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Abstract: Systemic acquired resistance is a powerful mechanism, based on the salicylic acid (SA)
signaling pathway, which allows plants to resist to a wide range of pathogens. High SA, moreover,
plays a key role in plant tolerance to abiotic stress. It seems, therefore, desirable to supply analogs
of SA or stimulate the production of endogenous SA. Unfortunately, the chemical substances or
physical means used for this effect often display a variable efficacy. After providing a review
of them, we defend three major ideas: (i) plant resistance inducers (PRIs) must be combined for
higher efficacy, notably for exploiting synergic effects between the SA and other signaling pathways,
(ii) disease pressure can be reduced by exploiting the fungicidal properties displayed by some PRIs,
(iii) biostimulants and crop management techniques should be used to ensure that plants have the
resources they need to synthesize the compounds and structures required for efficient and lasting
resistance. Some PRIs could also be used for their biostimulant effects in stress conditions. It could
be concluded that holistic approaches which jointly address the issues of defense and tolerance
stimulation, disease pressure and resource availability in plants are the ones that will allow for
substantial reduction in fungicide use without sacrificing crop performance.

Keywords: abiotic stress; biostimulants; carbohydrate resources; elicitors; fungal diseases; plant
resistance inducers; salicylic acid; systemic acquired resistance

1. Introduction

In addition to resistance issues that may be exacerbated by climate change [1], pesti-
cides have well-documented negative effects on the environment and human health [2].
However, pesticides cannot be dismissed as quickly as one would wish. They are generally
not easily replaced by alternative techniques capable of controlling pests and diseases as
efficiently and therefore securing the high yields needed by farmers for mere economic
survival and human consumers for their daily supply in nutrients and other commodities.
In addition to resistant or tolerant cultivars, biological control of pests and the development
of complex cropping systems that are intrinsically less fragile and more resilient when
confronted with aggressors and stressing conditions, plant resistance inducers (PRIs), alias
elicitors, are on the rise [3]. Whereas techniques of biological control are more specifically
designed for replacing insecticides and acaricides, PRIs represent the alternative to fungi-
cides, including copper and sulfur. Several PRIs have, moreover, been found to be effective
not only against fungi but also bacteria and viruses [4].

The PRIs that seem to be the most effective are the ones that stimulate Systemic
Acquired Resistance (SAR), which is based on salicylic acid (SA) [5]. SAR is generally
believed to be the most important mechanism of induced resistance (IR) in plants. Be-
sides being systemic and more efficient than basal resistance (BR), SAR has lasting effects
and presents a very broad spectrum of efficacy against numerous biotrophic and hemi-
biotrophic pathogens in potentially all vascular plants. Induced Systemic Resistance (ISR),
the other major form of IR, depends on the JA and ET pathways [6] and is basically efficient
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against necrotrophic pathogens and pests of the arthropod class [7]. Compared to ISR,
SAR appears more universal and may therefore be considered as the “Holy Grail” in plant
immunity. Not surprisingly, a vast majority of chemical PRIs target SAR [8].

Unfortunately, for all their promises, SA-based PRIs have so far proven less efficient
than fungicides, or, more to the point, less reliable. Efficiency seems, indeed, highly
dependent on disease pressure, which varies a lot from one cropping season to another [9],
the climatic conditions prevailing at the time of treatments [10], and the physiological
status of plants [11], to name only the three most obvious limiting factors. The challenge
of fungicide reduction or replacement is clearly a steep one, rendered even steeper by
climate change, which is characterized by an increase in frequency, intensity and duration
of extreme climatic events such as drought, frost and heat waves, depending on years and
locations [12]. One of the negative effects of stress is that it decreases carbon acquisition
and accumulation, and therefore the level of resources available for the synthesis of the
structures and molecules needed for defense. Resource availability has been stressed for
being one of the major limiting factors of the efficacy of PRIs in the field [13,14].

After a brief reminder of the role played by SA in plant immunity and a more detailed
reminder of its role in photosynthesis and crop performance in standard and stress con-
ditions, we review the chemical and physical means that exist for increasing SA levels in
plants. We then develop the point of view that the full potential of SA-based PRIs will
be revealed by addressing the three following ideas: (i) chemical, biological and physi-
cal means of stimulation of plant defense must be combined for higher efficacy, possibly
with the aim of exploiting synergic effects between the SA and other signaling pathways,
(ii) disease pressure must and can be reduced, notably by exploiting the fungicide or the
disinfecting properties displayed by some of the PRIs, (iii) crop management techniques
and biostimulants, including some PRIs, can and must be used to ensure that plants have
the resources required for adequate and lasting resistance.

The objective of this review article is to propose an organized vision for the way
PRIs could be used, along with other levers, with the exclusion of genetic levers and
canopy management techniques [15], to reap all the benefits associated with increased
concentrations of SA in plants and SAR.

2. The Role of the SA Signaling Pathway in Plant Immunity

Plants have an innate immunity system capable of producing defense compounds and
structures in response to aggression. Even though lines are blurry, a distinction is generally
made between effector-triggered immunity (ETI) and pattern-triggered immunity (PTI). ETI
represents a form of resistance founded on the existence of unique resistance genes (R) and
their corresponding resistance proteins (R proteins). The latter are involved in the direct
or indirect recognition of effectors and the rapid activation of defense responses, typically
associated with the so-called hypersensitive response (HR) and cell death. ETI is only
efficient in the short term, since the pathogen is bound to evolve and produce effectors that
are no more recognized by R proteins. Whereas ETI can be considered as a qualitative form
of resistance, PTI corresponds more to a quantitative form of resistance. PTI is triggered
by multiple molecular patterns that are conserved in case of infection or infestation, and
capable of activating a whole range of defense pathways and mechanisms. The latter can be
modulated, moreover, as a function of the stage of interaction between the host plant and
its aggressor. PTI is under the control of a complex signaling network that can be activated
after recognition of molecular patterns associated with pathogenic microorganisms or the
damage they cause. The corresponding concepts are called pathogen-associated molecular
patterns (PAMPs), alias microbe-associated molecular patterns (MAMPs), and damage-
associated molecular patterns (DAMPs). PTI broadens the response spectrum of plants
undergoing an aggression, but it is not efficient enough in the presence of virulent pathogens
producing PTI-suppressing effectors and even effectors capable of suppressing ETI. In the
much-cited zig-zag model [16], the level of resistance left when ETI and PTI have been
repressed is called basal resistance (BR).
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Even though there are differences among ETI, PTI and BR, these three forms of
resistance share the same signaling pathways and defense mechanisms, including the
production of toxic reactive oxygen species (ROS), wall reinforcement and the production
of hormones, salicylic acid (SA), jasmonic acid (JA), ethylene (ET), and abscisic acid (ABA),
which interact among themselves to modulate the defense response.

