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A plethora of compounds stimulate protective mecha-
nisms in plants against microbial pathogens and abiotic 
stresses. Some defense activators are synthetic com-
pounds and trigger responses only in certain protective 
pathways, such as activation of defenses under regula-
tion by the plant regulator, salicylic acid (SA). This 
review discusses the potential of naturally occurring 
plant metabolites as primers for defense responses in 
the plant. The production of the metabolites, hexanoic 
acid and melatonin, in plants means they are consumed 
when plants are eaten as foods. Both metabolites prime 
stronger and more rapid activation of plant defense 
upon subsequent stress. Because these metabolites trig-
ger protective measures in the plant they can be con-
sidered as “vaccines” to promote plant vigor. Hexanoic 
acid and melatonin instigate systemic changes in plant 
metabolism associated with both of the major defense 
pathways, those regulated by SA- and jasmonic acid 
(JA). These two pathways are well studied because of 
their induction by different microbial triggers: necro-
sis-causing microbial pathogens induce the SA pathway 
whereas colonization by beneficial microbes stimulates 
the JA pathway. The plant’s responses to the two me-
tabolites, however, are not identical with a major dif-

ference being a characterized growth response with 
melatonin but not hexanoic acid. As primers for plant 
defense, hexanoic acid and melatonin have the poten-
tial to be successfully integrated into vaccination-like 
strategies to protect plants against diseases and abiotic 
stresses that do not involve man-made chemicals. 

Keywords : growth responses, induced systemic tolerance, 
priming, vaccination

Plants have adapted to survive through extremes of abiotic 
stresses, even global extinctions, and with competition 
from many other organisms, some of which injure or cause 
disease (Cascales-Miñana and Cleal, 2014; McElwain and 
Punyasena, 2007). Plant health requires sufficient nutrition 
not only for growth but also for defense against an array of 
challenges, from insects and nematodes to microbial patho-
gens as well as a range of abiotic stresses (Agrios, 2005). 
Consequently, plant defense is multifaceted and includes 
preformed physical defenses as well as mechanisms that 
are induced (Agrios, 2005; Osbourn, 1996; Zdor and An-
derson, 1992). Methods to induce plant defenses effectively 
but with limited nontarget effects are desired to maximize 
yields of quality food products. 

Control of human disease sometimes involves vac-
cination; the Center for Disease Control, USA, defines a 
vaccine as “a product that stimulates a person’s immune 
system to produce immunity to a specific disease, protect-
ing the person from that disease.” Kuć (1982) used the 
term “immunization” to describe how restricted infection 
of a plant host with pathogenic fungi, bacteria, or viruses 
offers systemic protection to plants against subsequent 
challenges. Their studies illustrate that initial challenge or 
“immunization” at a sublethal level, followed by a booster 
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inoculation, protects cucumber, watermelon, and muskmel-
on throughout the growing season from a variety of patho-
genic challenges (Kuć, 1982). This result is an example of 
“priming”, a term for a plant protective strategy where the 
priming agent conditions the plant to respond faster and to 
a greater extent upon subsequent pathogen attack to lessen 
disease (Conrath et al., 2015). Priming is advantageous in 
that there is limited energy expenditure for the plant until 
challenged by a stress (Martinez-Medina et al., 2016). By 
comparison to the human scenario, the compounds that 
induce priming in the plant can be regarded as plant “vac-
cines.” Their interaction with the plant boosts immunity in 
response to subsequent pathogenic stresses. However, plant 
vaccination with these metabolites also is effective against 
abiotic stresses of temperature, drought and salinity. 

The potential for plant immunization for pathogen con-
trol through plant treatments with “vaccines” of diverse 
structures is already a topic in the literature. For instance, 
oligochitosans are described as vaccines because of their 
stimulation of plant immunity (Yin et al., 2010). The paper 
“Using green vaccination to brighten the agronomic future” 
focusses on volatiles, chemicals and beneficial microbes as 
vaccines of promise (Luna, 2016). This theme is updated 
by Quintana-Rodriguez et al. (2018) in a lively discussion 
of the role of elicitors, and molecular patterns (pathogen-
associated molecular patterns, microbial associated mo-
lecular patterns or damage-associated molecular patterns 
[DAMPs]) as vaccines. Crude plant extracts and volatile 
organic chemicals also are cited for their roles in defense 
induction (Quintana-Rodriguez et al., 2018). This activity 
of plant extracts is interesting because of other early papers 
where combinations of polysaccharide fungal elicitors with 
plant wall pectic fractions show synergism in activation of 
plant defense (e.g., Tepper and Anderson, 1990). 

