
combination with other compositions that enhance the plant
resistance response against pathogens. For example, a suit-
able amount of azelaic acid or its derivatives can be mixed
with a suitable amount of a compound, such as, for example
salicylic acid (SA) or SA agonists such as 2,6-dichloroisoni-
cotinic acid (INA), 3-hydroxypicolinic acid and benzo(1,2,3)
thiadiazole-7-carbothioic acid S-methyl ester (BTH or ben-
zothiadiazole) that activate the salicylic acid response in
plants. Similarly, a suitable amount of azelaic acid or its
derivatives can be mixed with a suitable amount of a com-
pound that activates jasmonic acid and ethylene signaling
pathways. Additionally, a suitable amount of azelaic acid or
its derivatives can be mixed with a suitable amount of a
reactive oxygen species for example, peracetic acid or a per-
oxide compound, or a compound that generates reactive oxy-
gen intermediates, such as a redox-cycling agent. Similarly, a
suitable amount of azelaic acid or its derivatives can be mixed
with a suitable amount of an elicitor, such as Harpin, which
mimic a pathogen attack on a plant. SA, SA agonists such as
BTH, reactive oxygen species, elicitors or any other defense
inducing compound can be either applied along with azelaic
acid or after the application of azelaic acid. These additional
defense inducing compounds may also be applied prior to
azelaic acid application. Concentrations for these additional
defense-inducing compounds may vary from about 0.1 mM
to about 100 uM or 1 mM. If these additional compounds are
applied after the application of azelaic acid, a period of about
4-24 hours is given between the serial applications. Booster
applications of either azelaic acid or these additional com-
pounds may be practiced as well.

[0054] The term “azelaic acid derivatives” include any
chemical(s) that are derived from azelaic acid, for example a
particular salt of azelaic acid. Azelaic acid derivatives also
include structural analogs. Azelaic acid derivatives include
esters of azelaic acid that include for example, dimethyl-
azelate, diethyl-azelate, dipropyl-azelate, dihexyl-azelate, di-
(t-butyl)-azelate and the like. Additional derivatives include
for example, azeloyl glycine, mono- or di-sodium salts,
mono- or di-potassium salts of azelaic acid. Generally, aze-
laic acid derivatives increase either water-solubility if needed
and/or stability.

[0055] Compositions that include azelaic acid or its deriva-
tives may contain about 95% pure azelaic acid or 90% pure or
85% pure or 85% pure or more than about 75% pure azelaic
acid. Crude or partially purified plant exudates that contain an
effective amount of azelaic acid or its derivatives are also
suitable to be used as a composition.

[0056] The term “consisting essentially of” refers to com-
positions that contain azelaic acid or its derivatives or analogs
as an active ingredient and may optionally contain any other
component that does not materially affect the functional
attributes of azelaic acid e.g., in inducing resistance response
in plants. For example, a composition consisting essentially
of azelaic acid may include a wetting agent or a carrier.
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[0057] The terms “exposing” and “contacting” refer to one
or more methods of treating plants with azelaic acid or its
derivatives by any suitable method, such as, for example
spraying or infiltrating or root feeding.

[0058] The term “priming” refers to the process by which a
plant is prepared to mount an effective resistance response
against pathogens.

[0059] The term “defense-related genes” refers to one or
more genes that are induced at least more than 2 or 3 or 5-fold
within a few hours after pathogen attack. These defense-
related genes include the pathogenesis-related (PR) genes.
For example, PR-1 is a suitable defense-related gene.
Defense-related genes may also be considered defense-re-
lated markers.

[0060] The term “systemic acquired resistance” (SAR)
refers to a whole-plant resistance response upon pathogen
attack (or any other resistance inducing treatment) on one part
of'the plant.

[0061] The term “antimicrobial” or “antimicrobial activ-
ity” refers to antibacterial, antiviral, antinematodal, and anti-
fungal activity against plant pathogens. Accordingly, the aze-
laic acid and its derivatives may enhance resistance to insects
and nematodes that infest plants.

[0062] The terms “plant pathogen™ or “plant pest” refer to
any organism that can infect and cause harm to a plant. A plant
can be harmed by an inhibition or slowing of the growth ofa
plant, by damage to the tissues of a plant, by a weakening of
the defense mechanism of a plant, by a reduction in the
resistance of a plant to abiotic stresses, by a premature death
of the plant, and the like. Plant pathogens and plant pests
include, but are not limited to nematodes, and organisms such
as fungi, oomycetes, viruses, and bacteria.