To reduce the damage made by the most virulent pathogens, plants have developed
the capacity to increase their immunity level by “memorizing” former aggressions. Priming
helps them to increase the speed and intensity of defense responses when dealing with
the pathogens again. Induced resistance (IR) is not the result of an evolutionary process
but part of phenotypic plasticity and involves epigenetic processes. IR is more efficient
than BR. It often expresses itself systemically, has effects lasting over days and sometimes
weeks, and is characterized by a broad spectrum of efficiency against a very large range of
biotrophic and hemi-biotrophic pathogens.

There are two major forms of IR: induced systemic resistance (ISR) and systemic
acquired resistance (SAR). ISR is triggered by beneficial microorganisms associated with
the roots, such as plant growth promoting rhizobacteria (PGPR), plant growth promoting
fungi (PGPF), and arbuscular mycorrhizal fungi (AMF). ISR depends on the JA and ET
pathways [6] and it is basically efficient against necrotrophic pathogens and pests of the
arthropod class [7].

SAR depends on SA and an SA receptor specific protein, NPR1 (for Nonexpresser
of pathogenesis-related genes1). The activation of SAR results in priming of plants and
the direct activation of numbers of defense mechanisms, including the production of
pathogenesis-related (PR) proteins. SAR provides long-lasting protection against a large
range of biotrophic and hemi-biotrophic pathogens [7]. Plant resistance inducers used
for crop protection generally supply SA or analogs of SA, or target the activation of the
SA pathway.

3. High Concentrations in SA Are also Associated with Increased Tolerance of Plants
towards Abiotic Stresses

Tolerance against abiotic stress is understood here not as the capacity to survive in
extreme adverse conditions, but the aptitude to maintain crop performance to an acceptable
level when conditions deteriorate, or in the presence of pollutants such as so-called heavy
metals. Depending on the crops, there is a more or less strong correlation between yield
and growth (defined as accumulation of biomass). Considering that growth depends on the
carbon budget and the latter on photosynthesis, it is safe to consider that photosynthesis
generally determines yield. Photosynthesis also determines all quality criteria associated
with carbon accumulation, such as fruit and grain size, dry matter and sugar content of
harvested organs. Now, does increased SA, be it applied exogenously or triggered in plants,
increase photosynthesis, growth, yield and quality of production? If so, under which
conditions, and through which physiological mechanisms?

3.1. High SA Exerts Positive Effects on Photosynthesis of Stressed Plants

SA treatments seem to be systematically credited with positive effects in conditions of
stress. There are many observations showing, for instance, positive effects of SA treatments
on Rubisco and phosphoenolpyruvate carboxylase (PEPC) activity in maize plants sub-
mitted to cadmium stress [17], or on the net photosynthetic assimilation rate of wheat [18]
and cucumber [19] in conditions of high salinity. Rubisco and PEPC are the two major
enzymes of the dark reactions of photosynthesis. It was observed that SA applications
do not improve grapevine photosynthesis in standard conditions, but that they do so in
conditions of heat stress [20].

The effects of endogenous levels of SA on photosynthesis were reviewed in the lit-
erature [21], notably exploiting observations made on Arabidopsis or Populus mutants
in stress conditions conducive to the synthesis of SA. In Arabidopsis, mutants with high
levels of SA can display decreased net photosynthesis in addition to other parameters
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linked to photosynthesis, which is consistent with the SA-associated dwarfing symptoms
observed by [22]. The level of light influences responses, arguably by determining the
risk of photooxidative stress, i.e., the risk of production of toxic ROS. The inhibiting effect
of high levels of SA on photosynthesis is less marked in conditions of low than of high
levels of light. It was found that the induction threshold of Apx2 is lower in high SA
mutants of Arabidopsis, which is consistent with better protection against photooxidative
stress [22]. Apx2 encodes for a cytosolic ascorbate peroxidase, which plays a key role in
the scavenging of ROS, which are typically produced in conditions of high light, when the
imbalance increases between the amount of energy absorbed under the form of photons
and the amount of energy used by photosynthesis under the form of electrons. One major
hypothesis currently gaining momentum is that SA exert a protective effect against stress
by stimulating antioxidant responses. In this respect, it is revealing that SA treatments were
found to reduce toxicity of certain pesticides as it was shown in cucumber [23]. The toxicity
of pesticides in plants is often attributed to oxidative effects. There is a wealth of scientific
evidence that SA stimulates the activity of antioxidant enzymes (superoxide dismutase,
peroxidases, catalase) or enzymes of antioxidant systems, such as glutathion reductase. See,
for instance, Dong et al. on this topic [24].

3.2. High SA Exerts Positive Effects on Growth and Yield of Stressed Plants

The literature is nearly unanimous: exogenous applications of SA have beneficial
effects on growth and yield in conditions of stress (Table 1).

Table 1. Some crops for which SA treatments have proved beneficial for stress tolerance. In the trial
of [17], SA was supplied to seeds (seed priming).

Crop Stress Reference

Barley High cadmium [25]
Common bean High cadmium [26]

Cucumber Cold [24]
Grapevine High salinity [27]

Maize Drought [28]
Maize High cadmium [17]
Maize High salinity [29]
Pepper High salinity [30]

Strawberry Cold [31]
Wheat Drought [32]
Wheat High temperature [33]

3.3. High SA May Exert Positive Effects on Quality of Production

There are not many observations on the effect of SA on the quality of production.
It was observed that low doses of SA stimulate translocations of sugars from leaves to
fruits in pepper grown in conditions of moderate salinity [34]. Harvested fruits were
also found to be richer in ascorbate and carotenoids. It must be noted that a stimulating
effect of SA on translocations could explain its positive effect on photosynthesis, besides
other mechanisms, since translocations, by emptying leaves of the sugars synthetized,
prevent their accumulation to downregulate photosynthesis [35]. This, again, contributes
to lowering the risk of photooxidative stress associated with reduced photosynthesis.

3.4. High SA Increases Plant Tolerance to Exceedingly High Temperatures

Depending on intensity, duration of exposition to unfavorable temperatures, as well as
the rate of temperature increase or decrease, heat and cold stress, can more or less severely
impact growth, development and crop performance [36,37].