Quintana-Rodriguez et al. (2018) argue that DAMPs that 
function through a priming mechanism constitute the best 
type of vaccine because they limit the energy expenditure 
of the plant until it is challenged by a pathogen. Other re-
cent papers focus on various RNA strategies to immunize 
the plant against viral diseases (Gago-Zachert et al., 2019; 
Niehl et al., 2018). With the need to modify agricultural 
practices to maintain and regenerate soils while providing 
quality plant-based foods and commodities, it is timely to 
review the activities of hexanoic acid (HA) and melato-
nin as examples of plant-based “vaccines” because they 
prime the plant for immunity. Both of these compounds 
can be viewed by the public as “natural” or “green” activa-
tors. They are present in human food sources and thus are 
known to be tolerated by human metabolism. Melatonin 
can easily be purchased by the public over the counter and 

both products are viable commercial entities so that they 
are easily available. Their exogenous applications can be 
regarded as biomimicry allowing the compounds to be al-
ready present when the plant is stressed.

The metabolites, HA and melatonin, share the priming 
effect with several synthetic chemicals. A review by Bek-
tas and Eulgem (2014) focuses on such synthetic primers, 
including 2,6-dichloroisonicotinic acid (INA). Other com-
pounds, benzo-(1,2,3)-thiadiazole-7-carbothionic acid S-
methyl ester (BTH) and β-aminobutyric acid (BABA), are 
highlighted in a 2017 review (Mauch-Mani et al., 2017). 
These compounds prime activation of the plant’s defense 
through the salicylic acid (SA) defense pathway (Conrath, 
2009; Conrath et al., 2015). 

Hexanoic Acid 

HA, also termed caproic acid (Fig. 1), has a simple struc-
ture, being a fatty acid of medium chain length (C6). In 
plants, HA is synthesized from acetate and is related to the 
C6-family of green leaf volatiles that are produced upon 
herbivore damage and physical wounding of leaves (Krou-
mova et al., 1994). These C6-derivatives also act as prim-
ers for plant defenses. Some volatiles of plant and micro-
bial origin also have direct inhibitory effects on pathogen 
growth (Kong et al., 2020; Kroumova et al., 1994). Thus, 
the effects of exogenous applications of HA may be boost-
ed by downstream activation of further defense measures 
native to the plant tissues. 

Not only is HA water soluble (about 1 g/100 ml), allow-
ing mobility in water streams such as in soil pore water, but 
HA also is weakly volatile (21 pascals at 25°C), facilitating 
its diffusion through pore spaces in soil and to the atmo-
sphere. Consequently, HA could exert a three-dimensional 
impact in the environment, independent of water availabil-
ity to promote defensive measures in adjacent plants.

Volatiles are recognized as important contributors in 
plant-plant and plant-microbe communication. Although 
HA also is produced and metabolized by microbes (Han et 
al., 2018), the extent to which plant-associated microbes 
contribute to exogenous HA to influence plant metabolism 
is not resolved. Exogenous HA, such as through purpose-
ful applications or as part of the volatile cocktail from 
plant-associated microbes, is thought to enter the plant cell 
by diffusion with subsequent conversion to its acyl-CoA 
derivative, and this form could be the metabolite active in 
triggering plant defense (Llorens et al., 2016). Exogenous 
applications of 13C-labeled HA to citrus roots do not result 
in detection of the labelled metabolite in the shoot tissues. 
However, metabolic changes are observed in the shoots; 
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treatment with HA alone enhances production of other vol-
atiles, E-2-heptenal and Z-3-hexenol, intermediates of the 
alpha linoleic pathway. Analysis of ten potential pathways 
connected with plant defense reveals HA alone activates 
the linoleic pathway and diterpenoid synthesis (Llorens 
et al., 2016). However, all ten pathways are activated in 
HA-treated tissues upon challenge by a pathogen, dem-
onstrating a strong priming effect where defense potential 
is magnified (Llorens et al., 2016). Although there must 
be an active signal transduction system accounting for the 
systemic effects following HA treatments, the mechanism 
is not yet resolved outside of potential activation by plant-
produced volatiles. 

Involvement of Both Jasmonic Acid and SA De-
fense Pathways in HA-Primed Responses

HA primes responses that protect plants from viral, bacte-
rial, and fungal diseases (Aranega-Bou et al., 2014), as 
well as insects (López-Galiano et al., 2017). The defense 
mechanisms triggered by HA are orchestrated by several 
plant growth regulators, including those regulated by SA 
and jasmonic acid (JA). This finding is interesting because 
these defense pathways can be differentially activated; the 
SA pathway is initiated by challenge with microbes caus-
ing necrosis whereas the JA pathway occurs with coloniza-

tion by beneficial microbes (Ton and Mauch-Mani, 2004). 
For example, levels of HA in root exudates (Kroumova et 
al., 1994) increase upon root colonization by a biocontrol-
active strain of Bacillus cereus (Wang et al., 2019) show-
ing a feed forward effect. 

Crosstalk between the JA- and SA-defense pathways 
exists, and there are situations where these two induced 
responses are markedly antagonistic (Caarls et al., 2015; 
Kunkel and Brooks, 2002; Thaler et al., 2002). However, 
as evinced in the following discussions, the HA-primed 
responses involve traits characteristic of both the JA- and 
SA-defense pathways (Scalschi et al., 2013). Additionally, 
transcriptome analysis illustrates that other plant growth 
regulators, auxin and ethylene, may be involved in HA-
primed responses to subsequent challenge. For example, 
expression of the gene encoding 1-aminocyclopropane-
1-carboxylate oxidase, an enzyme required for synthesis 
of the growth regulator ethylene, is a result of HA priming 
in tomato upon infection by the necrosis-causing fungal 
pathogen, Botrytis cinerea (Finiti et al., 2014). 

