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Green messengers: the role of catecholamines in plants
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Abstract Abiotic and biotic stresses profoundly
affect global agricultural production. Climate change
and escalating global temperatures are expected to
increase the prevalence of these stressful conditions.
The metabolism of plants is influenced by animal
neurotransmitters, which play crucial roles in the
regulation of responses to stress and the enhancement
of stress tolerance. Among these neurotransmitter-like
compounds are catecholamines, a group of biogenic
amines characterized by a catechol moiety and an
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Learning from nature:

amine group. Dopamine is the most studied cate-
cholamine in plants, and recent studies have demon-
strated its effects on plant metabolism and
development, especially in mitigating the adverse
impacts of stress on plants. This review aims to
examine each step in catecholamine metabolism and
the effects of dopamine in plants, highlighting current
knowledge of their mechanisms of action and identi-
fying research gaps. It outlines the chemical
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characteristics of this group, analyzing their biosyn-
thetic and metabolic processes.

Keywords Dopamine - Plant stress responses -
Oxidative stress - Phytohormones

Introduction

Plants must adapt to a variety of challenges to survive
and thrive. These include biotic stressors like pathogen
attacks and herbivory, as well as abiotic stressors, such
as flooding, drought, extreme temperatures, and soil
nutrient imbalances. Collectively, these stressors sig-
nificantly threaten global agricultural productivity;
abiotic stress alone can reduce crop yields by up to
70% (Zhang et al. 2020a; Zurbriggen et al. 2010).
Moreover, ongoing climate change scenarios predict
increased frequency and intensity of stress conditions,
underscoring the critical need for a deeper under-
standing of plant stress-response mechanisms (IPCC
2023; Vogel et al. 2019).

Recent studies indicate that plants produce several
compounds traditionally recognized as neurotransmit-
ters in animals. Neurotransmitter-like molecules,
including melatonin, serotonin, glutamate, -
aminobutyric acid (GABA), acetylcholine, and cate-
cholamines, have demonstrated a significant impact on
modulating plant responses to abiotic stress (Qiu et al.
2020; Raza et al. 2022). In Arabidopsis thaliana, for
instance, glutamate functions as a signaling molecule
involved in wound responses (Toyota et al. 2018),
while GABA contributes to drought tolerance by
regulating stomatal closure and reducing water loss
(Xu et al. 2019). Among these compounds, cate-
cholamines—specifically dopamine, epinephrine, and
norepinephrine—have emerged as key players in the
regulation of plant growth, development, and adapta-
tion to environmental stress.

While catecholamines have been extensively stud-
ied for their functions in animals, their specific roles in
plant physiology, especially those of epinephrine and
norepinephrine, largely remain to be elucidated. In
contrast, dopamine has garnered particular attention,
with increasing evidence pointing to its significant
contribution to bolstering plant resilience against
various stressors. This review seeks to consolidate
existing knowledge on catecholamine biosynthesis,
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metabolic pathways, and the regulatory functions of
dopamine within plant metabolism. It will particularly
emphasize dopamine’s role in stress tolerance and
identify promising avenues for future research and
practical applications in agriculture.

Chemical characteristics and biosynthesis
of catecholamines in plants

As a class of aromatic amines, catecholamines are
defined by a 3,4-dihydroxyphenyl group attached to an
aliphatic chain ending in an amine. These compounds
are derived from tyrosine (Tyr), an aromatic amino
acid produced via the shikimate pathway; a funda-
mental metabolic route in plants that is absent in
animals (Almeida et al. 2024) (Fig. 1). The final
product of the shikimate pathway, chorismate, serves
as a precursor for not only Tyr, but also essential
molecules such as phenylalanine (Phe), tryptophan
(Trp), auxins, salicylic acid (SA), and other special-
ized metabolites derived from Tyr, Phe, and Trp
(Shende et al. 2024).

To initiate catecholamine biosynthesis, in the
plastids, chorismate is converted to prephenate
(PPA) by chorismate mutase (CM) (Schenck et al.
2017) (Fig. 1). PPA then takes one of two pathways to
form Tyr. In plants, PPA is converted to L-arogenate,
which is subsequently transformed into Tyr by
NADP*-dependent arogenate-specific TyrA dehydro-
genase (ADH). The second, less common route—
found mainly in the Leguminosae family—occurs in
the cytosol, where PPA is converted to 4-hydrox-
yphenylpyruvate (HPP) by NAD™-dependent
prephenate TyrA dehydrogenase (PDH) and then
transaminated by HPP aminotransferase (HPP-AT)
to form Tyr (Schenck et al. 2017). Because high Tyr
concentrations inhibit ADH and PDH activity, both
enzymes play crucial roles in regulating carbon flow
into Tyr biosynthesis (Schenck and Maeda 2018).

Once Tyr is available, the first step in the
catecholamine biosynthetic pathway is its conversion
into dopamine, potentially through two intermediates:
tyramine or L-3,4-dihydroxyphenylalanine (L-DOPA)
(Marchiosi et al. 2020). Both proposed pathways
involve reactions of decarboxylation and hydroxyla-
tion, similar to the animal pathway. In the tyramine
pathway, Tyr is decarboxylated by tyrosine decar-
boxylase (TyDC) to form tyramine, which is subse-
quently hydroxylated to dopamine by monophenol
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Fig. 1 Catecholamine biosynthesis pathway and its connec-
tions with other important metabolic pathways. Phospho-
enolpyruvate (PEP), erythrose 4-phosphate (E4P), chorismate
mutase (CM), NADT-dependent prephenatedehydrogenase
(PDH), 4-hydroxyphenylpyruvate aminotransferase (HPP-AT),
prephenate aminotransferase (PPA-AT), NADP'-dependent

oxidase (MOA). Alternatively, Tyr can be hydroxy-
lated by tyrosine hydroxylase (TH) to produce
L-DOPA, which is decarboxylated into dopamine by
L-DOPA decarboxylase (DD). However, the genes
encoding TH have not been identified in plants
(Kostyn et al. 2020), and L-DOPA biosynthesis may
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arogenate-specific dehydrogenase (ADH), tyrosine hydroxylase
(TH), polyphenol oxidase (PPO), dihydroxyphenylalanine (L-
DOPA), L-DOPA decarboxylase (DD), tyrosine decarboxylase
(TyDC), monophenol oxidase (MOA),dopamine B-hydroxylase
(DBH), phenylethanolamine N-methyltransferase (PEMT), and
isochorismate synthase (ICS)(created with canva.com)

involve polyphenol oxidases (PPO), particularly in the
Leguminosae family and Caryophyllaceae families
(Herrmann and Weaver 1999; Saranya et al.
2021, 2020).