[0063] The terms “disease resistance” or “pathogen resis-
tance” are intended to mean that the organisms avoid the
disease symptoms that are the outcome of organism-pathogen
interactions. That is, pathogens are prevented from causing
diseases and the associated disease symptoms, or alterna-
tively, the disease symptoms caused by the pathogen are
minimized or lessened.

[0064] The term “plant component” refers to any plant
material that is likely to be attacked by a pathogen. Suitable
plant component includes for example, leaves, stems, roots,
flowers, fruits, seeds, seedlings, callus, tubers, and plant cell
culture.

[0065] Azelaic acid-based compositions may reduce the
disease symptoms resulting from pathogen challenge by at
least about 5% to about 50%, at least about 10% to about 60%,
at least about 30% to about 70%, at least about 40% to about
80%, or at least about 50% to about 90% or greater.

[0066] Examples of plants of interest include, but are not
limited to, corn (Zea mays), Brassica sp. (e.g., B. napus, B.
rapa, B. juncea), particularly those Brassica species useful as
sources of seed oil, alfalfa (Medicago sativa), rice (Oryza
sativa), rye (Secale cereale), sorghum (Sorghum bicolor, Sor-
ghum vulgare), millet (e.g., pearl millet (Pennisetum glau-
cum), proso millet (Paricum miliaceum), foxtail millet (Se-
taria italica), finger millet (Eleusine coracana)), sunflower
(Helianthus annuus), safflower (Carthamus tinctonus),
wheat (Triticum aestivum), soybean (Glycine max), tobacco
(Nicotiana tabacum), potato (Solanum tuberosum), citrus
trees (Citrus spp.), cocoa (Theobroma cacao), tea (Camellia
sinensis), oats, barley, vegetables, ornamentals, and conifers.
[0067] Vegetables include for example, tomatoes (Lycoper-
sicon esculentum), lettuce (e.g., Lactuca sativa), green beans
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(Phaseolus vulgaris), lima beans (Phaseolus limensis), peas
(Lathyrus spp., Pisum spp.). Omamentals include for
example, azalea (Rhododendron spp.), hydrangea (Hydran-
gea macrophylla), hibiscus (Hibiscus rosasanensis), roses
(Rosa spp.), tulips (Tulipa spp.), daffodils (Narcissus spp.),
and chrysanthemum.

[0068] Pathogens of the embodiments include, but are not
limited to, viruses or viroids, bacteria, nematodes, fungi, and
the like. Viruses include any plant virus, for example, tobacco
or cucumber mosaic virus, ringspot virus, necrosis virus,
maize dwarf mosaic virus, and the like. Specific fungal,
oomycete and viral pathogens for the major crops include, but
are not limited to the following: Phytophthora, Fusarium
spp., Alternaria, Pythium spp., Soybean mosaic virus,
Tobacco Ring spot virus, Tobacco Streak virus, Tomato spot-
ted wilt virus, Sclerotinia, Peronospora, Cladosporium, Ery-
siphe, Aspergillus, Puccinia spp., and Trichoderma. Specific
bacterial plant pathogens include any bacterial species that
infect plants and include, but are not limited to Xanthomonas
(e.g., Xanthomonas axonopodis pv. aurantifolii, Xanthomo-
nas campestris pv. campestris, Xanthomonas campestris pv.
vesicatoria), Pseudomonas (Pseudomonas syringae pv.
tomato, Pseudomonas syringae pv. phaseolicola, Pseudomo-
nas syringae pv. syringae), Erwinia (e.g., Erwinia carotovora
subsp. atroseptica), Ralstonia (e.g., Ralstonia solan-
acearum), Clavibacter michiganensis, and Xylella fastidiosa.

EXAMPLES

[0069] The following examples are for illustrative purposes
only and are not intended to limit the scope of the disclosure.

Example 1

Petiole Exudates Induce Defense Responses Against
Pseudomonas syringae Infection

[0070] To induce the production of possible defense-induc-
ing signal molecules, Arabidopsis leaves were infiltrated with
an avirulent derivative of Pseudomonas syringae pv. maculi-
cola ES4326 carrying avrRpt2 (strain PmaDG6) that induces
systemic acquired resistance (SAR). Infiltration with 10 mM
MgSO, served as a mock inoculation control. After 12-15
hours, leaves were excised and placed in 1 mM EDTA for the
collection of exported material, presumed to be phloem com-
ponents, from the petioles. The EDTA blocks the production
of callose at the wound site and prevents the plugging of the
cut end, thereby allowing the collection of potential defense-
inducing signal molecules. Quarter-strength bacteria-free
petiole exudates were infiltrated into leaves to test their ability
to activate defense responses. FIG. 1A shows the expression
levels of PR1, asalicylic acid (SA) signaling marker, in leaves
at 2 days after treatment with 0.25 mM EDTA, mock-induced
exudate (Col-Mex) or pathogen-induced exudate (Col-Pex).
The Col-Pex triggered a high level of PR1 expression, relative
to that found after treatment with Col-Mex. These data indi-
cate that there is one or more biologically active signal mol-
ecules in the Col-Pex that is able to induce PR1 expression.