High temperatures can result in denaturation and disassembling of proteins, or in
an increase in membrane fluidity [36]. Some plants, when submitted to moderate heat
stress, can acclimate progressively at the metabolic and cellular levels [37]. Thermotoler-
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ance will allow them to tolerate extreme temperatures that otherwise would be damaging.
Adaptive responses include changes in phospholipid composition of membranes, activa-
tion of antioxidant systems under hormonal control, notably SA, and the production of
heat shock proteins [36–38]. It was more specifically observed that exogenous applica-
tions of SA increase activity of antioxidant enzymes and reduce the deleterious effects of
high temperatures [38].

3.5. High SA increases Plant Tolerance to Exceedingly Low Temperatures

See Saleem et al. for a recent review [39]. Low temperatures provoke an excessive
excitation of electron transport systems, therefore increasing the risk of production of ROS.
If controlling mechanisms do not eliminate ROS efficiently, membrane lipids, proteins and
nucleic acids can be damaged and cell death may occur [40]. Temperatures close to zero
and temperatures well below zero do not affect temperate species similarly. Near to zero
temperatures, generally, are at the origin of reversible physiological disorders, whereas
severe frost can be at the origin of the formation of ice crystals in cells. Notably, frost during
springtime can be extremely harmful to fruit tree production and viticulture because it
is concomitant with bud burst and the appearance of flowers. Frost can damage ovaries
and entail the destruction of flowers and small fruits; even young developing leaves and
vegetative buds can be damaged to the point of full destruction. Ice crystals are mainly
damaging when they form inside cells, less so when they appear in the apoplast. When the
rate of temperature decrease is not too fast and is limited to the near zero zone, ice forms
only in the apoplast and plants can often deal with cold conditions. SA can play a positive
role by stimulating the activity of antioxidant enzymes and the accumulation of protective
proteins such as ice-binding proteins [41] in the apoplast [42–45]. Observations made on
numerous species have shown that moderate cold results in an increase in SA endogenous
concentrations in plants, and that exogenous SA treatments can supply protection against
moderate forms of cold stress [46–48]. By using stress to stimulate SA production and
paclobutrazol, an inhibitor of SA synthesis, it was shown that high levels of endogenous
SA are required for cold resistance in cucumber [21].

3.6. High SA Can Help Crops to Overcome the Consequences of Frost

In conditions of severe frost, when ice crystals form inside cells, cell death may occur
and primary buds can be completely destroyed. In certain species, such as grapevine,
secondary buds can take over, securing minimal yield. Flashes of UV-C light, which are
believed to stimulate the production and accumulation of SA in plants, might be able to
stimulate secondary bud burst in grapevine after a severe frost episode [49]. This hypothesis
is consistent with the findings of Orrantia-Araujo et al., who demonstrated that SA was
involved in dormancy breaking in grapevine [50].

3.7. SA Acts as a Critical Hormone in Improving Uptake and Status of Mineral Nutrients under
Stress Conditions

Mineral nutrition is essential for the survival of plants and crop performance in both
unstressed and stressed conditions. It can have a mitigating effect on abiotic stress [39].
Sheteiwy et al. found that SA seed priming improved K and Na uptake in rice submitted
to high salinity conditions [51]. SA application inhibited the uptake of Pb and partially
reversed Pb-induced alterations in Mn, Ca and Fe content in leaves of Vallisneria natans
(Lour.) Hara exposed to 50 µM Pb [52].

3.8. High SA Stimulates Flowering

The role of SA in the stimulation and regulation of flowering has been long known.
It was observed that SA fosters formation of floral buds in tobacco calluses [53]. Since
their pioneering work there have numerous studies on wild plants and SA mutants, which
have confirmed the role played by SA in flower induction [54]. This role of SA in flower
induction can be observed in stressed as well as in unstressed plants [55]. Plants sub-
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mitted to UV-C light produce more SA and activate their flowering program earlier than
control plants [56,57].

4. The Dark Side of High SA

Considering all the benefits associated with high SA levels in plants and the stim-
ulation of the SA signaling pathway, it does not come as a surprise that SA itself, SA
analogs such as acibenzolar-S-methyl (ASM, see below), and inducers of the SA signaling
pathway have attracted a lot of attention from the industry as well as from researchers [4].
Unfortunately, SA, SA analogs and most chemical PRIs can exert negative effects on growth
and yield.

In the absence of stress, exogenous supplies of SA can exert negative effects such as
decreasing stomatal conductance [58–60]. Since the process allowing evacuation of the
energy in excess under the form of heat, known as non-photochemical quenching (NPQ),
may also be reduced [61], there can be an increase in the risk of photodamage [62]. In the
long term, a decrease in Rubisco activity can be observed [58], or even down-regulation of
Rubisco synthesis or a modification of the isoforms [63]. High levels of SA may also exert
inhibiting effects on the electron flux at the photosystem I level and have been observed to
be associated with a decline in cytochrome f554 at the thylakoids level. Consistent with the
inhibiting effects of high SA treatments on photosynthesis, and their damaging effects to
the photosynthetic machinery, their effects on growth and yield are not necessarily positive
ones in the absence of stress [25]. They could even be negative, as observed in maize [17].
Phytotoxicity and growth reduction have been observed with ASM treatments on tobacco,
tomato, pepper, onion and Amaranthus [64–68]. Such effects may be attributed to the
allocation of resources to defense at the expense of growth [4,69]. However, these negative
effects are not systematically observed [70]. Moreover, observations made on Populus
mutants do not fully support the findings on annuals; they suggest that high SA levels do
not necessarily result in lower photosynthesis and growth of ligneous plants, whereas the
mitigating effects against stress consequences seem to be conserved [71]. This difference
may be attributed to the existence of reserves in woody plants that can be mobilized in case
of higher demand for defenses.

5. A Review of the Existing Means of Increasing SA in Plants and Crops

Since high SA seems generally desirable in plants, numerous solutions have been
tested in research and by the industry. They fall into three major categories: (1) SA and its
analogs and other molecules stimulating the endogenous synthesis of SA, (2) biological
PRIs, and (3) physical PRIs. Interestingly, it was suggested that exogenous applications of
SA on pea seeds can stimulate endogenous synthesis in plants [72].

5.1. Analogs of SA and Chemical Inducers/Stimulators of the SA Signaling Pathway

White observed that acetyl-salicylic acid induces resistance to tobacco mosaic virus in
tobacco plants [5]. Since his pioneering work, numerous SA-analogs have been designed
and tested, showing a high interest in them from both the researchers and the industry. For
a recent review, synthetic functional SA analogs activate plant defense via SA-mediated
signaling [4]. It has been established that SA-analogs such as INA (2,6-dichloroisonicotinic
acid) and ASM (acibenzolar-S-methyl, a benzothiadiazole) are SAR inducers [73] and
therefore potent stimulators of plant defenses against a large range of pathogenic microor-
ganisms. ASM has notably been reported to be effective against plant diseases caused
by fungal, bacterial and viral agents; to name only a few among many references, see,
for instance, [3,64,66,74–76].

