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Abstract: Elicitors are compounds, which activate chemical defences in plants. Various biosynthetic pathways are acti-
vated in treated plants depending on the compound used. The most intensively studied elicitor for manipulating defence
pathways in plants is methyl jasmonate, which modifies e.g. the production of terpenoids, the main constituents of conifer
oleoresin. Other commonly tested chemical elicitors are salicylic acid, methyl salicylate and benzothiadiazole, which af-
fect production of phenolic compounds in plants. Both jasmonate-based and salicylate-based elicitors have been shown to
have suppressive effects on fungal diseases and insect pests of plants. So far, knowledge regarding the efficiency of elici-
tor treatments for enhancing pest and fungal disease resistance of conifer seedlings is very limited. We review current
knowledge of the effect of these elicitor compounds on pest and disease resistance in plants, and we analyze the potential
pros and cons of using elicitors for future pest management strategies in forest nurseries.
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INTRODUCTION

Boreal conifer forests form the largest biome on Earth.
When growing actively these forests are considered to be one
of the most significant global sinks of atmospheric CO, [1].
Regeneration of conifer forests with good quality seedling
material is essential for maintaining the large forested areas
as an active CO, sink after forest logging. Along with global
warming the pressure by pest insects and mites and various
plant pathogens will be an increasing threat to forestry in
boreal forest areas in the future [2].

Feeding injuries caused by insects and mites, or attack by
fungal hyphae and pathogenic bacteria, will elicit natural
defence mechanisms in plants [3]. Chemical defences against
herbivorous organisms can be direct, affecting feeding or
reproduction of an herbivore, or indirect, suppressing the
impact of harming organisms by attracting or maintaining
the natural enemies of herbivores [3, 4]. This will include
activation of genes involved in certain biochemical pathways
in plants to produce enzymes, which are responsible for pro-
duction of secondary metabolites. These secondary plant
metabolites are active chemical compounds that are not nor-
mally essential for basic plant physiology, but have e.g. a
defensive role against herbivores and pathogens. In conifers,
terpene-based chemical defence is dominant, while in the
whole plant kingdom terpenoids are the most diverse group
of plant secondary metabolites with over 40,000 known
compounds, when all derivates of the universal precursors
isopentenyl diphosphate (IPP) and its isomer, dimethylallyl
diphosphate (DMAPP) are considered [5]. Major terpenoids
in oleoresin are the ten-carbon monoterpenes, 15-carbon
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sesquiterpenes and 20-carbon diterpenes [6]. Production of
genetically modified conifer trees with increased resin-based
defence capability has been proposed earlier [7]. Recently,
conifers treated with exogenous elicitors e.g. methyl jas-
monate (MeJA) have shown increased resin production and
resistance against herbivores [8]. The terpene-derived alco-
hol paclitaxel (taxol) is also used as a pharmaceutical agent
against cancer. Production of this compound in Taxus sp.
cell cultures can be efficiently up-regulated by specific ex-
ternal stimuli such as MeJA elicitor [9]. Thus, elicitor com-
pounds affect the synthesis of chemical compounds in plants,
but this will result in constraints in carbon allocation and
ultimately reduce plant growth or even stop the shoot elon-
gation after the elicitor treatment [8]. Therefore, detailed
investigations of the whole plant physiological and growth
responses after manipulation of induced defences are needed.

MECHANISM OF INDUCED DEFENCES IN PLANTS

Plant defence, including physical defence based on e.g.
cuticle structure, various thorns and hairs, and chemical de-
fence based on chemical compounds can be divided into
constitutive and inducible defence component [3]. Constitu-
tive defence can be found in healthy plants that are not
harmed by biotic or abiotic stressors. In many circumstances,
constitutive defence is not enough to protect against attack
by microbes or herbivores. When an insect takes a bite, or
the appressorium of fungal hyphae attacks the plant cells
causing lysis and disintegration of cell membranes, the de-
fence responses of the plant are activated. Biological or abi-
otic induction will lead to formation of new protective plant
structures or production of new chemical compounds in plant
tissues and if volatile, they may be emitted. After fungal
pathogen and insect herbivore attack there is also an increase
in chemical compounds that are already found constitutively
in healthy plants. Tissue concentrations and volatile emis-
sions of organic compounds may both be elevated, but re-
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sponsiveness of different compounds depends on the type of
attacking organism e.g. [10].