[0071] To test whether the Col-Pex could also confer resis-
tance to pathogen infection, a virulent derivative of P. syrin-
gae pv. maculicola ES4326 carrying empty vector (strain
PmaDG3) was inoculated onto leaves of 25-day-old plants 2
days after pretreatment with exudates. Bacterial growth after
three days was significantly reduced in leaves pretreated with
Col-Pex, compared with those of mock-treated and Col-Mex-
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treated plants (FIG. 1B). These data show a biological activity
of petiole exudates from leaves inoculated with avirulent
bacteria.

[0072] Signal molecule(s) found in active exudates might
be induced at a distinct time after infection with SAR-induc-
ing bacteria. Therefore, petiole exudates were collected at
various times after infection with avirulent PmaDG6 and
quarter-strength exudates were infiltrated into leaves which
were analyzed for PR1 expression 2 days after treatment
(FIG. 1C). Expression levels were normalized to those found
in 0.25 mM EDTA-treated plants. Petiole exudates collected
at 48 and 72 hrs after pathogen inoculation induced PR1
expression. The level of PR1 expression was significantly
higher in leaves infiltrated with Col-Pex collected 48 hrs after
pathogen inoculation.

[0073] Itwas also tested whether the active exudates could
induce ALLD1 and PR1 expression in a series of SAR-defec-
tive and SA-deficient mutants. The active Col-Pex exudate
was infiltrated into leaves of wild-type and mutant plants 2
days prior to collecting tissues for isolation of total RNA.
FIG. 2A shows relative PR1 expression levels in different
mutants normalized to expression in wild-type leaves. Col-
Pex only weakly induced PR1 expression in leaves of ndrl,
pad4, nprl, sidl and sid2. These data indicate that these
cellular components essential for SAR were also required for
the response to a signal molecule(s) in petiole exudates.
Moreover, plant resistance induced by Col-Pex was com-
pletely abolished in the SAR-defective and SA-deficient
mutants tested (FIG. 2B). Col-Pex was still active in dth9
mutant plants (p<0.05, student t-test), which are known to be
compromised for the maintenance of SAR, and are unable to
induce resistance in response to SA treatment.

Example 2

A High Level of Azelaic Acid Accumulates in Active
Petiole Exudates

[0074] Metabolites in active exudates were compared with
those in mock-induced exudates to discover the molecule(s)
responsible for inducing plant defenses. The levels of about
160 metabolites in exudates were analyzed using gas chro-
matography (using a 95% dimethyl/5% diphenylpolysilox-
ane column) coupled with mass spectrometry (GC-MS).
High levels of azelaic acid (C H, ;O,) were detected in active
Col-Pex preparations, compared with those in Col-Mex
(Table 1). The differences of the response ratios from each
experiment largely resulted from variation in basal levels of
azelaic acid in plants grown at different times.

[0075] As shown in FIG. 7, active exudates contained an
average of 6.2 fold higher levels of azelaic acid than inactive
exudates.

TABLE 1

Relative level of azelaic acid in petiole exudates either from
mock-treated or pathogen-inoculated wild-type Col Arabidopsis

Mol. RT.
Compound  formula® (min)? TIC (%)3 pC*
Azelaic CoH,;c04 17.14 317 95% dimethyl/5%
acid diphenyl! polysiloxane
Col-Mex® Col-Pex® Response ratio
Trial Avg. Avg. Pex/Mex




US 2009/0048312 Al

TABLE 1-continued

Relative level of azelaic acid in petiole exudates either from
mock-treated or pathogen-inoculated wild-type Col Arabidopsis

1 0.09 3.42 37.26
2 0.5 12.03 24.13
3 1.15 2.07 1.8
4 2.31 3.37 1.46
5 Not detected 10 >10

!Molecular formula;

2Retention time;

3Total Ton Current;

“Polymer of Coating Material;

SMex, Mock-treated exudate;

SPex, PmaES4326/avrRpt2-induced exudate (OD600 = 0.01)