Besides SA and analogs of SA, the major documented chemical PRIs against fungal
diseases are nearly all based on, or at least have links with, the SA signaling pathway
(Table 2). These chemicals encompass chitin and chitosan, the phosphite ion (Phi), laminarin
and sulfated laminarin, the chitooligosaccharides (COS) and oligogalacturonides (OGA),
plant and yeast extracts, and some essential oils (Eos); see below.
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Table 2. Some PRIs/elicitors used in cropping conditions. See text for details and references. The
effect on growth was assessed considering the doses that are effective for stimulating plant resistance.

Name Category SA Pathway JA/ET Pathway Fungicide Effect Effect on Growth

ASM Chemical elicitor yes yes not documented generally negative

Cerevisane Chemical elicitor of
natural origin yes yes not documented not documented

Chitin and chitosan Chemical elicitor of
natural origin yes yes yes positive

COS-OGA Chemical elicitor of
natural origin yes no not documented no negative effects reported

Essential oils Chemical elicitor of
natural origin probable not documented some EOs

are effective not documented

Flashes of UV-C light Physical elicitor yes (yes) yes no negative effect in the
absence of stress

Laminarin/PS3 Chemical elicitor of
natural origin after inoculation yes not documented positive in conditions

of stress

Mechanical stress Physical elicitor unknown yes no potentially negative

Phosphites Chemical elicitor indirectly yes yes potentially negative

Trichoderma spp. Biological elicitor yes yes yes positive, plays a role in the
defense/growth balance

UV-B light Physical elicitor not documented yes yes negative

5.2. Chitin and Chitosan

Chitin is a key component of the cuticle of insects, the exoskeleton of crustaceans and
the cell wall of fungi and of some algae. Formulation problems are currently addressed
by the design of complexes associating chitin with iron, for instance, under the form of
nanoparticles. Chitin oligomers form MAMPs that induce PTI responses when recognized
by plant cells. Chitin can be supplied to leaves or roots, as well as to harvested organs and
seeds. For recent reviews, see [77,78].

Chitosan is a polymer resulting from the partial deacetylation of chitin. It generates a
lot of interest in the scientific community for being safe, declining rapidly and being easily
combined with other compounds or elements, such as SA, harpin or copper, notably in
the form of nanoparticles. Besides exerting direct inhibiting effects on the germination
and growth of some fungi, chitosan can also stimulate plant defenses and increase the
expression of genes associated with resistance against fungal diseases. Chitosan induces
callose deposition and the expression of genes coding for PR proteins and NPR1, which is
pivotal in SAR. In addition to interacting with SAR, chitosan was found to be involved in
the JA/ET signaling pathway in gray mold resistance of grapevine [79]. Observations of
clear-cut disease controlling effects of chitosan are, however, lacking for field conditions,
suggesting that there is still some way to go before chitosan can be considered as a major tool
in the arsenal of substances and techniques that can be used to reduce or replace fungicides.

On the other hand, and by contrast with ASM, chitosan has a clear positive effect on
the growth and development of plants, and consequently on related crop performance
parameters such as seed germination rate, yield and quality of production, in standard as
well as in stress conditions [80].

5.3. Phosphites

The H2PO3
− ion (Phi) represents the reduced form of inorganic phosphate that must

not be confused with the phosphate ions HPO4
2− and H2PO4

−. The most common forms
are potassium phosphonate and sodium diphosphonate. Fosetyl-Al is an ethyl phos-
phonate marketed under numerous brand names. Despite having a very limited impact
on the environment, Phi is not on the list of approved substances by the International
Federation of Organic Agriculture Movement. Besides being a fungistatic and fungicide,
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Phi is an inducer of plant defense, with demonstrated stimulating effects on the produc-
tion of phytoalexins and chitinases, as well as wall strengthening [81,82]. Studying the
Phytophthora cinnamomi/Arabidopsis thaliana pathosystem, Eshraghi et al. found that Phi
induced genes tightly associated with the JA and the ET signaling pathways, such as
PDF1.2 and THI2.1 [83]. Phi was found to be at the origin of an increase in the expression
of defense genes against leaf rust in Arabidopsis, such as PR2 (β-1,3-glucanase), PR3, PR4
and PR8 [chitinases], and PR5 [thaumatin], as well as of genes associated with the JA
signaling pathway [84]. Phi was observed to downregulate MAP kinase MPK4 in the
Hyaloperonospora arabidopsidis/A. thaliana pathosystem [85]. MPK4 is a negative regulator
of the defenses induced in the SA signaling pathway, suggesting that Phi could positively
influence the latter.

The effect of Phi on plant growth and crop performance has been studied, first of
all with the objective of assessing its role as a source of phosphorus in conditions of
phosphorus limitation. It is now well assessed that Phi cannot be used as a source of
phosphorus. Moreover, Phi does not have any beneficial effect on the growth of healthy
plants; it may even exert negative effects depending on the phosphorus status of plants [86].

5.4. Laminarin and Sulfated Laminarin

Laminarin is a polymer of β-1,3-glucanes extracted from Laminaria digitata, a brown
algae. It was found to be effective against grey mold and downy mildew in grapevine [87].
Laminarin has been approved against powdery mildew in grapevine and strawberry, scab
and fire blight in apple, powdery mildew, foot rot, and leaf rust in field crops, among others.
Laminarin mechanisms of action have been investigated for wheat [88] and grapevine [87].
It was found that hydrogen peroxide accumulates in the sites of potential penetration by
the pathogen, and that lipoxygenase (LOX) activity increases. LOX is involved in the JA
signaling pathway. Sulfated laminarin is considered as more effective than laminarin [89].
The former seems incapable of inducing the production of ROS, but is at the origin of lasting
depolarization of plasmic membranes in grapevine cells while initiating SA-dependent
defense mechanisms, but after inoculation by Plasmopara viticola.

Laminarin seems all the more interesting for crop performance in stress conditions; it
can promote plant growth and enhance tolerance to heat and salt stress [90]. Laminarin-
improved tolerance against stress is, among other things, associated with enhanced antioxi-
dant activity in the chloroplasts. The way plants treated with laminarin arbitrate between
the needs for defense against pathogens and those for growth under conditions of abiotic
stress would need to be investigated in detail.