INDUCIBLE BIOSYNTHETIC PATHWAYS IN PLANTS

In this section, the three major biochemical pathways,
leading to the formation of plant secondary metabolites, i.e.
terpenoids, phenolics and alkaloids, will be briefly described.
Many plant families have specific pathways producing com-
pounds, which are very responsive to elicitors like glucosi-
nolates in crucifers [11], but these compounds are not found
in conifers.

Plant terpenoids are formed via two separate pathways,
which are active in different sub-cellular compartments. The
methylerythritol phosphate pathway (MEP) is active in plas-
tids including chloroplasts. MEP pathway is mostly respon-
sible for the production of isoprene and monoterpenes, but
recent observations by Phillips et al. [7] have suggested that
the MEP pathway is primarily responsible for providing pre-
cursors for induced oleoresin biosynthesis and their major
compounds, diterpenes.

Acetate-mevalonate pathway (MVA) is active in the cy-
tosol where sesquiterpenes are produced [12]. Both pathways
produce isopentenyl diphosphate (IPP), which is transformed
to form terpene precursors. Some plant stress-related induc-
ible terpenes like the homoterpene 4,8-dimethyl-1,3,7-
nonatriene (DMNT) are produced via both of the two terpene
pathways [12] giving evidence of cross-talk between the
pathways. This is an indication that there is a dynamic path-
way allocation, when plants are under stress and terpenes are
urgently needed for plant defence.

Plant phenolics are synthesized by several different bio-
synthetic pathways, but mainly via the shikimic acid and
malonic acid pathways. Plant phenolics are a very diverse
group of plant secondary compounds from six carbon simple
phenolics to polymeric tannins, which have monomer units
of phenolics [13].

Plant alkaloids are a large group of nitrogen-containing
plant secondary compounds formed from common amino
acids, lysine, tyrosine, tryptophan and ornithine. Alkaloids
are toxic to many herbivores and have medicinal properties
[14]. Keindnen ef al. [15] have demonstrated that alkaloids
respond to exogenous elicitors among the other major groups
of plant chemicals.

EXOGENOUS ELICITORS

Elicitors tested for pest management purposes are usually
synthetically produced molecules of the chemical com-
pounds, which normally have an endogenous hormone role
in controlling plant defence. Furthermore, fungal cell wall
components like alamethicin peptide [16] and chemical
compounds in insect saliva or regurgitant can act as natural
elicitors (Fig. 1).

Ethylene, C;H, is a natural plant hormone. An ethylene-
releasing substance 2-chloroethylphosphonic acid
(Ethephon) activates stilbene production and increases the
number of pathogenesis-related proteins in grapevine leading
to the protection against fungal pathogens [17].

Methyl jasmonate (MeJA), (Z E)-methyl 3-oxo-2-(2-
pentyl) cyclopentane acetate is a plant hormone formed via
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the octadecanoid pathway together with jasmonic acid (JA)
[18]. JA and MeJA are formed in plants under various biotic
stresses. Biosynthesis is believed to start with the oxygena-
tion of free linolenic acid (LA), with further reactions cata-
lysed by a lipoxygenase (LOX) enzyme. MeJA is a catabo-
lite of JA and both activate genes controlling the secondary
metabolic pathways. Synthetic octa-decanoid phytohormone
mimic compounds like coronalon (6-ethyl indanoyl iso-
leucine conjugate) are highly active elicitor compounds in-
ducing similar responses in several plant species [18].

Methyl salicylate (MeSA), methyl-2-hydroxybenzoate is
an organic ester and natural product of many plant species.
MeSA can be produced by esterifying salicylic acid (SA),
which as a natural plant hormone, affects e.g. plant growth
and development and acts as a signal in plant defence. The
compound was registered as a pesticide for the first time in
1972, when it was classified as an insect repellent [19].

BTH, benzo-(1,2,3)-thiadiazole-7-carbothioic acid S-
methyl ester is a functional analogue of salicylic acid and
marketed with the trade names Bion and Actigard. It has
been shown to induce resistance to a wide variety of plant
pathogens and to have efficiency comparable to that of tradi-
tional fungicides in controlling e.g. Peronospora species
[20].