Example 3

Azelaic Acid Confers Resistance Responses Against
Pseudomonas syringae Infection

[0076] Biological activity of azelaic acid in inducing dis-
ease resistance. 1 mM azelaic acid was infiltrated into leaves
3 and 4 of 3-week old plants. Two days later, plants were
inoculated with virulent PmaDG3 onto leaves 3 and 4 or in the
upper leaves, which were not pre-treated with azelaic acid
(systemic leaves). Azelaic acid (1 mM) dissolved in 5 mM
MES (pH 5.6) was not toxic to plant cell. The growth of
PmaDG3 was significantly reduced in both local and sys-
temic leaves of azelaic acid-treated plants, compared with
those of mock-treated plants (FIG. 3A). Unlike mock-treated
plants, azelaic acid-treated plants showed very little disease
symptom development. Mock-treated and azelaic acid-
treated plants were also infiltrated with avirulent derivatives
of P. syringae pv. maculicola carrying avrRpt2 (PmaDG6) or
avrRpm1 (PmaDG34). Azelaic acid caused a reduction in the
growth of PmaDG6 (carrying avrRpt2), but not PmaDG34
(carrying avrRpm1; FIG. 3B).

[0077] PmaDG3 growth was measured after spray treat-
ment of plants with various concentrations of azelaic acid.
FIG. 3C shows that plants pretreated with 100 and 1000 uM of
azelaic acid were resistant to PmaDG3. This induced resis-
tance resulted in a 10-fold suppression of bacteria growth. In
contrast, there was no difference in bacterial growth after
treatments with S mM MES and 1 or 10 uM azelaic acid at the
conditions tested. It was also tested whether azelaic acid
required a certain induction period for the induced resistance
response. Plants grown in the light and pretreated with azelaic
acid using a hand sprayer 6 hours prior to infection were still
susceptible to virulent P. syringae (FIG. 3D), while pretreat-
ment 12 hours prior to pathogen challenge conferred a low
level of resistance (FIG. 3D). However, when plants were
grown in the dark for 12 hours after treatment, azelaic acid
was ineffective at conferring disease resistance (FIG. 3E).
The induced-resistance was more stable and stronger with
longer times of exposure to azelaic acid. Thus, azelaic acid
induces a light-dependent disease resistance response against
infection with P. syringae that is also concentration- and
time-dependent.

Example 4

Azelaic Acid-Induced Resistance is Attenuated in
SAR-Defective, SA-Insensitive and SA-Deficient
Mutants, But not JA/Ethylene-Insensitive Mutants

[0078] To further characterize how plants regulate azelaic
acid-induced resistance, 1 mM azelaic acid was sprayed onto
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wild type and several mutant plants 2 days before infection
with virulent PmaDG3 and bacterial growth was measured.
Unlike wild-type plants, the SA pathway mutants tested were
susceptible to virulent PmaDG3 infection regardless of treat-
ment with azelaic acid (FIG. 4A). These data demonstrate that
multiple defense components (NDR1, PAD4, NPR1, SID1,
SID2, and FMO1) known to be important to regulate, synthe-
size and respond to SA may play a role for azelaic acid-
induced plant resistance in the plants tested in this example.
Pathogen resistance was also dependent on DTH9, which is
important for SA-induced disease resistance and SAR main-
tenance in Arabidopsis. The growth of bacteria was also
monitored in leaves of JA- and ethylene-insensitive mutants,
jarl and etrl, following treatment with 1 mM azelaic acid.
FIG. 4B shows that treatment of azelaic acid was effective in
restricting bacterial growth in jarl and etrl mutants suggest-
ing that jasmonic acid and ethylene-dependent signaling are
dispensable for azelaic acid-induced resistance in Arabidop-
Sis.

Example 5

Exogenous Treatment of Azelaic Acid does not
Increase Salicylic Acid or Camalexin Levels

[0079] Since resistance to P. syringae requires activation of
SA-dependent defenses accompanied by elevated endog-
enous SA levels, it was investigated whether azelaic acid
directly induces SA accumulation. After spray treatment of
plants with 1 mM azelaic acid, there was no significant dif-
ference in free and total SA level between mock-treated and
azelaic acid-treated plants (FIG. 5A). Additionally, the levels
of the phytoalexin Camalexin, a defense metabolite, were
similar in azelaic acid-treated and mock-treated plants (FIG.
5B). These data indicate that azelaic acid does not directly
affect the levels of either SA or camalexin. To investigate
whether azelaic acid might affect additional defense markers,
expression of defense-related genes was monitored using a
mini array. Surprisingly, most defense-related genes that
were tested showed no difference in expression between
mock-treated and azelaic acid-treated plants. One gene
encoding a potential lipid transfer (LTP) protein, At2g38530,
was significantly induced (3-fold) by azelaic acid. RT-PCR
confirmed that At2g38530 was induced by azelaic acid. How-
ever, PR1, a SA signaling marker, was not induced by azelaic
acid. Thus, azelaic acid appears not to induce large changes in
known signaling pathways activated by P. syrinagae, but does
induce at least one defense-related gene.

