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Preface

Phytohormones are regulatory compounds that play crucial roles in plant development and
comprise five main groups, namely, auxins, cytokinins, abscisic acid, gibberellins and ethyl‐
ene. Salicylates, jasmonates, brassinosteroids, strigolactones, polyamines and some peptides
were known as new families of phytohormones. Auxins, gibberellins, cytokinins, brassinoste‐
roids, strigolactones and polyamines play a major role in plant growth and development,
whereas ethylene, abscisic acid, salicylates and jasmonates have important roles in stress re‐
sponses. Hormone actions form a signaling network and mutually regulate various systems in
plants.

This book brings together recent work and progress that has recently been made in the dy‐
namic field of phytohormone regulation in plant development and stress responses. It also
provides new insights and sheds new light regarding the exciting hormonal cross talk phe‐
nomenon in plants. This book will provoke interest in many readers and scientists, who can
find this information useful for the advancement of their research works.

The book includes seven chapters. The first chapter “Hormonal Regulation in Plant Develop‐
ment and Stress Tolerance" presents an overview and discusses recent progresses of phytohor‐
mones’ roles and their cross talk in plant development and stress tolerance. The second
chapter “Recent Developments in a Radio-labeling of Brassinosteroids" provides a comprehen‐
sive overview on methodologies used for radio-labeling of brassinosteroids as one of the new‐
est class of phytohormones. The third chapter “Salicylic Acid: An All-Rounder in Regulating
Abiotic Stress Responses in Plants" sheds light on the recent progress on the regulatory role of
SA in mitigating abiotic stress. The fourth chapter “Seed Dormancy: The Complex Process
Regulated by Abscisic Acid, Gibberellins and Other Phytohormones That Makes the Seed Ger‐
mination Work" describes recent advances in understanding the complex process of seed dor‐
mancy, regulated by many phytohormonal pathways and their components. The fifth chapter
“Strigolactone Signaling in Plants" summarizes the recent discoveries in the signal transduc‐
tion pathway of SLs and describes the model of SL perception and signaling. The sixth chapter
“Cross Talk between Nitric Oxide and Phytohormones Regulates Plant Development During
Abiotic Stresses" discusses the current state of knowledge of cross talk between signaling path‐
ways of NO and phytohormones in plants exposed to various abiotic stresses. The seventh
chapter “Phytohormonal Control over the Grapevine Berry Development" discusses phytohor‐
mones, their signaling pathways and their association to berry development in Vitis vinifera.

The book editor would like to thank Ms. Nina Kalinić, Publishing Process Manager, for her
wholehearted cooperation in the publication of this book.

Mohamed Ahmed El-Esawi, PhD
Sainsbury Laboratory, University of Cambridge,

Cambridge, United Kingdom

Botany Department, Faculty of Science,
Tanta University, Egypt





Chapter 1

Introductory Chapter: Hormonal Regulation in Plant

Development and Stress Tolerance

Mohamed A. El‐Esawi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69806

1. Introduction

Phytohormones are regulatory compounds produced in low concentrations and serve as 
chemical messengers to regulate various plant physiological and developmental processes. 
They also play essential roles in signal transduction pathways during stress response and 
regulate internal and external stimuli [1]. Phytohormones comprise five main groups, namely 
auxins (IAAs), cytokinins (CKs), abscisic acid (ABA), gibberellins (GAs) and ethylene (ET). 
Salicylates (SAs), jasmonates (JAs), brassinosteroids (BRs), strigolactones (SLs), polyamines, 
and some peptides represent new families of phytohormones.

Hormone actions form a signaling network and regulate various systems in plants. The 
interacting actions among hormone signal transduction cascades are called crosstalk [2, 3]. 
Phytohormones interact by activating a phosphorylation cascade or a common second mes‐
senger. Furthermore, several phytohormones interact together, forming a defense network 
against environmental stresses such as JA, SA, and ABA which play a crucial role in regulat‐
ing signaling pathways [3]. Understanding the crosstalk between these phytohormones and 
defense signaling pathways helps reveal new important targets for developing host resistance 
mechanisms [3, 4]. Here, the current work presents an overview and discusses recent pro‐
gresses of phytohormone roles and their crosstalk in plant development and stress tolerance.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



2. Phytohormones signaling roles

2.1. Abscisic acid

Abscisic acid (ABA), termed stress hormone, plays an important role in plant leaves abscis‐
sion and abiotic stresses tolerance [3]. ABA also has important roles in various plant devel‐
opmental and physiological processes such as seed dormancy, embryo morphogenesis, 
stomatal opening, cell turgor maintenance, and biosynthesis of lipids and storage proteins 
[3, 5]. ABA regulates protein‐encoding genes [6]. ABA enables plants to survive under severe 
environmental factors [7] and water‐deficit conditions [8]. ABA is also important for root 
growth and architectural modifications under nitrogen deficiency [9] and drought stress [10]. 
Furthermore, ABA is involved in the biosynthesis of dehydrins, osmoprotectants and protec‐
tive proteins [3, 11, 12].

2.2. Auxins

Some pathways for auxin (IAA) biosynthesis in plants have been reported so far including 
one tryptophan‐independent and four tryptophan‐dependent pathways [3, 13]. IAA plays an 
important role in plant growth and development as well as in regulating growth under stress 
factors [14]. IAA plays essential roles in plant adaptation to salinity [15] and heavy metal 
stresses [16]. Furthermore, auxins induce the transcription of the primary auxin response 
genes which are identified in various plants such as rice, Arabidopsis and soybean [3, 17]. 
Auxin also regulates crosstalk between biotic sand abiotic stresses [18].

2.3. Cytokinins

Cytokinins (CKs) regulate plant growth and development [3, 19]. They are also involved in 
abiotic stresses [20] such as salinity [21] and drought [19]. They are also important for vari‐
ous crop traits such as productivity and enhanced stress tolerance [3, 22]. CKs also release 
seeds from dormancy [18] and are considered as abscisic acid antagonists [23]. Decreased CK 
content promotes apical dominance, which assists in the adaptation to drought stress [3, 20].

2.4. Ethylene

Ethylene (ET) is a gaseous phytohormone regulating plant growth and developmental processes, 
including flower senescence, fruit ripening, and petal and leaf abscission, as well as regulating stress 
responses [3, 24, 25]. Ethylene biosynthesis begins from methionine via S‐adenosyl‐l‐methionine 
and the cyclic amino acid ACC. ACC synthase converts S‐adenosyl‐l‐methionine to ACC, whereas 
ACC oxidase catalyzes the conversion of ACC to ET. Various abiotic stresses affect endogenous 
ethylene levels in plant species. Higher ET concentrations promote stress tolerance [26]. Ethylene 
may combine with other hormones such as jasmonates and salicylic acid and plays crucial roles 
in regulating plant defense against biotic stress factors [3, 1]. Ethylene and abscisic acid may act 
together to regulate plant growth and development [3].