HA treatments trigger a multilayered approach to plant 
protection, reducing the likelihood of an easy path to patho-
gen resistance. The broad changes in metabolism (Fig. 1), 
are an expected consequence of HA-primed defenses being 
conditioned by several plant growth regulators. Changes in 
the plant important to defense against microbial pathogens 

Fig. 1. Outcomes of hexanoic acid priming in plants include responses that directly challenge the pathogen as well as change plant me-
tabolism to boost resistance to pathogens effects. PR, pathogenesis-related; ROS, reactive oxygen species; VOC, volatile organic com-
pounds.
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include the generation of physical blocks and other impedi-
ments to pathogen growth, as well as promotion of addi-
tional traits that affect plant health (Fig. 1). 

HA-primed responses limiting pathogen entry into plant 
tissues include deposition of callose, a b-1,3-glucan poly-
mer, at the plant cell wall at the challenge site. The forma-
tion of this mechanical barrier is implicated in resistance in 
several pathosystems: in tomato infected with B. cinerea 
(Finiti et al., 2014); in citrus challenged by the brown spot 
fungus (Alternaria alternate) (Llorens et al., 2013) or by 
the bacterium causing citrus canker (Xanthomonas citri) 
(Llorens et al., 2015). In melon inoculated with melon 
necrotic spot virus, callose deposition reduces entry of the 
virus into the phloem, thus lessening viral spread from the 
initial infection site (Fernandez-Crespo et al., 2017). With 
other pathogens, callose may limit the spread of damaging 
enzymes or toxins, to minimize disease symptoms in the 
plant.

Activation of callose formation is a key part of the pro-
tective response against necrotrophs triggered by the syn-
thetic primer, BABA (Ton and Mauch-Mani, 2004). An 
intimate association between callose formation and another 
mechanism to boost plant cell wall integrity, silicification, 
is found in silica-accumulating plants, such as horsetail, 
and additionally in pathogen-challenged plants (Guerriero 
et al., 2018). The finding that sites for silica deposition cor-
relate with arabinogalactan-ferulate complexes in the plant 
cell wall, suggests a connection between silicification and 
ferulate metabolism (Soukup et al., 2017). This interac-
tion could in part account for the enhanced production of 
phenolic acids observed in HA-treated melon (Fernández-
Crespo et al., 2017). Induced silicification also is associ-
ated with the action of the synthetic primers, INA and BTH 
(Kauss et al., 2003). Changes in deposition in the plant cell 
wall highlights the importance of bioavailable Si in induced 
disease resistance mechanisms of plants (Epstein, 1999).

Another effect of HA treatment is to reduce the accumu-
lation of reactive oxygen species (ROS) otherwise occur-
ring upon pathogen challenge. Lowering of ROS occurs 
because HA primes for enhanced activities of peroxidases, 
and enzymes in the glutathione-ascorbate cycle (Scalschi 
et al., 2013). Reduced ROS stress is discussed as being a 
primary effect of beneficial HA treatments (Aranega-Bou 
et al., 2014). However, the key responses accounting for 
resistance are likely to be dependent on the pathosystem. 
For instance, HA-treated citrus shows enhanced production 
of polygalacturonase inhibitors (Fernandez-Crespo et al., 
2017), which should minimize plant cell wall destruction 
by pectin-degrading enzymes produced by pathogens (da 
Silva et al., 2002; Isshiki et al., 2001). Simultaneously the 

inhibitors could promote the formation from the pectins of 
the oligogalacturonides, which themselves are defense in-
ducers (Ryan and Farmer, 1991). Similarly, HA induction 
of proteinase inhibitors may be instrumental in controlling 
pathogens that use proteinases as virulence factors, such 
as B. cinerea (Finiti et al., 2014). The accumulation of 
proteinase inhibitors additionally would impair growth of 
larval infestations and thus be very important in control of 
insect pests (López-Galiano et al., 2017). 

Metabolite and transcript profiling of HA-treated citrus 
challenged with A. alternata reveal extensive reprogram-
ing of carbon metabolism (Llorens et al., 2016). HA influ-
ences primary metabolism by increasing flux through the 
pentose phosphate pathway which supplies the erythrose-
4-phosphate used in the shikimic acid pathway for phenolic 
production. These metabolic changes possibly account for 
the elevated production of ferulic and coumaric complexes 
observed in HA-treated melon plants (Fernandez-Crespo 
et al., 2017) and tobacco cells (Djami-Tchatchou et al., 
2017). The changes in levels of phenolics are consistent 
with up-regulation of genes encoding enzymes involved in 
aromatic synthesis, such as phenylalanine ammonia lyase 
(PAL) (Djami-Tchatchou et al., 2017; Llorens et al., 2016). 
A novel finding is the stimulation by HA of the mevalonic 
acid pathway, leading to synthesis of a variety of volatile 
terpenoids. These volatile organic compounds may also 
play a role in plant defense by regulating another group of 
defense proteins through the expression of genes encoding 
pathogenesis-related (PR) proteins as well as PAL (Quin-
tana-Rodriguez et al., 2018; Llorens et al., 2016).