Although both pathways to dopamine biosynthesis
may be viable in plants, they likely do not operate
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simultaneously, with plant-specific pathways prevail-
ing. In potato plants, for instance, overexpression of
rat TH increases L-DOPA and reactive oxygen species
(ROS) levels but decreases dopamine biosynthesis
(Kostyn et al. 2020). Additionally, TyDC overexpres-
sion has been shown to enhance dopamine biosynthe-
sis in apple plants (Liu et al. 2022a; Wang et al.
2021a, 2020). The subsequent steps in the pathway
produce norepinephrine and epinephrine. Nore-
pinephrine biosynthesis involves dopamine hydroxy-
lation, catalyzed by dopamine B-hydroxylase (DBH),
while epinephrine is produced by norepinephrine
methylation via phenylethanolamine N-methyltrans-
ferase (PEMT) (Marchiosi et al. 2020).

The regulation of catecholamine biosynthesis in
plants remains largely unexplored. In animals, TH acts
as a rate-limiting enzyme subject to feedback inhibi-
tion by elevated levels of dopamine, norepinephrine,
and epinephrine (Inukai et al. 2022). Dopamine
biosynthesis may similarly represent a key regulatory
point in plant catecholamine pathways, where elevated
dopamine concentrations could inhibit Tyr conversion
to dopamine, leading to Tyr accumulation. Elevated
Tyr levels, in turn, exert feedback inhibition on ADH
and PDH (Schenck and Maeda 2018).

Metabolism of catecholamines and intermediate
products

Plants metabolize catecholamines and their interme-
diate products either through enzymatic conversion to
catecholamine-derived metabolites or through autox-
idation (Fig. 2). The enzymatic pathway involves a
range of enzymes linking the catecholamine biosyn-
thesis route to other biosynthetic pathways, like those
producing betalains, alkaloids, and hydroxycinnamic
acid amides (Fig. 2a) (Xu et al. 2020). Autoxidation,
in contrast, is thought to be a non-enzymatic process
that occurs spontaneously in the presence of oxidizing
agents, resulting in the production of quinone inter-
mediates, ROS, and melanin (Fig. 2b). In this section,
we will explore both the enzymatic and autoxidative
pathways of catecholamine metabolism in plants.

Enzymatic metabolism of catecholamines
and intermediate products

The L-DOPA metabolism in plants may occur through
its incorporation into the betalain biosynthetic
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pathway (Fig. 2a). Betalains are antioxidant pigments
crucial for attracting animal pollinators, particularly in
the Caryophyllaceae family (Zhao et al. 2022). The
conversion of L-DOPA in this pathway can follow two
distinct routes (Murthy et al. 2024). In the first route,
L-DOPA is converted by 4,5-DOPA-dioxygenase
(4,5-DODA) into 4,5-seco-DOPA, which sponta-
neously cyclizes to form betalamic acid. Betalamic
acid then condenses with amines or amino acids to
produce betaxanthins, a class of yellow pigments.
Alternatively, to produce violet pigments, L-DOPA
undergoes oxidation and cyclization reactions cat-
alyzed by CYP76AD enzymes, generating cyclo-
DOPA. Cyclo-DOPA then condenses non-enzymati-
cally with betalamic acid to form betanidin or is
glycosylated by glucosyltransferase to create cyclo-
DOPA-5-0-glucoside. This glycoside subsequently
condenses with betalamic acid to form betanin, from
which many other pigments can be synthesized
downstream in the betalain pathway.

In parallel, tyramine and dopamine serve as
precursors for a huge family of alkaloids known as
isoquinoline alkaloids (IQA), which includes the
Amaryllidaceae alkaloids (AAs), phenethylisoquino-
line alkaloids (PIAs), benzylisoquinoline alkaloids
(BIAs), and ipecac alkaloids (Fig. 2a) (Diamond and
Desgagné-Penix 2016). The tyrosine-derived amines,
such as tyramine and dopamine, condense with a
second precursor from the phenylpropanoid pathway
and undergo cyclization via the Pictet-Spengler reac-
tion, forming core scaffold molecules that branch into
various IQA biosynthetic pathways.

AAs are derived from tyramine and are unique to
the Amaryllidoideae family, where they contribute to
plant defense under abiotic and biotic stress (Liyanage
et al. 2024). In this pathway, tyramine condenses with
3,4-dihydroxybenzaldehyde (3,4-DHBA). It is still not
clear how this reaction occurs, but it is thought to be
catalyzed by the enzymes norbelladine synthase and
noroxomaritidine reductase, which produce norcraug-
sodine as an intermediate and norbelladine as a final
product (Desgagné-Penix 2021). Norbelladine acts as
the scaffold for synthesizing more than 600 AAs
identified in the Amaryllidoideae family (Jayawar-
dena et al. 2024). In turn, the biosynthesis of BIAs,
PIAs, and ipecac alkaloids incorporates dopamine as a
precursor. Among IQAs, BIAs are the most exten-
sively studied and include analgesic compounds like
morphine and codeine, produced by poppy plants.
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Fig. 2 Products of enzymatic metabolization of catecholami-
nes and biosynthetic intermediates (a) and catecholamines
autoxidation pathway (b). Dihydroxyphenylalanine (L-DOPA),
phenylpropanoid products coenzyme A (PPP CoA), amarylli-
daceae alkaloids (AAs), hydroxycinnamic acid amides

Norcoclaurine synthase catalyzes the condensation of
dopamine with 4-hydroxyphenylacetaldehyde (4-
HPAA) to form the scaffold (S)-norcoclaurine (Singh
et al. 2019). PIAs, however, are synthesized from the
condensation of dopamine with 4-hydroxydihydrocin-
namaldehyde (4-HDCA) to form the 1-phenethyliso-
quinoline scaffold, though the catalytic agent for this
reaction remains unidentified (Stander et al. 2021).
The primary representative of this group is colchicine,
renowned for its anti-inflammatory properties and as a
microtubule polymerization inhibitor (Sargsyan et al.
2023).

The biosynthesis of ipecac alkaloid begins with the
condensation of dopamine with secologanin, cat-
alyzed by two distinct enzymes (De-Eknamkul et al.
1997). This reaction yields the intermediates N-
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(HCAAs), benzylisoquinoline alkaloids (BIAs), phenethyliso-
quinoline alkaloids (PIAs), reactive oxygen species (ROS),
electron (e”), proton (HY), oxygen (Oy) (created with
canva.com)

deacetylipecoside (NDI) and N-deacetylisoipecoside
(NDISO). While the specific details of these enzy-
matic reactions remain somewhat unclear, studies in
Alangium lamarckii have identified deacetylipecoside
synthase as the enzyme catalyzing NDI biosynthesis
(De-Eknamkul et al. 2000). Further along this path-
way, NDI undergoes deglucosylation and conversion
to protoemetine, which subsequently condenses with
another dopamine molecule to produce emetine and
cephaeline. NDISO, in a parallel pathway, leads to the
formation of various alkaloid glucosides (Nomura and
Kutchan 2010). Additionally, hydroxycinnamoyl-
CoA:tyramine-N-hydroxycinnamoyltransferase

(THT) converts tyramine into hydroxycinnamic acid
amides (HCAAs) through condensation with phenyl-
propanoid pathway CoA derivatives, such as p-
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coumaroyl-CoA (Fig. 2a) (Liu et al. 2022a, b, c, d).
HCAAs and their downstream products play essential
roles in plant development and are critical for plant
responses to pathogenic infections. To date, no studies
have reported the enzymatic metabolism of nore-
pinephrine and epinephrine in plants.