Chitosan is a non-toxic and biodegradable polymer of
beta-1,4-glucosamine. It is a deacetylated form of chitin de-
rived from crustaceous shells such as those of crabs and
shrimps. Chitosan has a direct effect on treated microorgan-
isms reflecting its fungicidal potential, but it also induces a
series of defence reactions in treated plants [21].

ELICITOR IMPACTS ON CONIFER XYLEM CEL-
LULAR STRUCTURE AND CHEMISTRY

MeJA is one of the most commonly studied elicitors on
coniferous trees. MeJA treatment affects the synthesis of
terpenoids. Therefore, it influences the cellular structures
where synthesis and storage of conifer oleoresin takes place
[22], [23]. Hudgins et al., [24] found that in several Pinaceae
species MeJA induced a response partly similar to wound-
ing, including polyphenolic parenchyma (PP) cell activation
and xylem traumatic resin duct (TD) formation. MeJA
treatment induces xylem TD formation and surface resinosis
in members of the Taxodiaceae family, formation of axial
phloem resin ducts but not xylem ducts in the Araucariaceae
and Cupressaceae families, whereas Podocarpaceae species
showed no induction of resin-producing structures. In Scots
pine (Pinus sylvestris) seedlings MeJA treatment induced the
formation of resin ducts in a continuous band in newly de-
veloping stem xylem [8]. Resin duct density was signifi-
cantly increased in xylem cross-sections of Scots pine seed-
lings (Fig. 2). Furthermore, MeJA treatment in concentration
of 100 mM reduced annual diameter growth and tracheid cell
lumen area, but no effects were seen in thickness of bark and
phloem [8]. In another MeJA experiment with saplings of
four Scots pine provenances, only one provenance showed
MeJA induced reduction in stem diameter [25]. All Pinaceae
species treated with MeJA showed phenolic deposition in
polyphenolic parenchyma cells, and early lignification of
phloem fibres was observed in most of the studied non-
Pinaceae species [22].
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Fig. (1). Structures of the elicitor compounds.

Application of 0.01% MeJA to the soil of potted Doug-
las-fir seedlings (Pseudotsuga menziesii (Mirb.) Franco)
caused numerous anatomical and chemical changes in the
roots, stem and foliage. These changes were, for the most
part, similar for both studied full-sibling families. One of the
most distinctive changes was induced traumatic resin duct
formation in roots and stems [26]. Similar formation of
traumatic resin ducts was reported by Alfaro et al. [27] to
occur in the developing xylem of trees following insect at-
tack. Development of traumatic resin ducts is expected to
allow trees to move induced resin to the site of damage as a
rapid and targeted defence against herbivores or invading
pathogens. Chemical differences between MeJA-treated and
control Douglas-fir seedlings were mainly limited to the
roots and stem, though some changes also occurred in the
foliage [26]. In stems some diterpenes were increased 25-
fold in concentration, which was probably possible because
of increased numbers of traumatic resin ducts.

IMPACTS OF ELICITORS ON PLANT DEFENCE
CHEMISTRY

The elicitors are compounds that have a natural function
in plant signalling. Gene expression analysis by Phillips e?
al. [28] of Norway spruce (P. abies) demonstrated that genes
encoding 1-deoxy-D-xylulose 5-phosphate synthase (DXS),
which catalyzes the first step of the MEP pathway, are dis-
tinctly induced by the various elicitors. In cell cultures, the
gene PaDXS2A was induced by treatment with chitosan,
methyl salicylate, and Ceratocystis polonica (a bark beetle-
associated, blue-staining fungal pathogen). However, another
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Fig. (2). Xylem cross-sections from stems of Scots pine (Pinus
sylvestris) seedlings treated with (A) 0 mM (control) or (B) with
100 mM MelJA, showing MeJA effect on resin duct density (2 resin
ducts in control and 9 in MeJA treatment). Red area is xylem and
blue area on the right is cambium and phloem. Sections were
stained with a mixture of safranin and alcian blue. Bar = 0.5 mm.
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gene PaDXS2B was induced by treatment with MeJA and
chitosan, but was not affected by MeSA or C. polonica.
Monoterpene synthase was activated after application of
MeJA to the growth medium and several monoterpenes ac-
cumulated in Norway spruce cell suspension culture. Chito-
san and MeJA both activated genes encoding the pathogene-
sis-related 14-3-3 protein in seedlings and cell suspension
cultures of White spruce Picea glauca [29].