Additionally, HA treatment leads to the accumulation 
of JA precursors, of which the most prevalent is 12-oxo-
phytodienoic acid (OPDA). OPDA has signaling functions 
independent of JA, including redox balancing that occurs 
in part through promotion of cysteine synthesis to boost 
glutathione production (Park et al., 2013). The initial step 
in this process is the binding of OPDA to a JA-receptor 
protein in the chloroplast, cyclophilin 20-3 (CYP20-3), to 
activate enzymes for cysteine synthesis (Park et al., 2013). 
As illustrated in Fig. 1, HA primes for multilayered plant 
defense functions upon pathogen challenge, thus immuniz-
ing the plant against varied types of pathogens.

A role for the SA pathway in the responses to HA-vac-
cination is supported by HA-primed responses in tomato 
because expression of the SA pathway-marker gene, PR1a, 
is induced when the HA-treated plant is challenged with 
Botrytis (Finiti et al., 2014). Similarly, HA primes expres-
sion of pathogenesis-related proteins from the genes PR1 
and PR5 specific to SA regulation upon infection with P. 
syringae. Strong expression of PR1 is found in HA-treated 
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cultured tobacco cells in the absence of external stresses 
(Djami-Tchatchou et al., 2017), although here it is possible 
that the culturing of the plant cells provides the stress en-
abling HA to act as a primer. These cells, when treated with 
HA, also up-regulate a gene encoding the nonexpressor of 
pathogenesis-related genes 1 (NPR1), the redox-sensitive 
major regulator of the SA-defense pathway. However, 
with the tomato-P. syringae pathosystem, the genes most 
strongly primed by HA are those encoding protease inhibi-
tors, responses attributed to activation of the JA-defense 
pathway. Consistent with the involvement of multiple 
pathways in HA-related immunization is the finding that 
the combination of OPDA and SA activation, both induced 
by HA treatment, correlates with rapid callose deposition 
(Fernández-Crespo et al., 2017). 

Signaling Factors Involved in HA-Primed Re-
sponses

The mechanisms by which HA exposure alters the expres-
sion of an array of protective genes remain unclear. Fig. 2 
illustrates known and potential molecular signaling events 
triggered by HA priming, responses that account for the 
involvement of both SA- and JA- defense pathways. The 
involvement in HA-priming of the transcription factors, 
WRKY33 and WRKY53 (Finiti et al., 2014; López-Galia-
no et al., 2017), supports this view; WRKY53 is a redox-
sensitive transcription factor associated with SA-based re-
sistance to P. syringae, whereas WRKY33 is linked to the 
JA defense network (Hu et al., 2012). Generation of novel 
and small microRNAs occurs in tomato with HA exposure 
(Lopez-Galiano et al., 2017). Interestingly, some of these 
microRNAs overlap with responses to drought; thus, these 
regulatory microRNAs may be associated with the toler-
ance generated by activation of the JA pathway (Riemann 
et al., 2015). 

Epigenetic changes of acetylation and methylation at 

specific sites on histones that bind to gene sequences, DNA 
modification, and chromatin remodeling are also likely 
to be involved in HA priming (Ding and Wang, 2015; 
Ramirez-Prado et al., 2018). In Arabidopsis, systemic ac-
quired resistance triggered by pathogenic P. syringae is 
passed to new plant generations (Luna et al., 2012), with 
the offspring showing greater resilience to this pathogen. 
Expression of SA-pathway defense genes is associated 
with acetylation of histone H3, specifically at lysine 9, af-
fecting binding to the genes’ promoters, whereas repression 
of JA pathway marker genes is associated with methyla-
tion of histone H3. DNA methylation also is required for 
transgenerational resistance. For rice, priming with methyl 
jasmonate (MeJA) changes DNA methylation and modifies 
the histones associated with the promoter of a defense gene 
(Laura et al., 2018). In tomato challenged by B. cinerea, a 
methylated histone, H3K4me3, associates with an exon in 
the gene encoding the defense pathway transcription factor 
WRKY53 (Crespo-Salvador et al., 2018). This methylated 
histone also is associated with binding at the promoter of 
WRKY53 in the Arabidopsis-P. syringae pathosystem 
(Jaskiewicz et al., 2011). The relevance of epigenetic 
changes in HA priming awaits further investigation, as 
does the finding of whether protective effects of HA expo-
sure are continued to the next plant generation. 