Catecholamine autoxidation

The 3,4-dihydroxyphenyl moiety in the chemical
structure of catecholamines underlies their antioxidant
properties (Jodko-Pidrecka and Litwinienko 2015;
Troadec et al. 2001). However, this same feature
makes these biogenic amines highly susceptible to
autoxidation (Umek 2022). Given that the typical pKa
values for phenolic (-OH) groups are generally in the
range of 8-10, increasing pH into the alkaline range
leads to their deprotonation (Armstrong and Barlow
1976). Upon deprotonation of the first hydroxyl group,
the resulting monodeprotonated catecholamine
becomes more reactive toward molecular oxygen
(O,), enabling spontaneous oxidation under aerobic
conditions (Herlinger et al. 1995). This process occurs
very slowly at acidic pH but accelerates exponentially
at pHs above 7.4 (Prah and Mavri 2024; Umek 2020;
Umek et al. 2018).

Once the C3 hydroxyl group is deprotonated,
autoxidation proceeds with the formation of cate-
cholamine-O-semiquinone intermediate (Fig. 2b)
(Bindoli et al. 1992). This intermediate rapidly
undergoes further oxidation, leading to the formation
of catecholamine-O-quinone, with each step releasing
one electron and one proton. This process results in the
formation of highly reactive superoxide anions (O, ),
a type of ROS that can initiate the formation of other
free radicals, such as hydrogen peroxide (H,0,),
leading to damage in cellular components, including
DNA, proteins, and lipids, and causing oxidative stress
in plants (Savchenko and Tikhonov 2021). In parallel,
catecholamine-O-quinones themselves can induce
further oxidation of catecholamine molecules, acting
as an oxidizing agent and amplifying catecholamine-
O-quinone production, thereby increasing ROS gen-
eration (Pourcel et al. 2007).

In addition to spontaneous oxidation, catecholami-
nes are highly susceptible to oxidation in the presence
of redox-active metal ions, such as Fe* and Cu2+, ina
pH-independent form (Umek 2022). These metal ions
form coordination complexes with the catechol
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moiety, promoting electron transfer and stabilizing
the oxidized quinone form. Metal complexation also
facilitates the next step in the autoxidation pathway,
namely, a nucleophilic attack by the amine nitrogen
atom at the C6 position of the quinone ring, initiating
an irreversible 1,4-intramolecular cyclization that
yields leucoaminochrome (Bindoli et al. 1992).
Importantly, this coordination lowers the pKa of the
amino group, favoring its deprotonation even at low
pH, a reaction that facilitates catecholamine-O-
quinone cyclization (Umek 2022). This mechanism
explains the enhanced catecholamine-triggered ROS
production observed in the presence of Fe*' (Shull
et al. 2023). Additionally, such processes may be
related to iron accumulation in the roots, as observed
in Ipomoea aquatica and A. thaliana, where L-DOPA
exposure triggers increased expression of iron-defi-
ciency response genes despite no change in foliar iron
levels (Golisz et al. 2011; Hsieh et al. 2023).

Following cyclization, leucoaminochrome is
rapidly oxidized to aminochrome, a reddish molecule
that undergoes additional non-enzymatic oxidation
and polymerization before becoming melanin.
Although the physiological role of melanin in plants
remains poorly understood, it is structurally distinct
from animal melanin, as it typically lacks nitrogen and
is synthesized via the oxidation of flavonoids through
the activity of enzymes such as PPO and peroxidase
(POD) (Glagoleva et al. 2020; Pourcel et al. 2007).
PPOs, which possess both oxygenase and dehydroge-
nase activities, are broadly expressed across various
plant tissues and organs (Moon et al. 2020) and are
responsible for enzymatic browning following
mechanical injury, as well as protection against
excessive light and other abiotic and biotic factors
(Shoeva et al. 2020).

Interestingly, PPO-catalyzed melanin production
can inhibit pathogens from spreading, and quinones
can covalently bind to macromolecules such as
proteins and other cellular constituents, affecting
plants’ taste for insects and forming a protective waxy
barrier over wounded tissues that prevents water loss
and pathogen invasion. This melanization may serve a
detoxification function by sequestering reactive cate-
cholamine oxidation products, in a manner reminis-
cent of neuromelanin formation in animal systems.
Furthermore, PPOs have been experimentally impli-
cated in the hydroxylation of tyrosine and tyramine in
Juglans spp., suggesting a potential biosynthetic role
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analogous to tyrosine hydroxylase in animals (Araji
et al. 2014). This expands the view of PPOs from
purely oxidative enzymes to possible monooxyge-
nase-like participants in amine metabolism. These
findings place PPOs at a strategic intersection of
oxidative defense, pigmentation, and nitrogen-con-
taining secondary metabolism, offering promising
leads for future investigations into enzymatic routes
for catecholamine transformation and detoxification in
plants.

The role of dopamine in mitigating oxidative stress

At elevated concentrations, catecholamines can exert
detrimental effects, which vary depending on the plant
species. However, when administered at optimal
levels, dopamine has demonstrated notable efficacy
in enhancing plant resilience. Dopamine promotes
plant growth across a range of stressful conditions by
boosting biomass, modifying the root system, and
overall stimulating growth in both aboveground and
underground plant parts (Fig. 3a) (Ahammed et al.
2020; Du et al. 2022c; Liang et al. 2018, 2017;
Yildirim et al. 2024; Zhang et al. 2023a). This
biogenic amine enhances plant tolerance to abiotic
and biotic stress by reinforcing antioxidant defenses
and modulating hormonal and redox homeostasis.
Exogenous and endogenous dopamine reduce
oxidative stress across several plant species subjected
to environmental challenges such as salinity, drought,
alkalinity, nutrient deficiency, pollutants, continuous
cropping and pathogen infection (Table 1) (Abo-
Shanab and Diab 2024; Ahmad et al. 2021; Ahammed
et al. 2020; Akcay et al. 2024; Cao et al. 2023; Du et al.
2022a; Farouk et al. 2023; Gao et al. 2021a; Jiao et al.
2019; Li et al. 2015; Liang et al. 2018, 2017; Liu et al.
2022c¢, 2023; Wang et al. 2021a; Yildirim et al. 2024;
Zhang, et al. 2023a, b). Such effects are consistently
linked to its ability to reduce ROS levels by modulat-
ing the content, expression, and activity of key
components in both the enzymatic and non-enzymatic
antioxidant systems (Fig. 3b), leading to reduced lipid
peroxidation, lower relative electrolyte leakage
(REL), and enhanced antioxidant capacity.
Superoxide dismutase (SOD), peroxidase (POD),
ascorbate peroxidase (APX), catalase (CAT), glu-
tathione reductase (GR), monodehydroascorbate
reductase (MDHAR), and dehydroascorbate reductase
(DHAR) are the most regulated by dopamine