Heijari et al. [8] observed that in Scots pine seedlings the
total monoterpene concentration in the current-year xylem
was significantly increased by 100mM MeJA treatment. Of
the individual monoterpenes only the concentration of a-
pinene increased significantly. No changes in the total
monoterpene concentration were observed in the current and
previous-year bark or needles. The total resin acid concentra-
tion in the current-year needles and stem xylem was signifi-
cantly higher in the 100 mM treated than control seedlings.
In needles of MeJA treated seedlings the concentrations of
most individual resin acid compounds increased, whereas in
stem xylem, only the concentration of abiotic acid increased.
This was an indication of differential responses by various
plant parts of conifer seedlings to spraying seedling foliage
with MeJA. Another long-term MeJA treatment experiment
[25] with Scots pine saplings demonstrated that foliar MeJA
application affects needle secondary chemistry with signifi-
cantly elevated concentrations of two monoterpenes, [3-
pinene and limonene. In two of the studied pine provenances
MelJA increased the concentrations of resin acids in the nee-
dle oleoresin as well.

Soil treatment of Douglas fir seedlings with MeJA sig-
nificantly increased the concentrations of most monoterpenes
in roots and stems, whereas (E)-B-ocimene decreased sig-
nificantly in the foliage. Four of the five detected sesquiter-
penes increased significantly, mainly in the root and stem,
and four of the eight detected diterpenes increased in re-
sponse to MeJA treatment, but only in root and stem tissues
[26]. Miller et al. [30] compared the effects of attack by
white pine weevils (Pissodes strobi) or application of MeJA
-induced terpenoid responses in Sitka spruce (Picea sitchen-
sis). Both insects and MeJA caused traumatic resin accumu-
lation in stems, with more accumulation induced by the wee-
vils.

ELICITOR IMPACTS ON PLANT PATHOGENS ON
CONIFERS

Krokene et al. [31] investigated the effect of chemical
pre-treatment with MeJA or oxalic acid (OxA) on pathogen
resistance of 13-year-old Norway spruce trees. The outer
bark of test trees was first treated with chemical and then 4
weeks later inoculated with the pathogenic blue-stain fungus
Ceratocystis polonica. Both chemicals significantly reduced
symptoms of fungal infection, but MeJA was more effective
than OxA (51 versus 18% reduction in length of necrotic
lesions in the phloem relative to untreated control trees). The
authors concluded that MeJA treatment of Norway spruce
appears to have practical potential as a tool for increasing
plant resistance to fungal infection, but with a modest reduc-
tion in sapwood growth. Kozlowski et al. [32] found that
fumigation of P. abies seedlings with MeJA (3 days,25 ul
100 I'' air) protected seedlings from Pythium ultimum

Holopainen et al.

infection by up to 75%. There was not a direct fungitoxic
effect of MeJA, but the accumulation of free salicylic acid
(SA) in all parts of the seedlings was found, whereas bound
SA increased only in hypocotyls and cotyledons.

The only report of BTH effects on pathogen resistance in
conifers indicated that foliar sprays of BTH, separately and
in combination with potassium phosphonate, reduced inci-
dence of Phytophthora root rot on Pinus radiata and on
other cultivated plants [33].

ELICITOR IMPACTS ON PEST ARTHROPODS

Insects and mites, both arthropods, are the most impor-
tant invertebrate herbivores, which damage conifer seed-
lings. Heijari et al. [8] tested the feeding behaviour of the
large pine weevil (Hylobus abietis L., Coleoptera: Curculi-
onidae) on the MeJA-treated seedlings of Scots pine. The
adult weevils gnawed a significantly smaller area of stem
bark in the 100 mM MeJA-treated plants than in the control
or 10 mM MeJA-treated plants. Interestingly, the 100 mM
MeJA-treatment increased the resin acid concentration in the
needles and xylem, but not in the bark. Both MeJA treat-
ments increased the number of resin ducts in newly develop-
ing xylem. However, the resin acid concentration increased
in the bark and decreased in the xylem of the H. abietis
gnawed seedlings compared to non-gnawed seedlings. This
observation suggests that the resin might have flowed from
surrounding tissues to the bark, and that this possibly created
a chemical and physical barrier to the insects. It is also pos-
sible that bark tissues might have simultaneously undergone
de novo synthesis of resin terpenoids [34] as a response to
feeding damage.