Melatonin

Melatonin has multiple beneficial effects in plants (Fig. 
3), observed in response to foliar and root applications, as 
well as in response to changes in naturally occurring levels. 
Indeed, Arnao and Hernández-Ruiz (2019a) coin the term 
“master regulator” for this metabolite and raise the question 
of its role as a plant hormone (Arnao and Hernández -Ruiz, 
2020a). This concept of melatonin as a master regulator is 
strengthened by discussion in Arnao and Hernández-Ruiz 
(2020b) of melatonin effects on plant hormones from their 

Fig. 2. Signaling events in plants in response to hexanoic acid priming. Hexanyl CoA may be the active molecule derived from hexanoic 
acid. 12-oxo-phytodienoic acid (OPDA) is the precursor of jasmonic acid (JA) and metabolic changes in the plant cells characteristic of 
the JA-defense pathway are associated with the hexanoic acid-primed plant responses. SA, salicylic acid.
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synthesis/degradation to their signaling activity. These 
hormones include the growth regulators, indole acetic acid, 
gibberellic acid and cytokinins, as well as the stress regula-
tors, jasmonate, brassinosteroids, polyamines, abscisic acid 
and SA. 

Similar to HA, melatonin alleviates stress caused by 
ROS and reactive nitrogen species (RNS) and through acti-
vating the expression of genes encoding defensive proteins 
provide protection against microbial diseases (Arnao and 
Hernández-Ruiz, 2019b). Plants subjected to both stress 
and melatonin treatment show synergetic changes in gene 
expression compared with plants subjected to stress or mel-
atonin treatment alone; these responses are characteristic of 
primer activity from melatonin applications. 

Furthermore, melatonin helps regulate plant growth and 
development (Arnao and Hernandez-Ruiz, 2019a). These 
effects may relate in part from improved nutrition such as 
balancing balancing Fe levels, as observed in cucumber 
(Ahammed et al., 2020). Consequently, melatonin is often 
termed a plant “biostimulant.” In this paper, the priming ef-
fect of melatonin on plant immunity is highlighted among 
its varied beneficial effects. 

Melatonin Biosynthesis 

Melatonin, N-acetyl-5-methoxytryptamine (Fig. 3), is 
found in plants even in the absence of apparent environ-
mental stress. Levels vary with the plant tissue (e.g., seeds 
and fruits vs. shoots) at concentrations up to 50 µg/g al-
though most concentrations are of the order of ng/g (Arnao, 
2014; Debnath et al., 2019; Sharif et al., 2018). Melatonin 
is produced from the amino acid, tryptophan, through a 
multistep - process, involving tryptamine and serotonin as 
intermediates (Arnao and Hernández-Ruiz, 2020b; Back 
et al., 2016; Hardeland, 2016). Thus, melatonin synthesis, 
unlike that of HA which is acetate/lipid based, requires in-
tegration with N metabolism in the plant.

Increased biosynthesis of melatonin is observed in plants 
in response to stress including challenge by avirulent bacte-
ria and pathogens (Lee and Back, 2017). Changes in redox 
cell signaling involving ROS and nitric oxide, produced by 
the stress, triggers melatonin production (Li et al., 2019). 
Biosynthesis from tryptophan requires increases in carbon 
flux through the pentose phosphate pathway to the shikim-
ic acid pathway-metabolite, chorismate, from which the 

Fig. 3. Beneficial outcomes from melatonin treatment. Exogenous application of melatonin induces physiological changes in plant cells 
that provide protection against reactive oxygen and nitrogen species (ROS and RNS). Plant level responses result in protection from 
abiotic stress and pathogen challenge, as well as improved plant growth. JA, jasmonic acid; SA, salicylic acid; MeJA, methyl jasmonate; 
PR, pathogenesis-related.
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amino acid precursor for melatonin biosynthesis is derived 
(Hernández-Ruiz and Arnao, 2018). 

Both chloroplasts and mitochondria serve as sites for 
melatonin biosynthesis (Tan et al., 2013), although biosyn-
thesis may also occur in the cytoplasm (Back et al., 2016). 
Different locations of melatonin accumulation within 
the plant may depend on which of its many functions are 
significant for that tissue. Melatonin biosynthesis within 
the chloroplast and mitochondria may be a legacy of the 
evolution of these structures from bacterial endosymbionts 
that had already evolved pathways to produce melatonin 
because of its antioxidant activity (Tan and Reiter, 2020; 
Zhao et al., 2019). Subsequently, over the course of evolu-
tionary time, the roles played by melatonin in plants likely 
have diversified. 