Phytohormones - Signaling Mechanisms and Crosstalk in Plant Development and Stress Responses2
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2.5. Gibberellins

Gibberellins (GAs) are carboxylic acids that may regulate plant growth and development [27]. 
They positively regulate leaf expansion, seed germination, stem elongation, flower develop‐
ment and trichome initiation [3, 28]. They also play important role in abiotic stress toler‐
ance [29] such as osmotic stress. GAs may interact with other hormones and regulate various 
developmental processes [30]. These interactions may involve both negative and positive 
regulatory roles [3, 30].

2.6. Brassinosteroids

Brassinosteroids (BRs) comprise polyhydroxy steroidal phytohormones which regulate plant 
growth and developmental processes including root and stem growth, and flower initiation 
and development [3]. BRs were first isolated from Brassica napus. Brassinolide, 24‐epibrassino‐
lide, and 28‐homobrassinolide are the most bioactive BRs widely used in physiological stud‐
ies [31]. They are found in flower buds, pollen, fruits, vascular cambium, seeds, leaves, roots, 
and shoots [32]. BRs also play important roles in abiotic stress responses such as chilling, high 
temperature, soil salinity, drought, light, flooding, and organic pollutants [3].

2.7. Jasmonates

Jasmonates (JAs) are multifunctional phytohormones derived from the membrane fatty acids 
metabolism and are widely distributed in several plant species [3]. JAs play crucial roles in 
growth and developmental processes such as fruiting, flowering, senescence and secondary 
metabolism [3, 33]. JAs are also involved in biotic and abiotic stress responses such as salin‐
ity, drought, irradiation and low temperature [3, 34]. Exogenous concentrations of methyl 
jasmonate (MeJA) minimize salinity stress symptoms [35]. Additionally, endogenous levels 
of JA are induced in roots under salinity stress [36]. JA levels also reduce heavy metal stress 
through inducing the antioxidant machinery [3, 37]. MeJA accumulates phytochelatins, con‐
ferring tolerance against Cu and Cd stress [38].

2.8. Salicylic acid

Salicylic acid (SA) is a phenolic compound which regulates the expression of pathogenesis‐
associated proteins [39]. SA plays an important role in plant growth and development, as well 
as in biotic and abiotic stress responses [3, 40]. SA has two biosynthesis pathways: the major 
isochorismate (IC) pathway and the phenylalanine ammonia‐lyase (PAL) pathway. Low lev‐
els of SA promote the plant antioxidant capacity [3]. However, the high SA levels may result 
in cell death [41]. SA comprises genes encoding chaperones, antioxidants, heat shock pro‐
teins, and secondary metabolite biosynthetic genes such as cinnamyl alcohol dehydrogenase, 
sinapyl alcohol dehydrogenase and cytochrome P450 [3, 41]. SA may also combine with ABA 
to regulate drought response [39]. However, the SA mechanism in abiotic stress tolerance 
remains mainly unknown and still needs more investigations.

Introductory Chapter: Hormonal Regulation in Plant Development and Stress Tolerance
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2.9. Strigolactones

Strigolactones (SLs) are carotenoid‐derived compounds, produced in small quantities in 
roots, or synthesized in several plant species [3, 42]. SLs play an important role in root archi‐
tecture and development [43]. They induce nodulation during interaction processes [44] and 
may be used for inducing the parasitic plants seed germination [45]. SLs are also involved in 
biotic and abiotic responses [3].

3. Phytohormones crosstalk

Sessile plants should maintain growth plasticity and adaptation ability to severe environ‐
mental conditions. Stress‐responsive hormones assist in the alteration of cellular dynamics 
and thus regulating plant growth under stress conditions [3, 46]. The interacting actions 
among hormone signal transduction cascades are called crosstalk and form a signaling net‐
work [2, 3]. In this case, hormones interact by activating a phosphorylation cascade or a 
common second messenger. Several phytohormones interact together forming a defense 
network against environmental stresses such as JA, SA, and ABA which play a crucial role 
in regulating signaling pathways [3]. Understanding the crosstalk between these phytohor‐
mones and defense signaling pathways helps reveal new important targets for developing 
host resistance mechanisms [3, 4].

A complex signaling network regulates stomatal closure. ABA regulates gene expression 
which mediates root growth maintenance and water uptake. ABA interacts with signaling 
molecules and other phytohormones such as nitric oxide and JA to induce stomatal clo‐
sure, as well as to induce genes controlling response to cytokinin, ethylene or auxin [2, 3]. 
Furthermore, exogenous treatment of ABA down‐regulated the key cytokinin biosynthetic 
pathway gene, termed isopentenyltransferase, but up‐regulated genes encoding cytokinin 
dehydrogenases and oxidases [3, 21]. GA is also included in the hormonal crosstalk in envi‐
ronmental signals [47]. In conclusion, like the potential use of molecular and genetic markers 
in crop improvement [48–57], phytohormones play crucial roles in development and stress 
tolerance of crops.
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Abstract

The chapter provides a comprehensive overview on methodologies used for radio-label-
ing of brassinosteroids as one of the newest class of phytohormones. Discussed labeling 
strategies are lined up in terms of reached specific activities (SA) of brassinosteroids (BRs) 
as a key parameter for further utilization of such labeled drugs. The chapter is focused 
on two key natural radio-isotopes (tritium and carbon-14) used for drug tracing in phar-
maceutical research.

Keywords: brassinosteroids, radio-isotope labeling, tritium, carbon-14

1. Introduction

1.1. Radio-labeling

Radioactive labels used for tracing of studied ligands have long been a part of the biological 
laboratory repertoire. Radioactivity gives a clear, unmistakable signal, and its use is fairly 
straightforward. Because of smooth traceability, visualization in organ tissues, quantification 
(liquid scintillation counting [LSC]), and unsurpassed sensitivity of radio-labeled molecules 
the radio-labeling is a powerful and practical tool to closely follow accurate mass balance 
and monitor the fate of a molecule on the molecular level and its biochemically transformed 
derivatives. Pharmacokinetic studies have traditionally used radio-labeled target compounds 
as a means for evaluating body absorption, distribution, metabolism, and excretion (ADME) 
[1, 2]. The use of radioligands is essential tool in binding assays aimed at ligand–receptor 
structure–activity relationship studies, which however requires high-specific activity (SA—a 
qualitative parameter) of studied ligands (because of, in general, very low concentration of 
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receptors in tissues). Weak β-emitters such as tritium (3H, T) and carbon-14 (14C) are by far 
the most versatile and convenient natural labels available [3]. These two isotopes preserve 
molecular structure (no added tags or pendant groups that alter or change the structure). The 
advantages of 3H compared to 14C are much higher specific activity, significantly lower cost of 
starting material, and environment friendly radioactive waste management (shorter half time, 
Table 1). Also, an introduction of radio-isotope in a later stage of synthetic sequence (often 
in the last step) is a critical benefit in terms of synthetic yield, safety handling, and waste 
disposal. In general, all above-mentioned issues come out in favor of tritium over carbon-14. 
On the other hand, a relevant advantage of carbon-14 is lower potential of label loss. Label 
selection is usually at the discretion of the investigator and studies can be reported using 
either 3H or 14C label. For instance, tritium label could be applied to earlier stage development 
studies and then switched to a 14C label for the later stage development studies, for example, 
an advanced human ADME [4]. Each compound radio-labeled at the non-exchangeable and 
metabolically stable position need to possess radiochemical purity (RCP) basically over 97%. 
Instability of all radioligands caused by self-radiolysis requires a need to check a radiochemi-
cal purity of studied radio-labeled material before a particular experiment is carried out. Such 
instability can be significantly suppressed by appropriate storage of labeled material. In gen-
eral, samples stored at −196°C (Cryoflex-sealed vial immersed in liquid nitrogen) in alcohol-
reached medium last over 1–2 years in acceptable quality. Radiochemical purity (RCP) is then 
usually still over 95%. Samples in such conditions can be often used immediately for biologi-
cal experiments and no further purification is needed. On the contrary, radio-labeled drugs 