treatment, presenting increased activity and expres-
sion (Table 1). These enzymes operate cooperatively
to maintain cellular redox equilibrium. While SOD
catalyzes the conversion of superoxide (O, ) into
hydrogen peroxide (H,O,), POD and CAT are
responsible for neutralizing H,O, (Fig. 3b). In paral-
lel, APX, GR, MDHAR, and DHAR coordinate the
ascorbate-GSH cycle, where APX detoxifies H,O,
through ascorbate oxidation, MDHAR and DHAR
regenerate ascorbate by oxidizing reduced nicoti-
namide adenine dinucleotide (phosphate) (NAD(P)H)
and reduced glutathione (GSH), and GR regenerate
oxidized glutathione to GSH (Fig. 3b) (Rajput et al.
2021). Furthermore, dopamine treatment has been
shown to enhance the content of antioxidant com-
pounds, such as GSH, ascorbate, phenolic acids, and
amino acids in plants under stress (Table 1).

Not only can dopamine boost plants’ antioxidant
system under stress conditions, but this monoamine
acts as a ROS scavenger itself, as several studies have
highlighted its antioxidant properties. For example, a
study with dopamine and norepinephrine showed that
both catecholamines protect guard cell nuclei in pea
leaf epidermis from KCN-induced damage, prevent-
ing cell death by reducing ROS levels in these cells.
Additionally, L-DOPA and dopamine have been
found to prevent lipid peroxidation and enhance the
antioxidant activity of an a-tocopherol analog, another
antioxidant, in lipid micelles (Jodko-Pidrecka and
Litwinienko 2015). Moreover, catecholamines have
shown greater antioxidant potency than ascorbic acid
in neutralizing 1,1-diphenyl-2-picrylhydrazyl (DPPH)
radicals and singlet oxygen (Shimizu et al. 2010).

Taken together, the evidence highlights dopamine
as a pivotal molecule in plant stress physiology, acting
both as a metabolic antioxidant and somehow a
modulator of redox-related gene expression under
stress conditions. Because dopamine possesses antiox-
idant properties, which are also found in other
catecholamines like epinephrine and norepinephrine,
an investigation into the similar effects of these
compounds is warranted. This highlights the need for
more research into the stress-mitigating impacts of
other catecholamines.
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Fig. 3 Dopamine alleviates growth inhibition and oxidative
stress in plants under abiotic and biotic stress. a Effects of
dopamine treatment on plant growth and development under
stress. b Mechanisms of dopamine action in reducing oxidative
stress: Dopamine enhances the activity of antioxidant enzymes,
including superoxide dismutase (SOD), ascorbate peroxidase
(APX), peroxidase (POD), catalase (CAT), glutathione reduc-
tase (GR), monodehydroascorbate reductase (MDHAR), and

Dopamine maintains osmotic balance and reduces
ion toxicity under abiotic stress

Factors like water scarcity, severe temperatures, salin-
ity, and metal toxicity all disrupt cellular homeostasis,
consequently affecting cellular osmosis. For instance,
drought conditions reduce soil water potential, which in
turn diminishes water and nutrient uptake (Yang et al.
2021). Similarly, salt stress decreases soil water
potential due to salt accumulation, promoting the influx
and buildup of sodium (Na™) and chloride (C17) ions
while inhibiting potassium (K*) and calcium (Ca*")
ions uptake by plants (Arif et al. 2020). In response,
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dehydroascorbate reductase (DHAR). This increased antioxi-
dant capacity lowers reactive oxygen species (ROS) levels, lipid
peroxidation, and electrolyte leakage. Key molecules involved
include superoxide anions (O, ), oxygen (O,), hydrogen
peroxide (H,0O,), reduced glutathione (GSH), oxidized glu-
tathione (GSSG), reduced nicotinamide adenine dinucleotide
(phosphate) (NAD(P)H), and oxidized nicotinamide adenine
dinucleotide (phosphate) (NAD(P)*) (created with canva.com)

plants activate osmoprotective mechanisms, increasing
levels of low-molecular-weight compatible solutes
such as amino acids (e.g., proline, alanine, glycine),
betaines (e.g., glycine betaine, -alanine betaine), and
non-reducing sugars and sugar alcohols (e.g., sorbitol,
mannitol, trehalose) (Zulfigar et al. 2020). These
osmoprotective molecules help regulate intracellular
osmotic potential, maintain cell turgor, reduce ion
toxicity, balance oxidative states, and protect cellular
structures without interfering with normal metabolism.

By upregulating the expression of choline
monooxygenase (CMO) and betaine aldehyde dehy-
drogenase (BADH)—key enzymes in glycine betaine
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Table 1 Effects of dopamine on the antioxidant system of plants under stress conditions