Beneficial Effects of Melatonin 

The main functions of melatonin in plants, as depicted in 
Fig. 3, are in providing protection against oxidative stress, 
boosting protection against biotic and abiotic challenges, 
and regulating growth (Arnao and Hernández-Ruiz, 2019a, 
2019b; Debnath et al., 2019; Hardeland, 2016; Lee et al., 
2014; Moustafa-Farag et al., 2019, 2020; Shi et al., 2016; 
Tan et al., 2015). Melatonin combats oxidative stress from 
ROS and RNS through different strategies. One mecha-
nism involves direct structural modification of the melato-
nin molecule by hydroxyl radicals, superoxide anions and 
singlet oxygen; this process removes these harmful reactive 
species (Hardeland, 2016). The oxidative modifications to 
melatonin occur largely through free radical cascade reac-
tions so that the changes are not enzymatically catalyzed 
(Hardeland, 2016; Tan et al., 2015). Some of the melatonin 
derivatives produced in the free radical cascade also have 
protective properties against oxidative stress (Tan et al., 
2015). Stress induction of melatonin biosynthesis coupled 
with melatonin increasing the expression of genes encoding 
protective proteins (Tan et al., 2015) very effectively scav-
enges reactive oxygen and nitrogen species to lessen their 
damaging effects (Arnao and Hernández-Ruiz, 2019b). It is 
this innate activity of the molecule that probably accounts 
for melatonin’s presence in seeds, where protection against 
oxidative damage is needed at low water potential to sup-
port enzymatic activity. Similarly, melatonin is protective 
in the chloroplasts and mitochondria, alleviating the effects 
of aberrant electron flow in electron transfer chains (Marti-
nez et al., 2018; Tan et al., 2013). Indeed, the plant protec-
tion conferred by melatonin against heat stress is associated 
with changes in responses to oxidative stress (Buttar et al., 
2020). Thus, melatonin’s ability to control oxidative stress 

has widespread beneficial consequences (Fig. 3).

Protection against Abiotic Stresses 

Under abiotic stress, melatonin may play a major role in 
protecting photosynthetic capacity through the reduction of 
ROS damage (Sharma and Zheng, 2019). Melatonin appli-
cation improves growth of tomato subjected to extremes of 
salinity and temperature (Martinez et al., 2018). Measure-
ments of CO2 assimilation, transpiration rate, stomatal con-
ductance and photosystem II efficacy show maintenance 
of photosynthesis. This protection correlates with less ac-
cumulation of hydrogen peroxide and oxidized lipids with 
melatonin treatment of plants stressed by heat and salinity 
(Martinez et al., 2018). Examination of gene transcription 
and enzyme activities finds little effect of melatonin ap-
plication alone but activation of protective responses upon 
abiotic stress. Similar observations are reported for tomato 
under salinity stress when treated with melatonin: ROS ac-
cumulation is decreased and enzymes for ROS protection 
modified (Siddiqui et al., 2019). They also find the osmo-
lyte, proline, to be highest in saline-stressed plants when 
treated with melatonin; this and other osmolytes, such as 
sugars, would enhance plant cell integrity and enzymatic 
function under stress. Additionally, maintenance of the 
photosynthetic ability is promoted by the higher levels of 
the primary CO2-fixing enzyme, ribulose 1,5-bisphosphate 
carboxylase-oxygenase, resulting in continued accumula-
tion of carbohydrates in stressed, melatonin-treated plants.

Maintenance of chloroplast photosynthetic function and 
structural integrity is proposed to be a major factor in the 
melatonin-induced resilience of tomato to cold stress (Yang 
et al., 2018). For watermelon, transcript profiling addition-
ally reveals increased expression of novel protective genes 
specific for cold stress tolerance. Applications of melatonin 
to roots provides protection in shoots and vice versa sug-
gesting that systemic transport can occur (Li et al., 2017). 
The observation that melatonin increases in the xylem 
when plants with melatonin-treated roots are cold shocked 
suggests that the metabolite itself is mobile in the plant 
(Li et al., 2017). With exogenous applications, uptake and 
subsequent vascular transport could explain the observed 
systemic protective effects (Li et al., 2017). Melatonin 
when applied to roots alone induces very little change in 
expression of cold-stress defense genes in leaves until the 
plant is cold shocked (Li et al., 2017). These observations 
are consistent with a priming action of melatonin to allevi-
ate temperature stress problems in plants.  

Melatonin treatment also protects against drought. The 
binding of melatonin to a specific receptor initiates sto-
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matal closure (Wei et al., 2018); currently this is the only 
melatonin receptor identified in plant cells. In Arabidopsis 
thaliana, melatonin is bound to the receptor CAND2 pro-
tein in the receptor complex, CAND2/PMTR1, located in 
the plasma membrane. Hydrogen peroxide production by 
a NADPH-oxidase is triggered through G protein interac-
tions with the loaded melatonin-receptor complex. The 
hydrogen peroxide burst signals altered flux of Ca and 
K ions, promoting stomatal closure (Wei et al., 2018). A 
second but undefined mechanism for drought protection is 
indicated from studies in Brassica where the maintenance 
of root growth during drought by melatonin might allow 
continued water uptake (Dai et al., 2020). The promotion 
of lateral root formation by melatonin would increase the 
potential for the root to access soil water and contribute to 
drought tolerance in melatonin-treated plants (Zhang et al., 
2014). 

As anticipated, given the ability of melatonin to amelio-
rate ROS stress, melatonin treatments protect plant cells 
against microbial pathogens. Fig. 3 summarizes the major 
research-supported mechanisms by which melatonin con-
fers resistance to pathogenic bacteria, fungi, and viruses; 
the range of pathosystems for which melatonin offers 
protection is extensive (Moustafa-Farag et al., 2020). Al-
though little is known in depth of the mechanisms underly-
ing protection against viruses, the combination of JA-, SA-, 
and ethylene-regulated defense pathways is cited as being 
responsible for melatonin control of bacterial and fungal 
pathogens (Moustafa-Farag et al., 2020). These same pos-
sibilities also apply to plant protection afforded by HA 
treatments (Fig. 4). 