Tritium Carbon-14

Radioactive half-life 12.33 years 5730 years

Specific activity–labeled drugs  
(1 atom per molecule)

1.066 TBq/mmol 2.309 GBq/mmol

29.1 Ci/mmol 0.0624 Ci/mmol

Specific activity—element 3.56 × 1014 Bq/g 1.66 × 1011 Bq/g

2.57 Ci/mL

Type of radiation (emission 
probability, %)

β− (100%) β− (100%)

Energy Emax = 18.6 keV
Eavg = 5.7 keV

Emax = 156 keV
Eavg = 49 keV

Maximum penetration air/
water(tissue)/glass

6 mm/6 µm/2 µm 24 cm/0.250 um/170 µm

Decay product 3He+ (stable) 14N+ (stable)

Detection and measurement LSC  
(undetectable by portable survey 
meters)

LSC  
Geiger-Mueller [10% efficiency]

Shielding None required—not an external 
radiation hazard

None required—mCi quantities not 
an external radiation hazard

Table 1. Nuclear characteristics of discussed radio-isotopes.
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stored in a refrigerator (+4°C) over 1 year rarely show better than 90% RCP. Foremost advan-
tage of using radio-labeled drugs is that the radioactivity is easily detected and quantified 
using liquid scintillation techniques in a very low limit of detection (technically <1 Bq/L) [5, 6].

1.2. Brassinosteroids: a newest class of phytohormones

The entire evolutionary process in plants is regulated by the changes of hormonal concentra-
tion, tissue sensitivity, and their interaction during the entire life cycle of plants. One of the 
most recent groups of phytohormones represents brassinosteroids. They occur at low levels 
distributed throughout the plant kingdom [7]. The ability of plants to biosynthesize a large 
variety of such steroids were discovered in 1970 by Mitchell et al. who first from 40 kg of bee-
collected rape pollen of Brassica napus L. isolated and characterized a steroidal lactone named 
brassinolide [8]. Few years later, castasterone was found in insect galls of Castanea crenata 
spp. Up to date, more than 70 structurally and functionally related polyhydroxylated sterol 
derivatives are known and this group of compounds has been identified as the natural brassi-
nosteroids (BRs) [9]. All BRs have a 5α-cholestane skeleton, with functional variations due to 
differences in orientations of oxygenated functions on the skeleton [10, 11].

The highest concentration of BRs in plants is detected in the reproductive organs (pollen and 
seeds; 1–100 ng/g). They were also detected in other plant organs from roots to leaves. They 
are involved in various kinds of regulatory actions on growth and development, that is, stim-
ulation of cell expansion, cell division, stress tolerance, accretion of biomass, yield and qual-
ity of seeds, and plant adaptability [9]. The metabolism of nucleic acids and proteins and the 
gene expression is changed by BRs at the molecular level.

The extremely high activity of brassinosteroids has attracted the attention of many specialists 
in the field of analytical and synthetic chemistry, biochemistry, plant physiology, and agri-
culture. Recently, it has been reported that some natural BRs have (besides early reported, 
e.g., antibacterial, antiviral, antifungal, and neuroprotective) potent cell growth inhibitory 
activities in animal and human cancer cell lines without affecting the normal cell growth (BJ 
fibroblasts) [12, 13]. The presence of a lactone or ketone moiety in ring B and diol functions 
(2α, 3α- and 22R, 23R-) turned out to be an essential factor for high biological activity of such 
BRs (Figure 1).

Figure 1. 24-epiBL (1) is the 24-(R)-epimer of the first isolated brassinosteroid, 24-epiCS (2), 28-homoCS (3).
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This chapter is engaged in the recent developments in the synthesis of 3H- and 14C-radio-
labeled analogs of the brassinolide.

2. Synthesis of tritium-labeled BRs

2.1. BRs with very high SA of tritium (~99 Ci/mmol)

For binding assays, study aimed at ligand-receptor-activity relationship is a high specific 
activity (SA), a bottom line requirement. The SA of such radio-labeled drugs need to be in 
scale of tenths of Ci/mmol. This critical precondition used to be an obstacle in the way of 
BR’s studies for decades. The state-of-art strategy for such a labeling was reported by Marek 
et al. [14]. The methodology yields tritium-labeled BRs bearing a very high SA of 99.4 and 
98 Ci/mmol (approx. 3.4 tritium enrichment per molecule), respectively. Convenient, a six-
step synthetic sequence starting with the brassinosteroid to be labeled provides the desired 
tritium-multi-labeled product in sufficient yield (up to 40 mCi) with satisfactory radiochemi-
cal purity (>97%). The work is focused on the 24-[3H]epibrassinolide [3H]-1 and 24-[3H]epi-
castasterone [3H]-2, both labeled in the side chain of BR skeleton on positions of carbon C-24, 
-25, -26, and -27 (Figure 2). The labeling strategy is designed to employ a radio-labeling step 
at the later stage of the synthetic sequence.

In 1998, Seto et al. described a fairly elegant strategy for the deuterium-multi-labeling of 
brassinolide in its side-chain [15]. The five-step reaction sequence was started by full pro-
tection of hydroxyl groups on the BR. The C-25 carbon was oxidized by freshly generated 
trifluoromethyldioxirane (TFD) that yielded appropriate hydroxy derivative. Its consecutive 
dehydration led to a mixture of Δ25(26) and Δ24(25) regiomers in the 65:35 ratio that was possible 
to separate after deprotection. The deuteration of Δ25(26) regioisomer by deuterium gas cata-
lyzed by Pd/C (1 atm, 25°C, 1 h) yielded [24, 25, 26, 27-2H]brassinolide with 60% deuterium 
enrichment calculated from MS data. The ratio of the individual multi-deuterated species in 
the cluster was 2H2:2H3:2H4:2H6:2H7 = 3:8:14:15:60. The basic idea of this methodology for usage 
at labeling with radioactive isotope tritium was waiting almost for two decades—then 24-[3H]
epiBL (1) and 24-[3H]epiCS (2) was synthesized [14].