Stress type Plant Effects References
species
Nutrient Apple Up-regulates APX, GR, MDHAR and DHAR expression Liang et al. (2017)
deficiency
Nitrogen Increases SOD, CAT, and POD activities and decreases MDA content  Du et al. (2022a)
deficiency
Cadmium Increases SOD, CAT, and POD activities and decreases H;O, and O, Zhang et al. (2023b)
content. Increases antioxidant compounds, such as amino acids and
phenolic compounds
Cadmium Increases SOD, CAT, POD, and APX activities and decreases REL, Cao et al. (2023)
H,0,; content, and O, production
Valsa mali Increases CAT and POD activities and decreases H,O, and phenolic Liu et al. (2022¢)
infection compounds content
Fusarium solani Increases SOD, CAT, and POD activities and decreases REL, O, , and Liu et al. (2022a)
infection H,O, content
Drought Improve redox balance by raising ascorbic acid and GSH content and ~ Gao et al. (2021a)
the GSH/GSSG ratio. Decreases REL and O, content
Drought Increases antioxidant capacity by raising SOD, CAT, POD, and APX Liang et al. (2018),
activities and expressions. Decreases H,O, and oxygen-free radical Wang et al.
content (2021a)
Salinity Increases SOD, CAT, POD, APX, DHAR, and MDHAR activities and  Li et al. (2015)
decreases H,O,
Alkali Increases SOD, CAT, and POD activities and decreases REL, H,O, and Jiao et al. (2019)
MDA content
Drought Tomato Down-regulates APX and up-regulates FeSOD expression. Decreases Akcay et al. (2024)
REL
Salinity Decreases SOD, CAT, and POD activities and H,O, and MDA content Akcay et al. (2024),
Yildirim et al.
(2024)
Salinity Soybean Decreases SOD, CAT, POD, and APX activities, and MDA content Abo-Shanab and
Diab (2024)
Botryosphaeria Pear Increases SOD, CAT, and POD activity and expression, and decreases  Zhang et al. (2023a)
dothidea H,0, and O,". Increases ascorbate, GSH, GSSG content, and the
infection GSH/GSSG ratio
Bisphenol A Cucumber Increases SOD, CAT, POD, APX, and GR activities, GST expression, =~ Ahammed et al.
toxicity and GSH content. Decreases REL, MDA, H,0,, and O, content (2020
Hydrocarbon Kale Increases SOD, CAT, POD, GR, and GST activities. Decreases REL, Ahmad et al. (2021)
toxicity MDA, H,0, and O, content and increases flavonoid levels
Continuous Watermelon Increases SOD, CAT, POD, and APX activities and decreases REL and Liu et al. (2023)
cropping MDA content
Chilling Watermelon Increases SOD, CAT, and POD activities and decreases MDA, H,O, Jiao et al. (2019)
and O,  content
Nitrogen Crisphead Increases SOD, CAT, and POD activities and decreases MDA, H,O,, Farouk et al. (2023)
deficiency lettuce and O, content

(GB) biosynthesis—dopamine treatment effectively
alleviates the negative effects of chilling injury and
increases GB accumulation in banana (Musa spp.) (Ali
et al. 2023). In apple (Malus domestica) plants,

overexpression of TyDC leads to elevated endogenous
dopamine levels. Under salt stress, these plants show
an increased proline content compared to wild type
(Wang et al. 2020). Similar effects have also been
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observed in watermelon (Citrullus lanatus) under
continuous cropping conditions following dopamine
treatment (Jiao et al. 2021).

In contrast, in salt-stressed soybeans (Glycine max),
dopamine treatment reduces levels of GB, total amino
acids, total soluble proteins, and proline compared to
untreated, salt-stressed plants (Abo-Shanab and Diab
2024). A similar reduction in proline levels was
observed in tomato (Solanum lycopersicum) seedlings
under early-stage salt stress (up to 100 mM NaCl)
after dopamine treatment (Yildirim et al. 2024).
However, no significant changes were detected in
the expression of pyrroline-5-carboxylate synthetase
(P5CS), a gene encoding a key enzyme in the proline
biosynthesis pathway, under salt (200 mM NaCl) and
drought stress at later developmental stages in tomato
(Akcay et al. 2024).

Since the biosynthesis and degradation of osmo-
protective molecules are regulated in response to
specific osmotic conditions, dopamine’s role in
osmotic adjustment provides valuable insights into
the cell’s redox and osmotic state after treatment.
When dopamine treatment promotes osmotic adjust-
ment or reduces the need for it, this suggests that it
may influence ionic balance and water uptake within
the cell. Indeed, in tomato plants under salt stress,
dopamine treatment has been shown to restore Ca**/
Na® and K*™/Na' ratios (Yildirim et al. 2024).
Additionally, in salt-stressed rice (Oryza sativa),
dopamine reduces Na™ accumulation and downregu-
lates the expression of aquaporin OsPIP1-3 genes
(Abdelkader et al. 2012). The PIP1 subfamily, a group
of plasma membrane intrinsic proteins, plays an
important role in salt tolerance by adjusting water
use and regulating salt stress responses, including the
salt overly sensitive (SOS) pathway (Tao et al. 2023).
Furthermore, exogenous and endogenous dopamine
have been shown to upregulate the expression of SOS,
HKT1, and NHX1 genes in the roots and leaves of
apple plants, enhancing salt tolerance in this species
(Fig. 4a) (Li et al. 2015; Wang et al. 2020). These
metabolic changes help plants maintain higher K*
levels and lower Na* levels, preserving a favorable
K*/Na® ratio.

Beyond that, dopamine also influences the uptake
and compartmentalization of other divalent cations,
including toxic metals such as cadmium (Cd2+). It
reduces Cd*" toxicity and accumulation in the roots
and shoots of apple plants by downregulating HA7, a
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protein involved in divalent cation uptake, and
NRAMP1, NRAMP3, and PCR2, which are transporter
proteins that facilitate Cd*" movement from roots to
shoots (Fig. 4b) (Zhang et al. 2023b). Furthermore,
dopamine treatment upregulates NAS1, MT2, ABCC2,
and MHX genes, all of which encode proteins involved
in Cd*" detoxification and intracellular compartmen-
talization. MT2 encodes a metallothionein that chelates
Cd>", preventing its interaction with cellular compo-
nents, while NAS1 catalyzes the biosynthesis of
nicotianamine (NA), another metal chelator involved
in metal homeostasis (Lin and Aarts 2012). ABCC2
and MHX, in turn, are vacuolar transporters that
sequester and store divalent cations within vacuoles,
limiting their cytosolic toxicity (Sharma et al. 2016).
Collectively, these transcriptional changes indicate
that dopamine contributes not only to the mitigation of
Cd>" toxicity but also to the regulation of broader
divalent cation metabolism.

In summary, these findings support the hypothesis
that dopamine contributes to osmotic adjustment not
only by adjusting the biosynthesis of compatible
solutes but also by influencing ion transport, water
homeostasis, as well as toxic ions neutralization and
sequestration into the vacuoles. Its effects appear to be
context-dependent, varying with species, develop-
mental stage, and stress severity. Nonetheless, dopa-
mine consistently promotes ionic balance, reduces
Na* toxicity, and supports the maintenance of favor-
able Ca”"/Na’ and K*/Na™ ratios, key indicators of
salt tolerance. By affecting both the accumulation of
osmoprotectants and the expression of genes involved
in water transport and ion homeostasis, dopamine
emerges as a promising regulatory molecule in plant
responses to osmotic stress.