Foliar MeJA application to Scots pine saplings represent-
ing four seed origins in three successive years affected nee-
dle secondary chemistry and significantly increased concen-
trations of some monoterpenes [25]. The growth rates of pine
sawfly larvae of the species Neodiprion sertifer and Diprion
pini were reduced on needles of MeJA-treated plants with
either high total terpene or resin acid concentration [25].

CROSS PROTECTION WITH ELICITOR TREAT-
MENTS

So far there are no reports on conifers where impacts of
elicitor treatment on herbivores concurrent with other herbi-
vores or pathogens were studied. Omer ef al. [35] investi-
gated on grapevines the effects of exogenous applications of
the natural plant inducer, jasmonic acid (JA) on induced re-
sistance to the folivorous Pacific spider mite, Tetranychus
pacificus, as well as the root-feeding grape phylloxera, Dak-
tulosphaira vitifoliae. Foliar jasmonic acid application at
concentrations that caused no phytotoxicity significantly
reduced the production of eggs by both herbivores when they
were feeding on treated plants [35]. Negative cross-talk be-
tween the jasmonate and salicylate response pathways has
been observed on tomato. The bacterial pathogen, Pseudo-
monas syringae showed reduced lesion development on to-
mato plants treated with BTH and showing activated salicy-
late responses, while resistance to P. syringae was not re-
duced or enhanced in dual-elicited (BTH & JA) plants [36].
In a wild tomato cultivar BTH did not influence performance
of Spodoptera exigua caterpillars. In cultivated tomato,
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Fig. (3). Volatile organic compound (VOC) emission from two-
year-old Scots pine (Pinus sylvestris) seedlings sprayed with 30
mM MeJA or 0 mM MeJA (control) 48 h before VOC sampling
(Heijari et al. unpublished data).

reduced activity of a defense protein (polyphenol oxidase) in
dual-elicited plants resulted in increased performance of S.
exigua, but not thrips, spider mites, hornworm caterpillars or
P. syringae bacteria [37]. The results indicate that the nega-
tive interactions between elicitors affecting jasmonate and
salicylate signalling may have biological consequences on
the efficiency against some insect pests. On the other hand,
Boughton et al. [38] reported that a spraying with a mixture
of BTH and MeJA on tomato has nearly as good efficiency
against aphids as that of MeJA alone.

ELICITOR IMPACTS ON PLANT VOC EMISSIONS
AND NATURAL ENEMIES OF PESTS

Inducible plant volatiles emitted after herbivore feeding
have a significant role in the orientation behaviour of preda-
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tors and parasitoids of herbivores [39-41]. Jasmonic acid and
MeJA treatment are known to induce similar emissions as
herbivore feeding and therefore have some potential for
making the treated plants attractive to natural enemies even
before the herbivores arrive on cultivated plants [42]. Martin
et al. [43] found that a 10 mM MeJA spraying treatment
triggered a 5-fold increase in total terpene emission from
Picea abies foliage, with a shift in composition to a blend
dominated by oxygenated monoterpenes (e.g. linalool) and
sesquiterpenes (SQT) e.g. (E)-p-farnesene. 5.5 h after the
treatment, no SQT emissions were detected, but after 32.5 h
emissions contained five SQT and six induced monoterpene
compounds. MeJA treatment also induced MeSa emissions.
The rate of linalool emission increased more than 100-fold
and that of sesquiterpenes increased more than 30-fold. Kén-
naste et al. [44] found that the emissions from Norway
spruce grafts, caused by Eriophyidae mite (Nalepella sp.)
infestation had characteristic flower-like fragrances contain-
ing large amounts of sesquiterpenes E-B-farnesene, E,E-o-
farnesene, monoterpene (-)-linalool, MeSA, and minute
amounts of some other inducible terpenes and alcohols.
These emission profiles, reported in two different studies,
indicated that Norway spruce emissions after MeJA treat-
ment have similar, but not identical profiles of inducible
volatile compounds. Our own observations using a Scots
pine (P. sylvestris) provenance (Fig. 3) indicated that MeJA
treatment induces the volatile emissions of the monoterpenes
linalool, limonene, myrcene, -pinene and a-pinene and ses-
quiterpenes E-B-farnesene and B-phellandrene 48h after
treatment. Emissions of these compounds are also induced
after feeding by pine weevils (H. abietis), but the quantity is
lower and the ratios between the compounds are different
(Heijari et al., unpublished).