The protocol of Seto et al. paved the way for the synthesis of an unsaturated precursor for the 
intended synthesis of 3H-labeled 24-epiCS [15, 16]. First, the 2,3-22,23-bisisopropylidene deriv-
ative 4 was prepared in a 96% yield by a reaction of 24-epiCS (2) with 2,2-dimethoxypropane 
catalyzed by p-toluenesulfonic acid [14]. Having 2,3,22,23-diisopropylidene-24-epicastasterone 
4 available, the TFD hydroxylation of C-25 carbon with this particular derivative was studied. 
Unfortunately, the desired hydroxylation was accompanied by oxidation of alcohol C-3 afford-
ing appropriate hydroxyketone. Hence, more resistant 2,3,22,23-tetra-O-acetyl-24-epiCS was 
prepared. However, its C-25 hydroxylation did not proceed at all under the conditions used 
for the hydroxylation of 4. Finally, 2,3-di-O-acetyl-22,23-isopropylidene-24-epicastasterone 
(6) was prepared which upon TFD hydroxylation at low temperature gave 2,3-di-O-acetyl-
22,23-isopropylidene-25-hydroxy-24-epiCS (7) in 58% yield (Figure 2). The dehydration 
of 7 using thionyl chloride in pyridine at 0°C for 30 min afforded a  mixture of prevailing 
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ative 4 was prepared in a 96% yield by a reaction of 24-epiCS (2) with 2,2-dimethoxypropane 
catalyzed by p-toluenesulfonic acid [14]. Having 2,3,22,23-diisopropylidene-24-epicastasterone 
4 available, the TFD hydroxylation of C-25 carbon with this particular derivative was studied. 
Unfortunately, the desired hydroxylation was accompanied by oxidation of alcohol C-3 afford-
ing appropriate hydroxyketone. Hence, more resistant 2,3,22,23-tetra-O-acetyl-24-epiCS was 
prepared. However, its C-25 hydroxylation did not proceed at all under the conditions used 
for the hydroxylation of 4. Finally, 2,3-di-O-acetyl-22,23-isopropylidene-24-epicastasterone 
(6) was prepared which upon TFD hydroxylation at low temperature gave 2,3-di-O-acetyl-
22,23-isopropylidene-25-hydroxy-24-epiCS (7) in 58% yield (Figure 2). The dehydration 
of 7 using thionyl chloride in pyridine at 0°C for 30 min afforded a  mixture of prevailing 
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(22R,23R,24R)-2α,3α-diacetoxy-22,23-isopropylidenedioxy-24-methyl-5α-cholestan-25-ene-6-
one (8) accompanied by its 24-ene regioisomer 9. The separation of unsaturated regioisomers 
8 and 9 from each other turned out to be infeasible using various conditions on high-perfor-
mance liquid chromatography (HPLC). Importantly, it was possible to separate unsaturated 
derivatives 8 and 9 from 24-epicastasterone derivative 6 by HPLC. This fact eventually enabled 
the isolation of 261 mCi of (22R,23R,24R)-2α,3α-diacetoxy-22,23-isopropylidenedioxy-24-[24, 
25, 26, 27-3H]epicastasterone (10) after the catalytic tritiation of the mixture of the unsaturated 
derivatives 8 and 9 over Pd/C (10%) in ethyl acetate under carrier-free tritium gas (998 mbar) 

Figure 2. The successful approach for the synthesis of 24-[3H]epiCS and 24-[3H]epiBL with a high SA.
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for 2 h. In one-pot synthesis, derivative 10 was deisopropylinated and deacetylated provided 
by HPLC purification, 40 mCi of 24-[24, 25, 26, 27-3H]epicastasterone ([3H]-2) with RCP >97% 
and SAMS = 99.4 Ci/mmol [14].

To get [24, 25, 26, 27-3H]epibrassinolide ([3H]-1), the Baeyer-Villiger oxidation on fully pro-
tected 24-[24, 25, 26, 27-3H]epicastasterone 11 was carried out by freshly prepared chloroform 
solution of trifluoroperoxyacetic acid [30% H2O2 (20 ml), trifluoroacetic acid (100 ml), CHCl3 
(1 mL)] cooled to 0°C by an ice bath [14] . The de-isopropylidation of the (22R,23R,24R)-2α,3α-
diacetoxy-22,23-isopropylidenedioxy-24-[24, 25, 26, 27-3H]epiBL (11) was carried out by wet 
FeCl3, afterwards full deacetylation was accomplished by methanol solution of CH3ONa. This 
conditions was made possible to obtain 3.5 mCi of pure 24-[24, 25, 26, 27-3H]-epiBL ([3H]-1) 
with RCP > 97% and SAMS = 98 Ci/mmol. The 3H NMR spectra of both [3H]-1 and [3H]-2 show 
tritium signals in C-25, C-26, and -27, and is in accordance with the determined SA, indicating 
3.4 tritium atoms per molecule.

2.1.1. Stability of BRs possessing very high SA

The free BRs with a high SA are extremely sensitive to radiolysis if stored improperly. Authors 
reported one representative example—when a sample was evaporated to dryness and used 
for the NMR analysis (DMSO-d6), the signals in 3H NMR spectrum were difficult to assign [14]. 
Hence, the particular NMR sample was re-checked for purity by radio-HPLC, and indeed, 
only 12% of activity of desired 24-[24, 25, 26, 27-3H]epiCS ([3H]-2) was left whereas 88% of 
radioactivity was found in a broaden peak with higher retention on the column (Figures 3 
and 4). Nevertheless, authors reported secure procedure to remove chromatographic solvents 
and formulate the high-SA BRs for application in biochemical experiments. Combined HPLC 
fractions (each about 2 mL) were first enriched with glycerol (300 mL) (acts as an antioxidant 
and also prevents risk of getting dryness of labeled samples) and 10 mg of (±)-6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) (acts as additional antioxidant with 
no harm in eventual biological experiments) [14]. When methanol and water evaporated on 

Figure 3. HPLC radiodetector chromatogram of [3H]-2 after purification.
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CentriVap, the residual glycerol solution was further diluted with water (2 mL), the radioac-
tivity was determined and the concentration of 24-[24, 25, 26, 27-3H]epiCS ([3H]-2) was after-
wards adjusted to 1 mCi/mL with a glycerol/water (1:1) mixture. The concentration of Trolox 
in the final formulation needed to be adjusted to 0.5%. For maximal stability of prepared 
samples, storage of 1 mCi aliquots in liquid nitrogen is recommended.