Dopamine enhances nutrient uptake, affecting
photosynthesis and carbon metabolism in plants
under stress conditions

Other determining factors for ensuring plant resilience
under stress are the efficient uptake, storage, redistri-
bution, and utilization of essential nutrients. Dopa-
mine treatment promotes increased uptake and
translocation of all macronutrients and essential
micronutrients in apple plants under salt and drought
stress (Li et al. 2015; Liang et al. 2018; Wang et al.
2020). This effect is followed by an increase in the
content of most of these nutrients in the plant tissues
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and a decrease in the content of CI™ in leaves,
especially under salt stress. Dopamine also reduces
nutrient resorption efficiency (NuRE) for nitrogen (N),
potassium (P), phosphate (K), sulfur (S), manganese
(Mn), copper (Cu), zinc (Zn), boron (B), nickel (Ni),
molybdenum (Mo), while increasing it for calcium
(Ca) under drought stress (Liang et al. 2018). Since
NuRE reflects the capacity of plants to retrieve

nutrients from senescing leaves before abscission
(Zhang et al. 2020b), this regulation suggests that
dopamine not only influences nutrient acquisition but
also enhances nutrient recycling, potentially promot-
ing local redistribution of Ca*", a phloem-immobile
ion, when its uptake is impaired, thereby contributing
to delayed senescence. As nutrient availability is
fundamental for sustaining both basal and adaptive
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«Fig. 4 Mechanisms of dopamine action in mitigating the
negative effects of salt (a) and cadmium (b) stress. a Mechanism
under salt stress: (1) Increased NaCl levels are sensed by the
cell, leading to elevated cytosolic Ca>™; (2) Ca>* binds to the
salt overly sensitive 3 protein (SOS3), activating it; (3) SOS3
interacts with the salt overly sensitive 2 kinase (SOS2), forming
the SOS2-SOS3 complex, which activates salt overly sensitive 1
(SOS1); (4) SOSI facilitates Na™ extrusion from the cytosol
while promoting H* influx. (5) The high-affinity potassium
transporter 1 (HKT1) facilitates the influx of Na* and K™ into
the cell, while (6) the Na™/H™" exchanger 1 (NHX1) sequesters
Na' into vacuoles. (7) Dopamine treatment upregulates the
expression of SOSI1, SOS2, SOS3, HKTI, and NHXI,
enhancing salt stress tolerance. b Mechanism under cadmium
stress: (1) HT-ATPase 7 (HA7), natural resistance-associated
macrophage proteins 1 and 3 (NRAMP1 and NRAMP3), and
plant Cd resistance 2 (PCR2) mediate Cd** influx into the cell.
(2) nicotianamine synthase 1 (NAS1) synthesizes nicotianamine
(NA) and S-methyl-5’-thioadenosine (MTA) from S-adenosyl-
methionine (SAM). (3) NA and metallothionein 2 (MT2) chelate
Cd**, reducing its interaction with cellular components. (4)
ATP-binding cassette subfamily C member 2 (ABCC2) and
multixenobiotic resistance-associated protein (MHX) facilitate
ca*t sequestration into vacuoles, reducing cytosolic toxicity.
(5) Dopamine downregulates HA7, NRAMP1, NRAMP3, and
PCR2 expression, while (6) upregulating NAS1, MT2, ABCC2,
and MHX to enhance Cd stress tolerance (created with
canva.com)

metabolic processes, dopamine’s ability to modulate
nutrient uptake and distribution under stress emerges
as a critical mechanism contributing to plant survival.
Among macronutrients, N plays a central role in
sustaining plant growth, as it is a fundamental
constituent of proteins, nucleotides, photosynthetic
pigments, and others, thereby contributing critically to
numerous metabolic processes (Igbal et al. 2020).
Notably, exogenous dopamine application has been
shown to enhance both nitrogen uptake and assimila-
tion in apple plants under drought, N deficiency and
excess, and continuous cropping stress by increasing
expression of nitrate (NO3 ™) and ammonium (NH, ")
transporters (NRT and AMT, respectively), along with
a concomitant rise in the activities and expression of N
metabolizing-enzymes, such as nitrate reductase (NR),
nitrite reductase (NiR), glutamine synthase (GS),
glutamine-2-oxoglutarate aminotransferase (GOGAT)
and glutamate dehydrogenase (GDH) (Du et al.
2022b, c; Lan et al. 2020; Liu et al. 2020, 2023).
The NRT family comprises a large group of
proteins that facilitate NO;~ uptake into plant cells,
including high-affinity transporters (e.g., NRT2 pro-
teins) and low-affinity transporters (e.g., most NRT1
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proteins) (Barzana et al. 2021). In parallel, AMTs
mediate NH,* uptake and its translocation to aerial
tissues (Hao et al. 2020). All AMTs and most of the
NRTs modulated by dopamine have high-affinity to
their substrate, except NRT1.1, which belongs to the
NRT1 family and has dual-affinity (Du et al.
2022a, b, c; Liu et al. 2020). Importantly, dopamine
appears to modulate N metabolism in a source-
dependent manner. Under N-deficient conditions and
when NH, " predominates in the rhizosphere, dopa-
mine  primarily increases NH,"-metabolizing
enzymes activity, such as glutamine synthase (GS)
and glutamate synthase (GOGAT) (Du et al. 2022b).
Conversely, when NO; ™ is the only source of N under
N-deficient conditions, dopamine stimulates the entire
N assimilation pathway, increasing the activity of NR,
GS, GOGAT, and GDH (Du et al. 2022c¢). For context,
NR and NiR are enzymes associated with NO3z™
metabolism because they are responsible for convert-
ing NO;~ into nitrite (NO, ) and NO,~ into NH,™,
respectively (Liu et al. 2022d). Once NH," is
available, either from direct uptake or via NO3;/
NO,~ reduction, it is incorporated into organic N
compounds through the GS/GOGAT cycle or via
glutamate dehydrogenase (GDH) activity (Liu et al.
20224d).

By maintaining redox, osmotic, and nutritional
balance, plants enhance their ability to withstand
adverse conditions, particularly because critical meta-
bolic processes like photosynthesis and carbon assim-
ilation can continue to function effectively. Studies
demonstrate that dopamine enhances net photosyn-
thesis rate, maximum potential efficiency of photo-
system II, stomatal conductance and aperture,
instantaneous water-use efficiency, and altered inter-
cellular CO, concentration under drought, salinity,
nutrient deficiency, cadmium toxicity, continuous
cropping and biotic infections (Gao et al.
2021b, 2020; Jiao et al. 2019; Li et al. 2015; Liang
etal. 2018, 2017; Liu et al. 2024a, 2020, 2022a; Wang
et al. 2021a; Zhang et al. 2023b). It also increases
chlorophyll and carotenoid content while reducing
chlorophyll degradation by down-regulating senes-
cence-associated genes such as PAO and RCCR
(Fig. 5a) (Abo-Shanab and Diab 2024; Ahmad et al.
2021; Ji et al. 2022; Jiao et al. 2021; Liang et al.
2017,2018; Liu et al. 2023; Wang et al. 2023; Yildirim
et al. 2024).
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Fig. 5 Dopamine affects the photosynthetic apparatus and
Rubisco metabolism under stress conditions. a Dopamine
downregulates RCCR and PAO (senescence-related genes) and
upregulates key genes of the photosynthetic apparatus, includ-
ing photosystem II reaction center subunit R (psbR) and E
(psbE), photosystem I reaction center subunit E (psaE) and O
(psa0), light-harvesting complex II subunits 1 (LhcbI), and 6
(Lhcb6), and light-harvesting complex I subunits 3 (Lhca3). It