5.5. COS-OGA

The association of oligomers of chitooligosaccharides (COS) and oligogalacturonides
(OGA) was approved for treatments of cucumber, strawberry, pepper, tomato and grapevine
against powdery mildew [91]. It is also approved against downy mildew in grapevine.
Whereas the COS mimic the chitooligosaccharides produced by the lytic activity of plants
reacting to the aggression by the pathogen, the OGA mimic the oligogalacturonides pro-
duced by the lytic activity exerted by the pathogen on plant cell walls [92]. It has been
observed in tomato that repeated applications of COS–OGA resulted in an increase in leaf
concentration in SA. COS–OGA also results in an overexpression of genes and an accumu-
lation of proteins associated with the SA signaling pathway, whereas genes associated with
the JA/ET pathway are not affected. Interestingly, COS–OGA treatments seem to be at
the origin of the production of ROS [93], which could well reinforce the stimulating effect
on resistance mechanisms according to the crosstalk theory [94]. Being of natural origin,
COS–OGA can be used in organic farming.

5.6. Plant and Yeast Extracts

There have been only a few attempts to use plant extracts with stimulating properties
of plant defenses. However, there are many examples where added plant biomass of
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allelopathatic plants such as Coronopus didymus, Anagallis arvensis, Whithania somnifera and
Datura metel released allelochemicals during leaching and decomposition, resulting in
the activation of defense-related enzymes and successfully controlled diseases caused by
Ascochyta rabiei [95], Macrophomina phaseolina [96] and Sclerotium rolfsii [97,98].

So far, not many plant and yeast extracts have made it to the market. The extract of
Reynoutria sachalinensis (a Polygonaceae) was observed to be efficient against such diseases
as powdery mildew. It was found that the effect of this extract was linked with the SA
signaling pathway [99]. Crushed fenugreek seeds (Trigonella foenum-graecum) were found
to be effective against powdery mildew in grapevine and melon, but it was demonstrated
that they induce the release of p20 caspase-1 fragment, suggesting the involvement of the
NLRP3 inflammasome [100]. It was even observed that crushed fenugreek seeds can induce
cell death and, moreover, exert toxic effects on Zebrafish larvae [100].

Yeast wall extracts (more specifically Saccharomyces cerevisiae LAS117) were found to
stimulate both the SA and the JA/ET signaling pathways, which explains why they have
an efficacy against powdery mildew, downy mildew and gray mold [101]. This specific
yeast extract was, moreover, found to act as a biostimulant of photosynthesis.

5.7. Essential Oils

Essential oils (EOs) constitute secondary metabolites, terpenoids and phenolic com-
pounds, some of which are known to play direct and indirect (signaling) roles in defenses
against pathogens and aggressors. EOs do not act exclusively as elicitors. It may even
be said that their eliciting properties probably represent a minor aspect of their mode
of action. Some EOs exert direct toxicity against insects by inhibiting P450 cytochromes,
associating with GABA receptors, inhibiting acetyl-choline esterase or activating recep-
tors of octopamine, a neuromodulator [102]. There are numerous references, essentially
descriptive in nature, about the antifungal effects of different EOs, notably in post-harvest
conditions; see, for instance, [103,104]. The purely eliciting properties of EOs are not
much documented. Melaleuca [tea tree] EO exerts a stimulating effect on the synthesis
of phenolic compounds in lettuce [105]. The eliciting properties of EOs are arguably at-
tributable to the methyl-salicylate many of them contain. Gaultheria EO is made of 99.96%
methyl-salicylate [106]. Gaultheria EO induced resistance of Arabidopsis thaliana against
Colletotrichum higginsianum through the SA signaling pathway [107].

EOs can be used by organic farmers, but their efficacy seems variable and not very
lasting. There are not many commercial products, probably because agreement procedures
are lengthy [102]. Recently, sweet orange EO (several brands) emerged as especially
promising, notably against fungal diseases. Sweet orange EO contains limonene, for which
references of efficacy in the scientific literature are lacking, in contrast to naringenin [108].

So far, the interest of EOS does not seem to lie so much in their defense stimulating
effects than in their potential for reducing disease pressure by exerting direct fungicidal
effects. Moreover, their phytotoxic effects can make them difficult to use on crops.

5.8. Biological PRIs

Non-pathogenic microorganisms, saprophytes or non-virulent strains of pathogenic
agents, are used as biocontrols; they are either sprayed on leaves or used in a drench to
reach the roots. Bacillus subtilis and Trichoderma harzianum are arguably the most common
microorganisms used to protect crops. They act by mycoparasitism, antibiosis and compe-
tition for nutritive resources, therefore exerting a direct antifungal effect. They display a
large range of action that includes, in addition to fungi, pathogenic oomycetes, bacteria and
viruses. Moreover, these microorganisms are elicitors of local and systemic induced resis-
tance [109]. Interactions between these microorganisms and their host plants is at the origin
of the synthesis and accumulation of peroxidases, chitinases, glucanases, phenylalanine
and hydroperoxide lyases, and phytoalexines [110]. Studies have confirmed that the SA
and JA signaling pathways are involved and regulate the interactions between pathogens
and plants [111,112].
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Several biological PRIs have been shown to be promoters of plant growth and de-
velopment. This is notably the case for Trichoderma [113]. Enhancement of growth by
Trichoderma in conditions of stress is linked to a stimulating effect on the antioxidant and
ROS scavenging mechanisms, as shown in tomato plants submitted to water stress [114].
Epigenetic processes are probably involved in the heritable plant growth promoting and
plant resistance stimulation effects of Trichoderma [115]. It can be beneficial to use mi-
croorganisms in association, as in the case of Trichoderma asperellum GDFS1009 and Bacillus
amyloliquefaciens 1841 in the wheat/Fusarium graminearum pathosystem [116]. Interestingly,
better disease control was found to be compatible with enhanced growth [116].

5.9. Physical PRIs

Physical PRIs (light and mechanical stress, mainly) have unique features: they can be
applied in field conditions even in the presence of rain and wind, they do not need to be
formulated, and they do not leave any residues on plants or in the soil. Lengthy procedures
of homologation do not apply to physical PRIs, basically because they do not exert any
toxic effects on humans and the environment. All the same, some of them, UV radiation,
notably, have to be applied by following safety rules. However, these rules are easy to
define and follow.