2.2. BRs with reasonable high SA of tritium

2.2.1. Reductive tritium-dehalogenation of generated chlorocarbonates (6 Ci/mmol)

To get polyhydroxylated steroid regio- and enantio-specifically labeled on the un-exchange-
able position of C-3, a general procedure can be effectively used (Figure 5) [17]. A suitable 
precursor for the introduction of tritium, 3β-chloro-2,3-carbonate derivative, is synthetically 
affordable by a short-reaction sequence from a 2α,3α-dihydroxy steroid to be labeled (Figure 6) 
[18]. Chlorocarbonate undergoes reductive tritium dechlorination catalyzed by the [Pd0]/Et3N 
system, providing 28-[3β-3H]homoCS, 24-[3β-3H]epiCS, and 24-[3β-3H]epiBL, respectively, in 
good yield and with high SA (5.8 Ci/mmol; 0.2 tritium per molecule) (Figure 5) [19]. A crucial 
aspect in the reductive dehalogenation of the chloro derivative is the choice of a solvent that 
would provide a reasonable yield [17]. The optimized reaction conditions turned out to be 
PdO/CaCO3 (5%)/Et3N/chlorocarbonate (2:6:1) dissolved in dry EtOAc for all investigated ste-
roids. The successful 3H-labeling experiments have proven the stereo selectivity of the reduc-
tive dehalogenation and afforded a product with high specific activity (5.8 Ci/mmol).

The synthetic procedure starts with transformation of the vicinal 2α,3α-diols of appropriate 
BR to α-hydroxy ketone by oxidation with a freshly generated dimethyldioxirane (DMD). 
Such α-hydroxy ketone moiety proved to be an excellent substrate for high-yield enantio-
specific formation of 3β-chloro-2,3-carbonate by a reaction with easy-to-handle triphosgene. 
The key substrate for reductive dechlorination—3β-chloro-2,3-carbonate—was synthesized 
by a three-step reaction sequence in an overall yield of 46–55% (Figure 6; representative syn-
thesis of 24-[3H]epiCS). To improve the solubility of the starting steroid (to be labeled) in a 

Figure 4. HPLC radiodetector chromatogram; fast decomposition of [3H]-2 when handled improperly - after its simple 
evaporation to dryness and storage in DMSO-d6 overnight.

Recent Developments in a Radio-labeling of Brassinosteroids
http://dx.doi.org/10.5772/intechopen.68584

17



non-polar solvent, 2,3- and 22,23-vicinal diols were protected. The isopropylidation of both 
vicinal diol groups by 2,2-dimethoxypropane (10 eqv.) catalyzed by p-toluenesulphonic acid 
in dry CH2Cl2 turned out to be an elegant protecting strategy. Full conversion was reached in 
30 h and the pure product 4 was isolated. Acetonide 4 was further oxidized at the position of 
C(3)-OH by freshly synthesized dimethyldioxirane (DMD) [20]. The reaction carried out in 
CH2Cl2 overnight at 4°C in dark afforded the desired α-hydroxy ketone 13 accompanied by its 
regioisomer 3-hydroxy ketone, in a ratio of 10:1 in favor of isomer 13. In general, α-hydroxy 
ketone 13 is supposed to be isolated in a higher yield when the oxidation of 2,3-unprotected 
diols takes place; a selective deprotection of acetonide by Ce(NH4)2(NO3)6 in borate buffer 
followed by the DMD oxidation of the vicinal 2,3-diol group used to provide a higher overall 
yield of about 5% [21]. However, in the case of the 28-HCS derivative, a partial deprotection-
oxidation reaction sequence afforded a drop of an isolated yield of about 15% compared to 
direct oxidation of the protected derivative. The 3β-chloro-2,3-carbonate 14 was synthesized 
by a stereospecific reaction of 13 with triphosgene in dry benzene providing a quantitative 
yield in 3 h (Figure 7).

Figure 5. Tritium Pd-catalyzed reductive dehalogenation; (i) T2/PdO/CaCO3/Et3N; (ii) Fe(III), CH2Cl2; (iii) NaOH, 
1,4-dioxane; (iv) H2O2/TFA, 0°C, 30 min, r.t., 4 h, CHCl3.

Figure 6. Reaction sequence of the synthesis of 24-[3H]epiCS; [3H]-2.
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The catalytic reductive dehalogenation of BR–chlorocarbonates was studied with deu-
terium in the system of 2H2/Pd[0]/Et3N providing appropriate 3β-deutero-2,3-carbonates 
with 70–80% deuterium enrichment (based on 1H NMR) at the C-3 position and with 
an isolated yield of up to 65% (initially on a cheap pregnane analog available in multi-
game scale). The best results for deuterium dehalogenation were achieved with the molar 
ratio of PdO/CaCO3(5%)/Et3N/chlorocarbonate being 2:6:1 for every BR derivative at a 
short period of time (6 h). When the amount of the base was too high, it diminished the 
yield of [2H]-labeled ethylene carbonate. Various catalysts such as Pd/C (either 5 or 30%),  
PdO/BaSO4 (10%) used for reduction yielded lower yield of desired carbonate (15–19%). 
Authors disclosed very significant solvent effect with an impact on the isolated yield as 
well as the by-products formation. Briefly, the best results provided EtOAc (dry), giv-
ing up to a 65% yield of labeled carbonate with 80% 2H-enrichment. Other solvents used 
for reduction provided both low conversion and isolated yield of carbonate (0–19%). 
Androstane chlorocarbonate employed for reductive dehalogenation under similar condi-
tion as for pregnane analog provided analogous results (58% yield, 75% 2H-enrichment 
at C-3). Surprisingly, in addition to desired labeled carbonate two by-products were 
detected, isolated, and afterwards characterized in that experiment—the multi-labeled 
ketone and the multi-labeled alcohol, both in the yield of 15%. The reaction course toward 
formation of both by-products was further accelerated while protic solvent (MeOH) was 
used in the reaction [43% (ketone) and 40% (alcohol)]. The reaction conditions used for 
the labeling of 24-epiCS were the same as described above for the other two steroids. 
A full conversion of appropriate chlorocarbonate was obtained after a 6-h reaction  
[PdO/CaCO3 (5%)/Et3N/substrate 2:6:1] in dry EtOAc. The isolated yield of labeled car-
bonate was determined to be 31% [D/H at C-3 = 70:30]. Both the by-products, ketone (20%) 
and alcohol (13%), were isolated too. The use of DMF as solvent reduced the conversion 
of chlorocarbonate to 45%, the yield of labeled carbonate down to 19% and the formation 
of by-products to 11 and 10%, respectively.