Example 6
Azelaic Acid Primes Defense Responses

[0080] Since SA signaling mutants were compromised in
responding to azelaic acid, it was investigated whether azelaic
acid might prime SA synthesis or SA-dependent defense
responses in plants. To test this, plants were sprayed with 1
mM azelaic acid (or 5 mM MES) and after two days infected
with virulent PmaDG3 and avirulent PmaDG6 (carrying avr-
Rpt2) (OD600=0.01). FIG. 6 A shows that the levels of free
SA in azelaic acid-treated plants were significantly higher
than those in mock-treated plants at 6 and 18 hrs after virulent
PmaDG3 infection (p<0.05, student t-test). A similar trend
was seen after infection with PmaDG6 (carrying avrRpt2),
but the results were not statistically significant. Additionally,
pretreatment of azelaic acid resulted in a higher level of total
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SA accumulation at 18 hrs after inoculation with both
PmaDG3 and PmaDG6, compared with those of mock-
treated plants (p<0.01, student t-test). The priming effect by
azelaic acid was also investigated by analyzing PR1 expres-
sion, a molecular marker for SA signaling (FIG. 6B). Mock-
and azelaic acid-treated plants were infected with virulent
PmaDG3 (OD600=0.01) 2 days after spray treatments. PR1
expression was increased in both azelaic acid treated and
untreated plants after infection with the virulent strain. How-
ever, the expression was higher in leaves pretreated with
azelaic acid after pathogen infection, compared with expres-
sion in mock-treated plants following pathogen infection
(note the log scale in FIG. 6B). These data indicate that the
mode of action of azelaic acid is to prime plants to induce
defenses more strongly and more quickly than untreated
plants.

1. A method of increasing resistance to a plant pathogen in
a plant, the method comprising:

(a) obtaining a composition comprising an effective

amount of azelaic acid or an azelaic acid derivative; and

(b) contacting a component of the plant with the composi-

tion to increase resistance to the pathogen in the plant.

2. The method of claim 1, wherein the pathogen is selected
from bacterial, fungal, oomycete, and viral plant pathogens.

3. The method of claim 1, wherein the plant is a monocot.

4. The method of claim 1, wherein the plant is a crop plant.

5. The method of claim 1, wherein the plant is an ornamen-
tal plant.

6. The method of claim 1, wherein the azelaic acid is in a
concentration range of about 0.01 mM to 10 mM.

7. The method of claim 1, wherein the effective amount of
azelaic acid is 1 mM.

8. The method of claim 1, wherein the component of the
plant is selected from the group consisting of leaves, roots,
stems, fruits, flowers, and seeds.

9. The method of claim 1, wherein the composition is
administered in combination with a plant nutrient.
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10. The method of claim 1, wherein the composition is
contacted in the presence of light.

11. The method of claim 1, wherein the azelaic acid deriva-
tive is water-soluble.

12. The method of claim 1, wherein the azelaic acid deriva-
tive is selected from the group consisting of sodium azelate,
potassium azelate, and azelaic acid esters.

13. The method of claim 1, wherein the composition com-
prises a wetting agent.

14. The method of claim 1, wherein the composition fur-
ther comprises an agent to induce a defense mechanism that
depends on salicylic acid or ethylene or jasmonic acid or a
combination thereof.

15. The method of claim 14, wherein the agent is selected
from the group consisting of salicylic acid agonists, reactive
oxygen species, benzothiazole, jasmonic acid, and ethylene
or a derivative thereof.

16. The method of claim 1, wherein the composition is a
plant exudate.

17. A method of priming a plant to induce resistance
response against a pathogen, the method comprising:

(a) obtaining a composition comprising an effective

amount of azelaic acid or a derivative thereof; and

(b) contacting a plant component with the composition to

prime the plant to induce its resistance response against
a pathogen attack.

18. The method of claim 17, wherein the plant component
is plant foliage.

19. The method of claim 17, wherein the resistance
response is systemic acquired resistance.

20. The method of claim 17, wherein the composition is
administered prior to a pathogen attack.

21. A plant defense-inducing composition comprising an
effective amount of azelaic acid or a derivative thereof and a
plant nutrient.

22. The composition of claim 20 comprising a wetting
agent.