Mechanical stress, involving wounding or not, can stimulate plant defenses against a
large range of necrotrophic pathogens and herbivores [117]. There are few observations
of the differences existing between the different forms of mechanical stress, and the role
of treatments intensity and frequency on efficacy and persistence of effects. The systemic
effect of treatments has not been described. Coutand made observations about the effect
of imposed curvatures and concluded that treatments repeated every 7 to 10 days are
sufficient to induce resistance [117]. Since all studies have been conducted by comparing
treated plants with unruffled controls, it remains to be assessed whether or not mechanical
stress is still effective in field conditions where plants are nearly continuously agitated
under the effect of wind spurs irregular in frequency, intensity and direction. Oxidative
stress [118,119] and the JA [120,121] and ethylene [122] signaling pathways have been
found to be involved, but otherwise not much is known about the underlying physiological
mechanisms. The implication of the SA signaling pathway has not been investigated to
our knowledge, possibly because studies about mechanical stress have been conducted on
necrotrophic fungi [117]. It has been recognized for many years that mechanical stress can
result in growth reduction [122,123]. In the case of some horticultural crops, mechanical
stimulation has, indeed, a true potential for replacing plant growth regulators for control of
plant size and quality [124].

The potential of some wavelengths to act as physical PRIs is now acknowledged [125],
which includes blue and red light as well as UV-B and UV-C radiations [126,127]. Pulsed
light was found to dramatically increase fruit concentrations in secondary metabolites in
mango [128] and to stimulate plant defense against Fusarium pallidoroseum in melon [129].
Pulsed light consists of flashes of light of 300 to 500 µs, encompassing wavelengths from
200 to 1100 nm, but it is generally believed to act thanks to its high proportion of UV-C
light. There is some evidence that blue photoreceptors are involved in the regulation of de-
fense responses. Cryptochrome 1 (CRY1) was found to positively regulate SA-induced PR
genes involved in the resistance of Arabidopsis thaliana L. against Pseudomonas syringae [130].
Cryptochromes are photoreceptors of UV-A and blue radiations with maximal action
wavelengths at 370 and 450 nm. The blue-light photoreceptors, cryptochrome and pho-
totropin 2, are required for the stability of protein HRT and thereby resistance to Turnip
Crinkle Virus [131]. Protein HRT is involved in an SA signaling pathway independent of
NPR1. UV-B radiation is proven to be a positive regulator of plant defenses through both
JA-dependent [132,133] and JA-independent pathways [134]. On the dark side of UV-B
light there is a well-documented negative impact on photosynthesis and growth [135].
UV-C light has even a better record of defense stimulating effects than UV-B light, well-
documented in some species such as tomato against Alternaria alternata [136] and Botrytis
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cinerea [137,138], carrot and pepper against B. cinerea [139,140], and lettuce against B. cinerea
and Sclerotinia minor [141]. UV-C light was also observed to stimulate plant defenses of
tobacco against tobacco mosaic virus [56]. In their study they clearly attributed this effect
with an increase in SA. This is nearly all that is known from the mechanisms of action of
UV-C light. The effect of UV-C light on plant immunity and mechanisms of resistance to
abiotic stresses are well described but not well understood [127,142]. See Figure 1.
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Figure 1. Biological and agronomic effects of UV-C light.

5.10. Flashes of UV-C Light, a Newcomer among PRIs with Unique Features

The pioneering observations of Aarrouf and Urban have established that flashes of
UV-C light stimulate defenses of lettuce and tomato against B. cinerea, pepper against
Phytophthora capsici and grapevine against Plasmopara viticola better than conventional ex-
posures for the same amount of energy delivered and the same wavelength, paving the
way for the use of flashes of UV-C as a physical elicitor in cropping conditions [143]. Since
then, confirming evidence has been accumulated that flashes of UV-C light strongly stimu-
late crop defenses in conditions of commercial production. Strong reductions in disease
symptoms were observed on strawberry inoculated by powdery mildew in greenhouses
similar to commercial greenhouses [144] and on grapevine inoculated by either powdery
or downy mildew in regular vineyards [145].

The mechanisms of UV-C perception and of the signaling, regulatory and metabolic
pathways involved downstream are not fully elucidated, even though there is some evi-
dence that flashes of UV-C light increase SA content in plants [127,142].

Interestingly, all the plant resistance inducing effects of flashes of UV-C light were
obtained at “hormetic doses”, i.e., at doses previously assessed as being harmless for plant
integrity and growth. In other words, effective doses of UV-C light can be defined that do
not exert any negative effects on plant photosynthesis and growth and crop performance,
even in unstressed plants [144,145]. Flashes of UV-C light therefore appear superior to all
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the PRIs that negatively impact the photosynthesis and growth of unstressed plants, such
as ASM, mechanical stress, UV-B light or phosphites.

6. Combining PRIs: Playing Complementarity or Reinforcement Effects?

It is generally accepted that the crosstalk between the SA and the JA/ET signaling
pathways represents the backbone of the signaling network leading to plant immunity [146].
It has been found, for instance, that both the SA and the JA signaling pathways are involved
in grapevine response to Plasmopara viticola and Botrytis cinerea, whereas the ET signaling
pathway is, moreover, involved against Erysiphe necator (Table 3).

Table 3. Hormonal pathways involved in defenses against the major fungal diseases of grapevine.

Downy Mildew
[Plasmopara viticola]

Powdery Mildew
[Erysiphe necator]

Grey Mold
[Botrytis cinerea]

SA signaling pathway [147,148] [147] [149]

JA signaling pathway [150] [151] [149]

ET signaling pathway [151]

It may therefore seem tempting to simultaneously stimulate the SA, the JA/ET and
possibly also the β-amino butyric acid (BABA) signaling pathways. It was found that the
association of ASM and Bacillus subtilis strain B4 was efficient for controlling anthracnose
in cucumber [152]. Faba bean chocolate spot disease was successfully controlled using
ASM and Trichoderma harzianum in association [149]. Bacterial canker in kiwifruit was also
controlled using ASM and Aureobasidium pullulans strain CG163 [153] jointly. ASM and
BABA, each at half the recommended rate, provided an additive effect against Plasmopara
viticola, and performed as well as the full rate of each compound alone [154]. Flashes of
UV-C light (a stimulator of the SA pathway) controlled powdery mildew in strawberry
better than sulfated laminarin (basically a stimulator of the JA pathway, even though
stimulation of the SA pathway exists after inoculation), and their combination was even
more effective than flashes of UV-C light alone [153].