Volatile terpenoid emission profile induced by white pine
weevils (P. strobi) from Sitka spruce [30] was more complex
than emission profile induced by MeJA treatment. Weevil
feeding caused a rapid release of a blend of monoterpene
olefins, presumably by passive evaporation of resin com-
pounds from feeding damage sites in the bark stem. These
rapidly released compounds were not found in MeJA-
induced emissions. This study showed that the volatile or-
ganic compound (VOC) emissions induced by elicitors could
be partly similar to certain herbivore-induced emissions, as
there was a delayed emission of linalool from both treat-
ments. Although the emission analysis indicated induced de
novo biosynthesis of linalool the differences in emission pro-
files could be detected e.g. by natural parasitoids of weevils.
Therefore MeJA treatment does not necessarily make seed-
lings as attractive to natural enemies of this herbivore as ac-
tual damage by the weevils.

There are no reports of the direct effects of elicitors on
the behaviour of natural enemies of conifer pests. Ibrahim et
al. [45] found that in Y-tube olfactometer tests with Cotesia
vestalis the parasitoid of crucifer-feeding diamond back
moth preferred odour of MeJA to filtered air. When released
from traps MeJA and MeSA attracted parasitoids of the
families Encyrtidae and Mymaridae to grapevines [46].
These observations indirectly suggest that MeJA treatment
could have potential in attracting natural enemies of conifer
seedling pests to intact plants if seedlings are treated before
attack by pest insects and mites. However, the risk of in-
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creased preference of pest insect species for elicitor-treated
plants is possible.

PROS AND CONS OF ELICITOR TREATMENTS

Phillips and Croteau [7] listed the possibilities of genetic
engineering to manipulate oleoresin formation and conifer
resistance against bark beetle attack. These included a) im-
provement of the speed and the level of response at the criti-
cal early stages of bark beetle attack, b) increasing the con-
centrations of natural compounds that are particularly toxic
to invaders and ¢) introducing new defence genes. Elicitors
currently provide an excellent tool for simulating the effects
of genetic engineering for enhanced monoterpene and diter-
pene production in conifers. Elicitor-treated plants have
higher concentrations of oleoresin, and concentrations of
some compounds in the oleoresin are more distinctly in-
creased after treatment than others. Furthermore, elicitor-
treated plants contain and emit some sesquiterpenes, which
are not found in healthy untreated plants. Many of these
elicitor-induced compounds are known to attract natural
enemies of pests, indicating that elicitor treatment may allow
the creation of a "buffer" of herbivore enemies before the
expected attack by pest species.

The use of elicitors in crop protection and pest manage-
ment is still in the very early stages of use as a new control
method, and thus the current experiences come from experi-
mental trials, and not yet from large scale agricultural use. In
forest tree production the use of elicitors is even more lim-
ited. Therefore, the following summary of advantages and
disadvantages of elicitor technique is based mostly on small-
scale field trials or growth chamber and greenhouse experi-
ments with conifer trees. In addition practical experience of
elicitors in crop plant production is considered. At least the
following advantages of using elicitor treatments have been
reported or can be expected:

. insect feeding damage is reduced [8].
. reduced symptoms of fungal infection [31].
. reduced growth rate of herbivores on elicitor-treated

plants [25] may increase the mortality of pests.

. promotion of natural biological control by inducing
plant volatiles that attract natural enemies of pest in-
sects [45], [46].

. major pest species do not prefer elicitor-treated plants
over untreated plants [45].

. reduced environmental hazards as elicitors affect di-
rectly the crop plant and their acute toxicity to other
organisms is lower than that of pesticides.

. as protective agrochemicals, elicitors can be applied
with the current spraying technology.