As was already mentioned, traces of water (partly synthesized by the reduction of PdO with 
D2 gas) play a crucial role in the suggested mechanism of by-product formation (Figure 8) 
[17]. The initial oxidative addition of in situ generated Pd[0] into the chlorocarbonate C(3)-Cl 
bond forms an organopalladium compound 16. Such palladium could be partly substituted by 
traces of water to form appropriate hydroxyl carbonate 17, which afterwards undergoes ring 
opening, leading to ketone 18. Unsaturated ketone 19 is formed by an elimination of carbonic 
acid from ketone 18 (Pathway A), which could be in situ reduced by a system of D2/Pd[0] pro-
viding 1,2-deuterium-labeled ketone 20 and 21, respectively. The other discussed pathway (B) 
involves an elimination of carbon dioxide, affording α-hydroxyketone, and the  subsequent 

Figure 7. Mechanism of enantiospecific formation of 3β-chloro-2,3-carbonate derivatives of BR.
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elimination of H2O leading to 19. Authors declare a statement that theoretical pathway B was 
not supported by any analytical findings. First, the α-hydroxyketone was not detected in 
the reaction mixture. Moreover, the single experiment using synthesized α-hydroxyketone 
and reaction conditions simulating conditions used for reductive deuterium dehalogenation, 
yielded ultimately 2α,3β-dihydroxy-3α[2H] derivative in an isolated 85% yield and no other 
product was identified in the reaction mixture. In advance, the absolute configuration at C-2 
and C-3 of 2α,3β-dihydroxy derivative was confirmed by was confirmed by X-ray analysis 
affording ORTEP diagram. A regular ESI-MS analysis of 20 and 21 measured in CH3OH has 
confirmed the structure of multi-labeled ketones with the distribution of deuterium 1D/2D 
being 70:30. The second by-product, multi-labeled alcohols 22 and 23, are most likely formed 
by a Pd-catalyzed reduction of the ketones 20 and 21 by D2. The structure of 22 and 23 was con-
firmed by 1H NMR as well as ESI-MS with a deuterium distribution 1D/2D/3D being 10:50:40.

In view of the favorable results of deuterium experiments, this protocol was followed using 
tritium gas. Tritium dehalogenation experiment was designed following the optimized reac-
tion conditions [PdO/CaCO3 (5%)/Et3N/substrate 2:6:1, dry EtOAc]. 3H-labeled 24-epiCS and 
24-epiBL, was synthesized when the appropriate 3β-chloro-2,3-carbonate 14 was used for a 
reaction with carrier-free tritium gas (600 mbar), PdO/CaCO3 (5%), and in presence of base 
Et3N. The reaction proceeded at 25°C for 17 h (Figure 6). The reduction yielded 5.9 mCi of the 
desired 3H-labeled carbonate 15, and two further unidentified by-products (21.3 and 12.4 mCi) 
were detected. By 1H NMR was determined a specific activity of 15 at 5.8 Ci/mmol (which 
accounts for 0.2 tritium atom per molecule). Compared to previous deuterium comprehen-
sive study, the obtained tritium enrichment was lower than expected. Authors speculate that 
the significant drop in SA was caused by the reduced pressure of tritium gas (600 mbar 3H2) 
compared to deuterium gas (950 mbar of 2H2) used for the reduction. The only signal in the 
3H NMR spectrum (the singlet at δ 4.8 ppm) explicitly determined the regio- and stereo-spec-
ificity of the reduction. The deprotection of the isopropylidene group in the side chain was 

Figure 8. Mechanism of multi-labeled by-products formation.
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carried out by wet FeCl3 in CH2Cl2. The last step—hydrolysis of 3H-labeled carbonate 15—was 
accomplished by NaOH (0.5 M) in 1,4-dioxane (1:1). Desired [3H]-2 (3.8 mCi, 5.8 Ci/mmol) 
was purified by preparative radio-HPLC. Aliquot of [3H]-2 was further employed for Baeyer-
Villiger oxidation leading to [3H]-1 (0.3 mCi, SA 5.8 Ci/mmol).

The SA of isolated [3H]-2 was about four times lower than was predicted based on the previous 
comprehensive deuterium-using study. To further investigate the influence of a metal catalyst 
on the SA and the yield of the labeled product, it was considered the use of the Pd[0] catalyst 
instead of the Pd[II]O catalyst, where the generation of Pd[0] is accompanied by the formation 
of tritiated water. The suggested mechanism of the by-products formation explained how the 
traces of water significantly reduce the yield of the labeled product desired (Figure 8). Hence, 
to suppress synthesis of multi-labeled by-products Pd on charcoal was employed at synthesis 
of 28-[3β-3H]homocastasterone [19]. The catalyst/base/substrate ratio for the tritium experi-
ment was kept identical to the previous experiment of the tritium labeling of 24-epiCS—2:6:1. 
Carrier-free tritium released over the reaction mixture (738 mbar, 11.5 Ci, 180 µmol) was left to 
react for 24 h at room temperature. Then, the analytical radio-HPLC proved the formation of the 
desired 3H-labeled carbonate (13.3 mCi) and two other by-products (42.8 and 24.7 mCi) were 
detected. The SA of 3H-carbonate was determined by 1H NMR as 5.8 Ci/mmol (based on the 
decrease of the corresponding 1H signal intensity in the labeled position). The deprotection of 
the 22,23-isopropylidene group by treatment with wet FeCl3 in CH2Cl2 was completed within 
10 min. The crude 3β-tritio-2,3-carbonate was directly hydrolyzed by 0.5 M aqueous NaOH 
in 1,4-dioxane. The crude product was purified on the semi-prep radio-HPLC, affording 5.3 
mCi of [3H]-(3) of SA 5.8 Ci/mmol with radiochemical purity (RCP) >97%. Both by-products 
were isolated, and 3H and 1H NMR measured. The structure of multi-labeled by-products 
is believed to be similar to those that were recently described (Figure 9) for androstane and 
24-epiCS (i.e., labeled 24-epityphasterol and 3-dehydro-24-epiteasteron, respectively) deriva-
tives. In this case, these by-products are supposed to be 22,23-isopropylidene-protected 
multi-labeled [1, 2, 3-3H]-28-homotyphasterol and [1, 2-3H]-3-dehydro-28-homoteasterone 
derivatives (Figure 9).

2.2.2. Catalytic reduction of 24-methylene BRs (SA = 2 Ci/mmol)

An elegant and fast strategy to get BRs labeled by tritium was briefly communicated by Yokota 
et al. [22]. [3H]-BRs synthesized on demand at Amersham International (Amersham, UK) 
were used for comparative analysis in stems and seeds by radioimmunoassay. The labeling 
strategy was based on platinum-catalyzed reduction of 24-methylene position of available BR 
(dolichosterone and dolicholide) in carrier-free tritium atmosphere (Figure 10). Reduction of 
dolichosterone afforded two epimers 24-[24, 28-3H]castasterone (8.1 mCi, SA = 2.2 Ci/mmol) 
and 24-[24, 28-3H]epicastasterone [3H]-(2) (6.5 mCi, SA not determined), respectively, which 
were then separated on HPLC. Analogically, reduction of dolicholide provided 24-[24, 28-3H]
brassinolide (10.6 mCi, SA = 2.3 Ci/mmol) and 24-[24, 28-3H]epibrassinolide [3H]-(1) (4.0 mCi, 
SA not determined). Authors stated unexpectedly low SA of gained products (theoretical SA 
was supposed to be over 40 Ci/mmol). Detailed synthetic procedure and analysis were not 
reported.
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Figure 10. Metal-catalyzed 24-methylene BR tritiation.