Walters et al. tested a combination of ASM, BABA and cis-jasmone to control powdery
mildew and leaf scald in two spring barley varieties under field conditions [155]. They
observed an increase in levels of Ramularia leaf spot as a negative side-effect of their
treatments. Moreover, they found in a greenhouse trial that treatments resulted in an
up-regulation of the SAR marker gene PR1-b and to a concomitant and substantial down-
regulation of LOX2, a gene involved in biosynthesis of JA. They hypothesized that the
elicitor combination activates SAR in barley, but represses the JA signaling pathway. So
far, scientific evidence for additive or synergic effects of combinations of elicitors remains
scarce. The observations even suggest that counterproductive effects may be observed
depending on pathogens [156].

Surprisingly, there are some references about positive effects of combinations of
elicitors that one would not expect to be effective, considering that the elicitors dupli-
cate themselves: MeJA + T. harzianum against Bipolaris sorokiniana in wheat [157], and
MeJA + T. harzianum against Fusarium oxysporum in tomato [158]. However, again, such
references are scarce. Moreover, they are all only about JA, not SA.

7. Reducing Disease Pressure

Reducing disease pressure represents an essential step to take when disease pressure is
too high relative to the capacity of plants to produce the compounds and structures required
for efficient control of disease development. Besides conventional fungicides, copper or
sulfur, there are numerous substances that have fungicidal effects such as phosphites (Phi),
which are also plant nutrients, essential oils and the so-called basic substances that comply
with European Regulation (EC) No 1107/2009. Basic substances include lecithin, fructose,
dairy milk, whey, sodium chloride, sodium bicarbonate, chitosan hydrochloride, onion
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(Allium cepa L.) bulb extract and macerates of plants such as willow (Salix spp.), horsetail
(Equisetum arvense L.) and nettle (Urtica spp.), among others [159]. Physical methods of
surface disinfection may be used in addition or as alternatives to chemical substances.

7.1. Chemical Substances with Antifungal Properties

Scientific references about efficacy or modes of action exist only for Phi, some essen-
tial oils and macerates, lecithin, chitosan and UV light. Phi has a recognized efficacy for
control of the diseases caused by some bacteria and oomycetes of the Peronospora, Plas-
mopara, Phytophtora and Pythium genera [160], and fungi such as Phoma costarricensis [161],
Colletotrichum gloeosporioides [162], Hemilia vastatrix [163], Fusarium solani [164] and
Alternaria alternata [155]; see also the review which describes Phi as excellent fungicides [165].
It was observed that essential oils of Citrus sinensis, Cupressus sempervirens, Eucalyptus
globulus, Lavendula angustifolia, Pelargonium graveolens, Pogostemon patchouli, Mentha piperita,
Rosmarinus officinalis, Santolina chamaecyparissus, Syzygium aromaticum, Thymus mastichina
and T. vulgaris inhibited the mycelial growth of Fusarium oxysporum, Phytophthora parasitica
and Sclerotinia sclerotiorum [166]. The regular foliar sprays of horsetail macerate reduce
late blight (Phythophtora infestans) and brown rust (Puccinia triticina) symptoms in tomato
and durum wheat, respectively [167]. The mode of action of lecithin against several causal
agents of plant diseases has been investigated to some extent. Studying powdery mildew
in cucumber, it was observed that soy lecithin disturbs hyphal elongation and penetra-
tion in host plants of Sphaerotheca fuliginea [168]. This was confirmed by observations of
the effect of lecithin on the morphology of Pyricularia oryzae [169]. Homma et al. found
that lecithin is at the origin of hyphal anomalies, which consequently is an inhibitor of
appressorium formation and penetration in the epiderm. Antiviral effects of lecithin were
recently observed [170]. Lecithin being an emulsifier, it is used as an additive in many
treatment products. Lecithin-based encapsulation was found to increase the efficacy of
resveratrol against B. cinerea [171]. The antimicrobial properties of chitosan have attracted
a lot of interest for many years because they seem to be associated with a complete lack
of toxicity [172]. Although chitosan and chitosan-based polymers are involved in the
stimulation of plant defenses [78], other reviews clearly deal with the direct antimicrobial
properties of chitosan and its derivatives. See, for instance, the recent review [77].

7.2. Physical Methods of Surface Disinfection

The inhibitory and damaging effects of UV light on bacteria have been described and
exploited for many years. This includes pulsed light, whose surface disinfecting proper-
ties are attributed to the high amount of UV, notably UV-C radiations, it supplies [173].
Absorption of UV radiations by conjugated carbon–carbon double bonds in proteins and
nucleic acids may result in protein polymerization, enzyme inactivation and DNA struc-
tural changes [174,175]. Wuytack et al., moreover, stated that pulsed light induces abnormal
ion flow, increased cell membrane permeability and depolarization of the cell membrane in
Salmonella enterica [176]. Whereas UV-A and UV-B radiations are believed to exert lethal
effects, mainly as a result of membrane damage and the formation of peroxides, UV-C
radiation in the 250–260 nm range is often credited as carrying most of the bactericidal
effects of UV light by damaging cellular DNA via pyrimidine dimer formation [174]. UV-C
radiation is generally more effective at destroying bacteria and at lower doses than UV-B
and UV-A [177]. It must, however, be stressed that nearly all articles found in the scientific
literature about UV-B light are based on observations made using mercury vapor lamps
with an emission peak around 310 nm, while it is established that the latter is much less
absorbed by DNA than 280 nm [178].

Recent observations suggest that UV-C light can be used not only for food disinfection
purposes against bacteria but also against pathogenic fungi affecting crops such as powdery
mildew in cucumber [179] and strawberry [180], at doses that are compatible with normal
plant functioning and crop performance. The highest efficacy was found for nighttime treat-
ments of diseased strawberry plants, arguably because the light-dependent mechanisms of
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DNA repair were prevented from countering the damaging effects of UV-C light. Recent
observations suggest that UV-C light can be used not only for food disinfection purposes
against bacteria, but also against pathogenic fungi affecting crops such as powdery mildew
in cucumber [179] and strawberry [180], at doses and frequencies that are compatible with
normal plant functioning and crop performance. In fact, these doses are about ten times
lower than the doses recommended for stimulating plant defenses. The highest efficacy
was found for nighttime treatments of diseased strawberry plants, arguably because the
light-dependent mechanisms of DNA repair were prevented from countering the damaging
effects of UV-C light.

Based on these considerations, it is quite obvious that the lamps that are used for
delivering high doses of UV-C light can also be used at lower doses for crop surface
disinfection purposes; what can do more can do less. In greenhouses it would probably
be smart to combine disinfecting treatments at low dose/high frequency with stimulating
treatments at high dose/low frequency, using the same high-energy lamps.