Molecular evidence from transcription studies in Arabi-
dopsis suggests that melatonin alone enhances expression 
of defense genes associated with abscisic acid, ethylene, 
SA, and JA regulation (Weeda et al., 2014). A 100 pM 
dose down-regulates over 51 genes and upregulates 30 
genes; a higher dose, 1 mM, results in greater changes with 
expression from 1,308 genes being affected. These findings 
illustrate that gene expression in plants responds to mela-
tonin alone, although not to an overwhelming degree as is 
characteristic of the plant’s detection of a priming agent 
without a stress. 

Biosynthesis of melatonin in Arabidosis is stimulated in 
the incompatible interaction with an avirulent P. syringae 
isolate (Lee and Back, 2017) through a process requiring 
both hydrogen peroxide and nitric oxide signaling that 
likely results from the pathogen attack. This plant-microbe 
interaction activates the SA defense pathway with antici-
pated participation of the mitogen-activated protein kinase 
cascade, feeding into MAPK3 and MAPK6 activation for 

regulating defense gene expression (Lee and Back, 2017). 
Exogenous applications of melatonin also initiate a burst of 
superoxide anions followed by peaks of hydrogen peroxide 
and nitric oxide leading to increased plant biosynthesis of 
melatonin and triggering of the SA-defense pathway (Li et 
al., 2019). These changes are proposed to be instrumental 
in control by melatonin treatments of postharvest lesions in 
tomato fruits caused by the necrotic fungus, B. cinerea (Li 
et al., 2019). The findings of a cascade of events leading 
to SA-regulated defense as a mechanism for change in the 
transcriptome is observed in A. thaliana following melato-
nin treatment (Weeda et al., 2014).

Although a role for the SA pathway in defending against 
B. cinerea in tomato fruits is supported (Li et al., 2017), 
other research (Liu et al., 2019) supports that the JA path-
way is activated simultaneously. Here the plant responses 
to melatonin and HA are different because melatonin treat-
ment increases MeJA levels, whereas HA treatment tends 
to raises concentrations of the JA-leucine complex (Fernán-
dez-Crespo et al., 2017). Other melatonin-induced changes 
in gene expression support the activation of the JA path-
way, such as enhanced expression of enzymes involved 
in JA-synthesis, LoxD and protease inhibitor II (Weeda et 
al., 2014). Melatonin increases the transcription of genes 
encoding the PR proteins, chitinases and β-glucanases, 
changes that foretell of possible degradation of chitin and 
glucans in the cell walls of fungal pathogens. Such fungal 
wall degradation would release short oligosaccharides (chi-
tosan and oligoglucans) which act as elicitors of defense to 
diversify and intensify resistance strategies.

Melatonin treatment, like HA (Fig. 4) results in deposi-
tion of the protective cell wall polymer callose in Arabi-
dopsis upon challenge with a virulent isolate of P. syringae 
(Zhao et al., 2015). Additionally, the levels of phenolics 
and flavonoids increase in response to melatonin (Simlat 
et al., 2018), although there are no reports for enhanced 
lignification, so that the roles of these compounds remain 
unresolved. Currently, there are no published works relat-
ing melatonin to plant cell wall silicification, which, as dis-
cussed under HA-induced responses, is linked with ferulate 
complexes in the plant cell wall (Figs. 1 and 4). 

The boost in photosynthetic efficiency in Arabidopsis 
upon melatonin treatment causes increased sucrose flux 
and hexose accumulation (Sharma and Zheng, 2019). 
Sugars play roles in cell signaling, operating through three 
different mechanisms to regulate the expression of genes 
involved in plant development and defense (Tauzin and 
Giardina, 2014; Wingler, 2018). For instance, in rice, 
expression of several PR genes is controlled by sucrose 
(Gómez-Ariza et al., 2007). However, the extent to which 
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sugar signaling plays a role in plants’ responses to melato-
nin awaits clarification. The sugars themselves have pro-
tective effects as osmolytes and scavengers for ROS. 

These findings establish that melatonin regulates the 
JA and SA defense pathways to enhance plant immunity 
against microbial diseases. Melatonin acts like a vaccine in 
priming the plant tissues to reserve the use of these energy-
expensive defense pathways in a balanced and constructive 
manner after the plant is microbially challenged. Prim-
ing saves energy, as well as the C and N supplies which 
then would be available for other plant functions, such as 
growth and development. 