Figure 9. Multi-labeled by-products.
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2.3. BRs with very low SA of tritium (10−3 Ci/mmol)

Tritium-labeled protected 24-epiCS and 24-epiBL [3H]-1 were for the first time prepared by 
Kolbe et al. [23]. By very simple procedure of base-catalyzed exchange reaction with tritiated 
water (SA = 20.10−3 Ci/mmol—accounts for 0.7 × 10−3 tritium atom per molecule HTO) to the 
enolizable alpha positions of C-6 ketone of tetracetate 24-epiCS 27 (Figure 11). By this method, 
it is theoretically possible to exchange hydrogen on three distinctive positions (C-5α, C-7α, 
and C-7β). However, the obtained SA of BRs was very low (6.10−3 Ci/mmol), about 3-4 orders 
lower than that provided by methods described above. Because of low SA of such prepared 
material cannot be used in receptor studies at all. The other drawback of this procedure is 
chemical exchangeability of labels, which inevitably leads to loss of label in protic solvents 
(water) during biological experiments and disqualifies this approach from use in ADME stud-
ies. Three-step reaction sequence provided 24-[5, 7, 7-3H]epiBL with SA 6.10−3 Ci/mmol; label-
ing step leading to protected 24-[3H]epiCS 27, followed by a Baeyer-Villiger oxidation with 
CF3COOOH and sequence was accomplished by hydroxy group deprotection [20] . The same 
sequence was also performed with 2,3,22,23-bis-isopropylidenedioxy-24-epiCS 29 as starting 
compound. The advantage of the use of isopropylidene protecting groups over acetate group 
is the deprotection step. The lactone ring is stable under acidic hydrolysis conditions used 
for isopropylidene deprotection, which occurs simultaneously with Baeyer-Villiger oxidation. 
The basic hydrolysis needed for the acetate group cleavage leads to lactone hydrolysis and 
acid catalyzed re-lactonization is needed (Figure 11).

A base-catalyzed exchange was used for labeling of biogenetic brassinosteroids precursors 
[24]. 24-[5, 7, 7-3H]epiteasterone (SA = 1.5 10−3 Ci/mmol), 6-oxo-24β-methyl-22-dehydro[5, 7, 
7-3H]cholestenol (SA = not indicated), and 6-oxo-24-[5, 7, 7-3H]epicampestanol (SA = 3.5 10−3 
Ci/mmol ), respectively, were partly labeled on positions of C-5 and C-7 by reaction in sealed 

Figure 11. Low SA possessing 24-[3H]-epiBL.
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ampoule with tritiated water (SA = 14.10−3 Ci/mmol—accounts for 0.5 × 10−3 tritium atom per 
molecule HTO) in presence of base Et3N (Figure 12). As mentioned above this simple meth-
odology affords poor SA (in order of 10−3 Ci/mmol) of BRs labeled on an exchangeable posi-
tions thus prone to loss of label later on. On the other hand, this approach provides high yield 
(>45%) of desired material.

2.4. BRs labeled by carbon-14 (SA = 56.8 × 10−3 Ci/mmol)

Till now, only one report on 14C-labeled brassinosteroids is available in the literature. In 1989, 
Seo et al. described the synthesis of [14C]-labeled (22R,23R)- and (22S,23S)-epiCS 50 and 51, and 
epiBL 52 and 53, respectively [25]. The obtained BRs possessed top SA (56.8 × 10−3 Ci/mmol) 
possible to reach while doing labeling by carbon-14. Because of multi-step synthetic sequence 
(>10 steps) needed, the reported overall yield of labeled products is 3.2 and 4.5%. The C-4 
position in 24-epiBL 52 was selected for [14C]-labeling because of its stability to metabolic loss 
and easy way to do the preparation. According to the well-established method for 14C incorpo-
ration into the C-4 position of steroids, the enol lactone 41 was synthesized from the starting 
material brassicasterol 36 in five steps (Figure 13). Bridged ketone 42 was prepared from lac-
tone 41 after its treatment with [14C]methyl iodide. Alkaline treatment of 42 provided [4-14C]
enone 43. Gentle acid catalyzed acetylation of enone 43 with isopropenyl acetate led to the 
enol acetate 44 that was afterwards reduced by NaBH4 to give [4-14C]brassicasterol 45. Simple 
mesylation of 45 afforded 46 which was treated with sodium carbonate providing the major 
product 3,5-cyclo-6-ol 47 isolated in 92% yield (Figure 14). Jones oxidation of 47 then gave 
3,5-cyclo-6-one 48. Rearrangement of 48 moderated by lithium bromide and camphor sulfonic 
acid in dimethyl acetamide afforded 2,22-diene-6-one 49 in quantitative yield. Oxidation of 

Figure 12. 24-[3H]epiteasterone and 6-oxo-24-[3H]epicampestanol.
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49 with osmium tetroxide led to a stereo isomeric mixture of 2,3,22,23-tetraols–24-(22R,23R)-
[14C]epiCS 50 and 24-(22S,23S)-[14C]epiCS 51 which were separated. The final Baeyer-Villiger 
oxidation of ketone C-6 with TFA in dichloromethane afforded the (22R,23R)-7-oxa-lactone 
52 accompanied with its 6-oxa isomer 56 as a minor product. Analogically, (22S,23S)-tetraol 
provided the (22S,23S)-7-oxa-lactone 53 accompanied with its 6-oxa isomer 57. The ultimate 
products (22R,23R)-24-[14C]epiBL 52 and (22S,23S)-24-[14C]epiBL 53 were isolated in overall 
3.20 and 4.46% radiochemical yield (toward Ba14CO3 used as an initial source or radio-label), 
respectively. SA of prepared BRs was 56.8 × 10−3 Ci/mmol.