8. Ensuring That Plants Have the Resources Required for Synthesis of Defense
Compounds and Structures

Decreasing disease pressure by exploiting the antifungal and disinfecting properties
of some PRIs is certainly recommendable. Even so, and even when stimulation of plant
resistance by PRIs is maximized, the latter may appear not efficient enough in conditions
of very high disease pressure or for a period of time of sufficient duration for successful
completion of the cropping cycle.

It has been hypothesized that efficient and lasting resistance of plants is conditioned by
the level of carbohydrate resources that can be mobilized for synthetizing the compounds
and structures required by defense. Resources and, notably, carbohydrates play a pivotal
role in plant–pathogen interactions [181]. Both plant and pathogen compete for utilizing
[host] resources. Calonnec et al. have supplied arguments in favor of the idea that high
carbohydrate availability decreases the susceptibility of grapevine leaves towards Erisyphe
necator, rather than being favorable to the development of the fungus [182]. In the case of
other fungal pathogens, such as B. cinerea, the role of sugars may be less straightforward
than for E. necator [183]. Ecologists know that plants must find trade-offs for resource
utilization between growth and defense functions [184]. In natural conditions, plants are
competing among themselves for access to light and must therefore maximize photosyn-
thesis and growth. At the same time, they must be capable of defending themselves when
threatened by pests or diseases. Surprisingly, researchers studying mechanisms of plant
defenses have paid little attention to the issue of competition between growth and defense
functions, even though it is probable that they determine the level of resources and, there-
fore, the duration of the resistance induced by PRIs [185,186]. PRIs that are at the origin of
a priming effect have been given preference recently, since they do not tap resources at the
expense of growth and yield as much as PRIs directly stimulating the metabolic pathways
of plant defense [13,187]. Then, in the presence of a pathogen or an herbivore, plants must
eventually synthetize defense compounds, and, therefore, consume resources, anyway. It
was, therefore, hypothesized that resource availability represents the most important factor
limiting the development of PRIs as an alternative to pesticide use [14,185,186].

It would seem tempting to develop strategies for crop management that leave as much
carbohydrate in plant organs, notably leaves, as possible for plant defense. Unfortunately,
such strategies may come at a price since leaf carbohydrate accumulation can inhibit
photosynthesis and increase the risk of photooxidative stress in leaves [35]. A decrease in
leaf net photosynthesis may be at the origin of a decrease in growth and yield, and also
may have a negative impact on the quality of production (fruit size, carbohydrate content,
etc.), whereas photooxidative stress in leaves has been shown to impact the metabolism of
nearby fruits [187].
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Theoretically, it is possible to increase the carbohydrate level of leaves either by
decreasing sink demand or increasing photosynthesis. Sink demand can be reduced by sink
removal or the inhibition of sink activity. Removal of competing sinks is a common practice
in viticulture and horticulture. Trimming of the vine, for instance, helps to control canopy
development in vineyards. It is, however, necessary to assess whether this technique has a
sufficient impact on the carbohydrate content of the remaining leaves as long as clusters
are not trimmed themselves. Fruits are, indeed, very strong sinks [188,189] that accumulate
carbohydrates nearly until the end of the cropping season. In the case of tomato crops,
the removal of fruits eventually stimulates the development of the remaining fruits and
may also result in an increase in vegetative growth [190], all of which tap carbohydrate
resources in leaves. Sink activity per se can be controlled only in greenhouses, by reducing
temperature setpoints for heating. This will, however, come at the price of a reduction in
crop performance and an increase in the risk of gray mold development. Clearly, there
are ways to influence the source–sinks relationships with the objective of leaving more
carbohydrate resources in leaves, but strategies must be carefully designed to avoid the
development of alternative sinks or a reduction in crop performance. Models of carbon
gains and allocation could be used as part of advanced strategies of manipulation of
source–sink relationships [191].

Since it is probable that the control of carbohydrates in leaves will require action
on both ends, not only sink activity and volume, but also source activity, observations
about the effects of foliar applications of nitrogen on photosynthetic capacity and activity
would be required in the future. So far, the possibility of increasing photosynthesis by
applying nitrogen directly to leaves has not been paid much attention. While there are
several observations about the effects of foliar applications of nitrogen, for instance under
the form of urea, on berry and juice composition (e.g., [192,193]), observations about their
effects on photosynthetic capacity has not been made. Besides mineral sources of nitrogen,
it would also be useful to consider biostimulants known for being sources of amino acids,
peptides or proteins. The effects of some biostimulants on grape and wine quality were
reviewed, but they did not provide any information about photosynthesis [194].

Eventually, it must be emphasized that abiotic stress deteriorates carbon assimilation
by plants, therefore exerting a negative effect on resource availability, growth and the
capacity of plants to produce defense compounds and structures. Since some PRIs, such
as laminarin, chitosan, Trichoderma spp. and flashes of UV-C light (Table 2), can act as
biostimulants (Figure 2), it would be interesting to assess their efficacy for stimulating
defenses in conditions of stress and to test whether their efficacy is attributable to both a
stimulating effect on plant defenses and on resource availability for synthesis of defense
compounds and structures.
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Figure 2. Combining fungicides, elicitors/PRIs and biostimulants to increase disease control. An
acceptable level of disease development is achieved when plants synthetize enough molecules
and structures of defense relative to pathogen/disease pressure. The production of molecules and
structures depends on both the level of defense stimulation and the level of resources, whereas the
level of disease pressure can be controlled by crop management, specific fungicides and elicitors
endowed with fungicide effects. A feedback effect of the level of disease pressure on fungicide
efficacy has been added to this figure [195].

9. Conclusions

The idea is gaining credibility that it will be possible to control fungal diseases by
using exclusively environmentally friendly techniques. This requires, however, the satis-
factory addressing of the issue of variable efficacy of PRIs. We propose in this review to
combine natural or ecofriendly substances with fungicide properties, physical means of
plant surface disinfection, chemical, biological and physical PRIs alone or associated for
potential additive or synergic effects on the SA and JA signaling pathways, biostimulants
and crop management techniques. Clearly, the issue of plant defense and plant growth,
especially in conditions of stress, needs to be addressed jointly. On the bright site of the
upcoming challenges, many of the listed PRIs can be associated in cropping conditions;
some of them even seem to do almost everything, from inducing plant defense to reducing
disease pressure and promoting resource acquisition, notably in conditions of abiotic stress,
which seems pivotal for strong and durable defenses. More field trials are nevertheless
needed to obtain more references about the efficacy of some associations of means. There
is also a more fundamental requirement for a better understanding of the interactions
between growth and defense, and the arbiter role played by SA.
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