Furthermore, transcriptomic analyses of differen-
tially expressed genes (DEG) have demonstrated that
exogenous dopamine application up-regulates the
expression of several key proteins involved in photo-
synthesis and photosynthesis-antenna complex under
cadmium stress, including psbR, PsbE, PsaO, psaE,
Lhca3, Lhebl, and Lhcb6 (Fig. 5a, b) (Wang et al.
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also increases the expression of rbcS and rbcL (Rubisco
subunits). b Diagram of the photosynthetic apparatus showing
dopamine-affected components (psbR, psbE, psaE, psaO,
Lhcbl, Lheb6, and Lhca3). Oxygen-evolving complex (OEC),
photosystem I (PSI) and II (PSII), and other components are
represented as well. ¢ Representation of Rubisco, highlighting
its subunits (rbcS and rbcL) (created with canva.com)

2023). These proteins are essential for keeping the
functionality and structural integrity of the oxygen-
evolving complex and the PSII electron transport
chain. They contribute to the stabilization of light-
harvesting complexes, the regulation of energy distri-
bution between PSI and PSII, and the prevention of
electron leakage to molecular oxygen during light
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exposure, inhibiting ROS generation, and enhancing
light energy capture during photosynthesis.

In addition, dopamine treatment has also been
shown to increase Rubisco activity and induce
expression of its large and small subunit genes, rbcL
and rbcS, in cucumber plants infected with downy
mildew (Fig. 5Sa—c) (Ji et al. 2022). Rubisco is the
primary enzyme responsible for CO, fixation during
Calvin cycle, and its increased activity reflects
improved carbon assimilation under stress conditions.
Moreover, this catecholamine promotes increased
activity of key enzymes involved in carbon metabo-
lism, such as sucrose synthase (SS), sucrose phosphate
synthase (SPS), acid invertase (Al), and alkaline
invertase (NI) in plants under both abiotic and biotic
stress (Jietal. 2022; Lan et al. 2020). This biochemical
response is accompanied by the up-regulation of genes
encoding SS (SUS3) and SPS (SPS4), leading to
increased accumulation of major photoassimilates
such as sucrose, fructose, glucose, reducing sugars,
total soluble sugars, starch, and cellulose. Collec-
tively, these effects reflect a dopamine-mediated
enhancement of photosynthetic performance and car-
bohydrate metabolism, contributing to improved
stress tolerance and sustained plant growth.

Integrated insights: dopamine as a mediator
of developmental plasticity and stress-responsive
signaling

Dopamine biosynthesis is naturally enhanced under
various abiotic and biotic stress conditions, suggesting
its crucial role in plant responses to stress (Gao et al.
2021a; Liu et al. 2022a; Zhang et al. 2023b). Recent
studies indicate that it may act upstream in regulatory
networks that govern developmental plasticity, espe-
cially under stress, as dopamine can influence both
biosynthesis and catabolism of hormones such as
abscisic acid (ABA), gibberellins (GA), salicylic acid
(SA), melatonin (ME), ethylene (ETH), and jasmonic
acid (JA), thereby reshaping hormonal balances that
drive plant adaptive responses.

In germinating seeds and young seedlings, dopa-
mine promotes developmental progression by favor-
ing hormonal conditions that stimulate growth. In
maize, dopamine treatment has been shown to enhance
germination rates by down-regulating key genes for
ABA biosynthesis and up-regulating genes in the ABA
catabolism pathway (Cheng et al. 2020). A similar
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effect has been observed in rice under fluoride stress,
where dopamine treatment not only modulated ABA
levels, but also down-regulated serotonin-N-acetyl-
transferase (SNAT) and up-regulated gibberellin-3-
oxidase (GA3ox) and isochorismate synthase (ICS),
which are key enzyme genes for ME, GA, and SA
biosynthesis, respectively (Chakraborty et al. 2022).

Consistent with these findings, exogenous dopa-
mine treatment increases IAA levels while decreasing
ABA content in tomato plants under salinity stress
(Yildirim et al. 2024) and also enhances 1-aminocy-
clopropane-1-carboxylate acid (ACC) levels, ETH
precursor, as well as JA and ABA content under
cadmium stress (Zhang et al. 2023b). Furthermore, in
apple plants infected by Valsa mali, dopamine treat-
ment boosts both free and total SA content via up-
regulation of isochorismate synthase 1 (ICSI), a key
enzyme in SA biosynthesis (Liu et al. 2022¢). ETH
metabolism is also impacted by dopamine. In fruits,
dopamine treatment increases ethylene (ETH) release,
which in turn promotes anthocyanin accumulation,
starch degradation and consequently, soluble sugar
content increase (Wang et al. 2021b). Additionally, in
senescing leaves, dopamine treatment suppresses ETH
signaling and reduces ACC levels, along with ABA,
SA, and JA content (Zhang et al. 2023c). These
changes are associated with diminished soluble sugar
degradation and enhanced antioxidant enzyme activ-
ity, contributing to delayed senescence.

Although the precise mechanism by which dopa-
mine modulates plant hormonal levels remains incom-
pletely understood, recent advances have begun to
shed light on this complex regulatory network.
Emerging evidence suggests that dopamine signaling
might be connected to phytohormone responses by
several transcription factors (TFs). A particularly
notable discovery involves the transcription factor
(TF) ORG2, a member of the basic helix-loop (bHLH)
superfamily. This large and functionally diverse group
of proteins plays an important role in regulating gene
expression, orchestrating hormonal signaling path-
ways, and promoting plant responses to abiotic and
biotic conditions (Yan et al. 2024).

Members of this superfamily are known to regulate
genes associated with ABA signaling during drought
stress, GA signaling in response to cold and salinity,
and auxin signaling under nutrient deficiency, salinity,
and drought conditions (Yan et al. 2024). ORG2,
specifically, has been shown to bind directly to the
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promoter of the TyDC gene, activating its expression
and increasing dopamine biosynthesis under nitrogen
deficiency and drought stress in apple plants, thereby
enhancing their resistance to stress (Fig. 6) (Liu et al.
2024a, b). Remarkably, a positive feedback loop has
also been identified in which elevated dopamine levels
further stimulate ORG2 expression, amplifying the
plant’s adaptive response (Liu et al. 2024a).