Improvement of Plant Growth 

Melatonin induces increased growth of plants at the whole-
plant level, with effects on germination, altered root mor-
phology, and delayed senescence (Arnao and Hernández-
Ruiz, 2014) (Fig. 3). Unlike melatonin, HA has not been 
reported to have any effects on growth and this trait is a 
major documented difference in the response to the ap-
plication of these metabolites (Fig. 4). In Stevia, a plant in 
which germination is difficult to induce, melatonin treat-
ment increases germination rate and seedling mass in a 
dose-dependent manner (Simlat et al., 2018). The melato-
nin-treated seedlings have higher levels of phenolics and 
sugars than the controls lacking treatment. Melatonin may 
promote primary root growth and formation of lateral roots, 
depending on dose and plant type (Arnao and Hernandez-
Ruiz, 2014); Sharma and Zheng, 2019). Although auxin 

and melatonin have similarity in their structure, melatonin 
affects root architecture by mechanisms that are indepen-
dent of auxin (Wan et al., 2018). 

Enhanced growth may be related to improved nutrition 
in melatonin-treated plants. A study in tomato finds that 
melatonin enhances sulfur uptake and metabolism result-
ing in improved resilience to oxidative stress (Hasan et al., 
2018). Melatonin also may boost Fe nutrition in Arabidop-
sis (Wan et al., 2018). Lateral root formation is stimulated 
by melatonin, and expression of genes that regulate and 
encode the proteins involved in Fe uptake into the root is 
increased. Altered Fe transport into roots with melatonin 
application occurs likewise in cucumber (Ahammed et 
al., 2020). This process is sensitive to the Fe level because 
melatonin restricts Fe transport at high Fe, but enhances 
root uptake at low Fe bioavailability. The same study found 
that Fe increases PAL activity, possibly providing the link 
to the higher levels of phenolics produced in cucumber by 
melatonin treatments (Ahammed et al., 2020).

Melatonin, and its precursor serotonin, enhance expres-
sion of two genes encoding proteins that function in plant 
cell wall remodeling (Wan et al., 2018). Both melatonin 
and serotonin accelerate catabolism of the basic amino ac-
ids and alanine, while promoting the formation of aspara-
gine, an amino acid that distributes N throughout the plant. 
Interestingly, serotonin, but not melatonin, has the potential 
to improve photosynthetic efficiency by increasing expres-
sion of genes with functions in both photosystems (Wan et 
al., 2018). Clearly, there is a need to assess the potency of 
serotonin versus melatonin as a biostimulant and a poten-

Fig. 4. Comparisons of plant responses to hexanoic acid and melatonin illustrating major similarities and differences in effects. VOC, 
volatile organic compounds; SA, salicylic acid; JA, jasmonic acid; PR, pathogenesis-related; DAMP, damage-associated molecular pat-
tern; ROS, reactive oxygen species; RNS, reactive nitrogen species.
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tial primer for protective genes. It would also be interest-
ing to examine the roles of sugar sensing and priming in 
melatonin-induced growth responses. Sugar sensing events 
are primary regulators of plant growth as well as being in-
volved in expression of defense genes (Wingler, 2018).

Plant productivity may additionally be promoted by 
melatonin because in addition to promoting growth, mela-
tonin delays senescence, in part because photosynthesis is 
protected. Findings in kiwifruit leaves (Liang et al., 2018) 
support that melatonin increases biosynthesis of the chloro-
phyll a/b binding proteins, contributing to prolonged effec-
tive photosynthesis. Simultaneously, melatonin improves 
the anti-antioxidant potential, through the additive effects 
of increased enzyme activities for ROS destruction (per-
oxidase and superoxide dismutase) and enhanced activity 
of the glutathione-ascorbate cycle, and heightened levels 
of antioxidant flavonoids. Each of these methods for ROS-
scavenging delay the onset of scenescence.

Summary

This paper highlights two metabolites, HA and melatonin, 
produced by plants and microbes, which act as primers 
for defense pathway activation in plants. Both of these 
materials are already part of the human diet, and thus may 
have a public perception as “green” chemicals versus the 
xenobiotic primers. These metabolites of different molecu-
lar structure are both plant stress metabolites, indicating 
that these are part of a” feedforward” protection process 
whereby their production enhances resistance in the plant 
upon subsequent stress, i.e., they act as promoters for plant 
health. Although their chemical structures are different, 
plant responses to both metabolites overlap in that they in-
duce layered plant defenses through balanced activation of 
the SA- and JA-defense pathways (Fig. 4). However, other 
responses currently are only represented in the literature to 
be consequences of the exposure of either HA or melatonin 
(Fig. 4). Direct studies of comparisons of plant responses to 
HA and melatonin, as well as combination of these priming 
metabolites, would be very valuable. 

The finding that exogenous applications of HA and mela-
tonin stimulate plant immunity to microbial pathogens sug-
gests both metabolites may be regarded as a type of vaccine 
for plants. They have the potential to protect against a wide 
variety of plant pathogens and insect pests but also promote 
tolerance to abiotic stresses. Melatonin treatment differs 
from HA in that there is evidence of an added advantage of 
improving plant growth and nutrition (Fig. 3 and 4). The 
beneficial effects of HA may be integrated with improved 
plant defense associated with certain probiotic microbes as 

they colonize plant tissues. The potential of HA and mela-
tonin as vaccines to stimulate plant immunity is one that 
can be integrated into green solutions to maintain the sup-
ply for plant-based foods and products while maintaining 
healthy soils. 
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