. elicitor treatments could be an alternative to geneti-
cally modified (GM) plants [47] for better attraction
of natural enemies of pest organisms on cultivated
plants.

. elicitor-treated plants bear lower ecological risks and
have less resistance from the public than GM tech-
nology [48].
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The following disadvantages of elicitor treatments can
be summarized:

. decreased photosynthesis [8].

. reduced plant growth [8].

. reduced crop plant fitness [38].

. possible reduced quality of timber wood due to an

excess of oleoresin production [8].

. pest insect could prefer smell of elicitor compounds
compared to clean air [45] which affect orientation
behaviour of pest and increase pest pressure.

. some of the elicitor compounds are very expensive
products and their use is not cost effective at the mo-
ment.

CONCLUSIONS

There is increasing evidence that elicitors could be used
in the future as alternatives to traditional pesticides for man-
aging pathogens and pests in agriculture and nursery produc-
tion of forest trees. Elicitor treatments will change the
chemical composition of the treated plant material. There-
fore, with agricultural crops there are risks of altered food
quality by increased level of some secondary metabolites e.g
[11], which may affect human health. A reduction in flower-
ing and fruit production could also be a problem in annual
agricultural crops [38]. In nursery production of forest tree
seedlings alterations in seedling chemistry does not affect
their commercial quality, but any harmful effect on the seed-
ling growth [8] could be deleterious. Tree seedlings that are
too small and slow growing will not survive in competition
with other vegetation. In coniferous trees systemic-induced
resistance (SIR) represents a common and important phe-
nomenon [49] [50], allowing localised induction by patho-
gen, herbivore or elicitor to activate defences also in other
parts of the plant. However, it forces trees to balance be-
tween allocation of resources to growth and defence in grow-
ing seedlings. Therefore, dose and timing of elicitor treat-
ments are important in order to obtain seedlings which will
be competitive in size when planted in forestation site.

Huber ef al. [26] discussed the potential practical applica-
tions of MeJA treatment of conifer roots as a pest manage-
ment strategy. They suggested that MeJA could possibly be
added to the irrigation water in forest nurseries to improve
conifer seedling protection against pests and pathogens. Effi-
ciency of irrigation treatments and seedling growth perform-
ance in nurseries possibly could be improved with inocula-
tions of rhizobacteria, which are known to activate SA path-
way and increase pathogen resistance in a host plant [51].
Application with lanolin paste [22], fumigation [32] and
spraying [8] treatments with MeJA have also been successful
to increase pathogen and pest resistance of small conifer
seedlings (Fig. 4). Slow-release paraffin wax pellets have
been used to release MeSA in wheat fields [52]. The potted
seedlings treated at nurseries may also have better protection
against various biotic stresses in their planting sites, particu-
larly if the elicitor is still active in the pot soil surface or in
paste applied on bark surface. Coronalon and other synthetic
compounds mimicing current elicitors will probably be
cheaper to produce than synthetic versions of original elicitor
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Examples of the potential delivery
strategies of elicitors into conifer
seedlingsin nurseries

Fumigation

Spraying

Paste

Pellets

Irrigation
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The elicitor impacts on direct and
indirect pest defence and direct
pathogen defence in conifer seedlings

DIRECT INDIRECT
DEFENCE DEFENCE

VOCsignals

Fig. (4). Summary of the potential delivery strategies of MeJA elicitor in the nursery environments and summary of impacts of elicitor treat-
ments on conifer seedling defence. Systemic defence is affecting directly above-ground and below-ground herbivores and pathogens. In-
duced plant volatiles (VOCs) will affect indirectly the activity of natural enemies of pests e.g. the parasitoid wasps of moths [45] and the
nematode parasitoids of root-feeding beetle larvae [53]. These trophic cascades have potential to reduce feeding damage in seedlings.

compounds and may even have longer lasting effects on
seedlings. Therefore, phytohormone mimics might become
employed in future cultivation practices for eliciting plant
resistance to pests and diseases, but they will require similar
extensive safety testing as required for pesticides as they are
not natural products. The successful use of commercial BTH
in plant pathogen control has already shown that elicitors
have a potential to replace more toxic fungicides in future.
However, intensive research is needed to develop practical
elicitor-based applications in conifer pest and disease man-
agement.
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