Another study conducted on apple plants under
drought stress has shown that overexpression of TyDC
and increased endogenous dopamine regulate the
transcription of TFs belonging to 11 different families,
including NAC, ERF, HSF, MADS, WRKY, MYB,

bHLH, ZFP, bZIP, and TGA4L (Gao et al. 2021a).
Among these, the NAC, ERF, WRKY, and bHLH
families are the most strongly regulated by dopamine,
and all are involved in hormonal responses to stress
conditions. Similar results were observed following
exogenous dopamine treatment under the same type of
stress (Gao et al. 2020). Dopamine treatment promotes
the up-regulation of ethylene signaling genes, includ-
ing ethylene receptors (ETRI, ERS2, and EIN4) and
TFs that regulate the expression of ethylene response
genes, such as ERF TFs (ERF1 and ERF?2) and EILI,
in apple plants under nitrogen deficiency stress
(Binder 2020; Liu et al. 2020).
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Fig. 6 Effects of dopamine on plant cell signaling under abiotic
stress. (1) Dopamine regulates the expression of the transcrip-
tion factor basic helix-loop-helix 93 (ORG2, also known as
bHLH93). (2) ORG?2 activates the transcription of the tyrosine
decarboxylase (TyDC) gene, which encodes the TyDC enzyme
responsible for dopamine synthesis. (3) Dopamine upregulates
the expression of key transcription factors, including zinc finger
proteins (ZFP), MADS, basic leucine zipper (bZIP), WRKY,
NAC, myeloblastosis protein (MYB), TGA-type (TGA4L), and
heat shock factor (HSF). (4) Dopamine also enhances the
expression of ethylene signaling components, such as ethylene

receptor (ETR), ethylene response sensor (ERS), ethylene
response factor (ERF), ethylene-insensitive protein (EIN),
ethylene-insensitive-like protein (EIL) genes. (5) Additionally,
dopamine upregulates the expression of cyclic nucleotide-gated
channels (CNGCs), calmodulin (CaM), and calmodulin-like
proteins (CMLs). (6) CNGC are Ca2+—permeable channels that
facilitate Ca®>* influx into the cytosol, while CaM and CMLs are
Ca*"-binding proteins that play a key role in the signaling
cascades triggered by elevated cytosolic Ca”* levels (created
with canva.com)
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Ca”* signaling plays a critical role as a ubiquitous
second messenger, as it is involved in the signal
transduction of nearly all environmental responses in
cells, including reactions to abiotic and biotic stress
(Ren et al. 2023). As cytosolic Ca®" levels are
maintained at low concentrations, the rapid influx of
Ca”*, facilitated by Ca**-permeable channels, along
with interactions between Ca®" and specific calcium-
binding proteins, promotes signal transduction and
transcriptional regulation of essential genes involved
in stress responses. Examples of Ca’"-permeable
channels include cyclic nucleotide-gated channels
(CNGCs), glutamate receptors (GLRs), and two-pore
channels (TPCs), while calcium-binding proteins
include calmodulin (CaM), calmodulin-like proteins
(CMLs), and calcineurin B-like proteins (CBLs).
Notably, exogenous dopamine treatment has been
shown, through DEG analysis, to influence Cca’t
signaling pathways by up-regulating several related
genes, including two genes from the CNGC family and
nine from the CaM/CML family (Gao et al. 2020).
These findings suggest that these Ca’" signaling
components play a role in dopamine signaling in
plants.

While a specific dopamine receptor has not yet been
identified in plants, a study exploring the possibility of
dopamine signaling in plants occurring similarly to
that in animals has shown that the expression of human
dopamine receptors in potato plants enhances the
levels of all catecholamines, including intermediates
such as tyramine and L-DOPA (Skirycz et al. 2005).
This expression impacts carbon metabolism, leading
to an increase in soluble sugar content and a decrease
in starch content in a similar way we have discussed in
other experiments previously. However, a specific
dopamine receptor in plants has yet to be identified.

Altogether, the current body of evidence supports
that, (a) dopamine might plays a broader role in plants
metabolism than previously recognized, extending
beyond its traditional classification as a second
metabolite; (b) It modulates phytohormone levels
under stress and may act as a signaling molecule with
hormone-like properties; (c) its signaling mechanisms
may intersect with established regulatory networks
involving stress-responsive TFs and Ca®" signaling
components.
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Future perspectives

Catecholamines, as defined herein, are a class of
compounds that have a substantial impact on plant
metabolism. Although research into the effect of
catecholamines is still in its early phases, their course
is similar to that of many other compounds that are
now recognized for their critical roles in plant
development and metabolism but whose effects were
previously unknown. Effective deployment of cate-
cholamines to combat plant stress requires precise
mechanistic investigations and further strategies for
their broader application, beneficial at both cellular
and organismal scales. The current absence of clear
conclusions highlights a critical need for in-depth
knowledge and a strong grasp of catecholamine
mechanisms in plants, including the biochemical
routes of primary catecholamine biosynthesis.

More so, exploratory approaches will focus on
advanced mechanistic explanations of the signaling
cascades that are triggered by specific abiotic and
biotic stresses to determine the involved genes and
molecules. New methods of detecting specific genes of
residues and metabolic flow rates, as well as deriving
their changes have emerged, enabling researchers to
perform such investigations. Since only limited stud-
ies have been conducted focusing on the involvement
of one plant species, there is limited knowledge of how
these plants modulate stress. Current studies have
largely focused on a small set of plant species, which
limits the understanding of catecholamine roles across
different plant families. Expanding research to include
economically and ecologically important crops could
reveal how these pathways might vary between
species. This approach could uncover unique adapta-
tions that make certain species more resilient, allow-
ing for the targeted application of catecholamines in
agriculture.

The correlation between catecholamines and nor-
mal plant hormones such as auxins, GA, and ETH is
another domain for investigation. Stress tolerance can
be approached in novel ways by investigating the
interaction of catecholamines with these hormones—
that is, whether the hormones act synergistically or
antagonistically. Co-application studies and assess-
ment of hormone levels under stress conditions may be
beneficial. Co-application studies and assessments of
hormone levels under stressful circumstances may
yield valuable insights.
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The practical applications of catecholamines in
agriculture remain largely unexamined. Field studies
would provide information on the optimal doses,
timing, and methods of application (such as foliar
applications or seed treatment) and how catecholami-
nes improve yield in increasing stress conditions,
which are likely to be more common in the future due
to climate change. Another future area worth explor-
ing is genetic engineering. By using CRISPR, it is
possible that plants can be genetically modified to
have better intrinsic stress tolerance, which would be
useful especially where stress management resources
are scarce. Ultimately, while there may be potential
uses for catecholamines, it is important to explore their
effects on the environment, in particular, general soil
health and other non-target species. Investigating the
ecological safety of catecholamines might facilitate
their effective and sustainable application in agricul-
ture. In conclusion, further research into catecholami-
nes has the potential to help improve the environment
by increasing crop resilience to the stresses imposed
by climate change. The challenge is set.
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