Figure 13. Synthetic pathway to 24-[14C]epiCS and 24-[14C]epiBL.
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3. Equipment of the radio-isotope laboratory (IOCB)

The author of this chapter is a member of the Radio-isotope laboratory, a service group of 
the IOCB CAS, working as a synthetic radiochemist in the production of radioactive molecu-
lar tracers. The laboratory is classified for handling of the open sources of ionizing radiation 
in quantities authorized for laboratories of II category according to Czech bylaw 307/2002 
Sb for research and development and educational purposes. It is currently authorized to 
work with the main radioactive isotopes used in research, for example, 3H, 14C, 32P, 33P, 35S, 
51Cr, 54Mn, 55Fe, 99Tc and 125I. The main purpose of the laboratory is to provide a series of 
highly specific facilities, equipment and services fully adapted to researchers’ needs and 
maintained in optimum conditions, always in line with applicable legislation to ensure 
that all personnel is fully protected and ensuring the physical safety of the materials used 
and the environment. The laboratory has an equipment, stuff, and knowledge to cooperate 
with other chemists and biologists to provide them with custom synthesis of radio-labeled 
compounds, especially commercially unavailable compounds. Following time-depending 
stability of synthesized radio-labeled compounds is one of our basic services provided to 
biologists.

Figure 14. Synthetic pathway to 24-[14C]epiCS and 24-[14C]epiBL.
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The key instrument of the laboratory is a glove box with tritiation manifold from 
RC-TRITEC AG (Teufen, Switzerland) suitable for handling 100–1000 Ci of carrier-free tri-
tium gas (Figure 15). Tritiation manifold is based on U-Bed Technology to provide fresh, 

3He-free tritium for tritiation by simply heating the UT3-bed, also allowing the recovery of 
surplus gas after completion of a reaction (Figure 16). During the operation of the mani-
fold, the internal atmosphere of the glove box is continually decontaminated by a scrubber 
equipped with catalytic oxidation of gaseous tritium to tritiated water, which is trapped 

Figure 15. The equipment for safe handling of tritium gas; the tritium manifold (RC-TRITEC AG) placed in the glove 
box; a scrubber for decontamination placed behind the glove box.
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on a molecular sieve. 3H NMR measurements were performed on a Bruker Avance II 300 
MHz in the laboratory. Liquid scintillation analyser Tri-Carb 2900TR (Perkin Elmer) was 
used for detecting small amounts of α, β, and γ radioactivity. Mobile contamination moni-
tor CoMo 170 (GRAETZ Strahlungsmeßtechnik GmbH) was used for the high-sensitive 
and nuclide referred measurement of surfaces with regard to α-, β-, and γ-contaminations 
when handling ionizing radiation. Analytical -preparative radio-HPLC (pump Waters 
600, UV detector Waters 2487, radio chromatogram detector Ramona with analytical cell 
(LSC) and solid scintillator preparative cell (Raytest, Germany), data management soft-
ware Empower 2 from Waters). Basic radiation protection equipment and waste disposal 
management.
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Figure 16. The equipment for safe handling of tritium gas; the tritium manifold (RC-TRITEC AG) placed in the glove box.
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Abstract

Salicylic acid (SA) is anendogenousgrowthregulator ofphenolic nature andalso a signaling
molecule, which participates in the regulation of physiological processes in plants such as
growth, photosynthesis, andothermetabolic processes. Several studies support amajor role
of SA in modulating the plant response to various abiotic stresses. It is a well-founded fact
that SA potentially generates a wide array of metabolic responses in plants and also affects
plant-water relations. This molecule also found to be very active in mitigating oxidative
stress under adverse environmental conditions. Since abiotic stress remained the greatest
constraints for crop production worldwide, finding effective approaches is an important
task for plant biologists. Hence, understanding the physiological role of SAwould help in
developing abiotic stress tolerance in plants. In this chapter, wewill shed light on the recent
progress on the regulatory role of SA inmitigating abiotic stress.

Keywords: abiotic stress, antioxidant defense, oxidative stress, phytohormones, ROS
signaling

1. Introduction

Abiotic stresses are a potential threat to agricultural productivity all over the world. Anthro-
pogenic activities provoked the degradation of the agricultural system. Drought, excess soil
salinity, extreme high, and low temperatures, metals/metalloids, ozone, UV-B radiation, nutri-
ent (deficiency and excess) are the abiotic stresses which have increased many more times than
previous due to anthropogenic activities [1, 2]. It has been projected that abiotic stresses may
adversely affect 70% yield of staple food crops and decrease overall crop production by more
than 50% [3, 4]. Thus, to improve plant performance and to reduce the loss of productivity

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



caused by abiotic stress is vital. This can be implemented through various approaches and one
of those is the application of exogenous phytoprotectant molecule.

Salicylic acid or orthohydroxy benzoic acid is ubiquitously distributed plant growth regula-
tor [5]. Salicylic acid has positive effects on plant growth and developmental processes [5–7].
Research findings demonstrated its roles in seed germination, glycolysis, flowering, fruit
yield [8], ion uptake and transport [9], photosynthetic rate, stomatal conductance (gs), and in
transpiration [10]. Salicylic acid can modulate antioxidant defense system thereby decreasing
oxidative stress [11]. Photosynthesis, nitrogen metabolism, proline (Pro) metabolism, produc-
tion of glycinebetaine (GB), and plant-water relations in abiotic stress affected plants were
regulated by SA [12–14]. Induction of defense-related genes and stress resistance in biotic
stressed plants have also been reported [15]. Moreover, exogenously applied SA showed
putative positive effects on stressed plants [16–20]. Salicylic acid induced genes encoding
chaperone, heat shock proteins (HSPs), antioxidants, and secondary metabolites of different
types. Moreover, SA was involved in mitogen-activated protein kinase (MAPK) regulation,
and in the expression [21]. There is no doubt about the vital roles of SA under abiotic stress
condition. So, we will review and cover the area regarding the biosynthesis, involvement, and
role of salicylic acid on abiotic stress affected plants.

2. Biosynthesis and metabolism of SA

Salicylic acid biosynthesis can occur through two distinct pathways viz. isochorismate (IC)
pathway and phenylalanine ammonia-lyase (PAL) pathway (Figure 1). Both IC and PAL
pathways are started with chorismic acid. Chorismic acid is the end product derived from
the shikimic acid pathway in plastid [22–24]. Chorismic acid is converted to IC by
isochorismate synthase (ICS) as reported in several plant species [25–27]. Isochorismate
pyruvate lyase (IPL) supposed to catalyze the conversion of IC to SA (but the mechanism is
not clear) [28].

In PAL pathway, deamination of phenylalanine is accomplished by the activity of PAL which
generates trans-cinnamic acid. Trans-cinnamic acid is converted to intermediate product ortho-
coumaric acid or producing the benzoic acid which later on produces SA [29–31].

After biosynthesis, SA can be modified into different other forms. Glucosylation of SA gener-
ates salicyloyl glucose ester (SGE) and salicylic acid 2-O-β-glucoside (SAG) where the activity
of UDP-glucosyltrasferase is involved [32]. The SAG can be stored in the vacuole. Methylation
of SA is occurred by SAM-dependent carboxyl methyltransferase to produce methyl salicylate
(MeSA) [33]. After production, MeSA is transported to different parts of the plant. Through
amino acid conjugation with SA, salicyloyl-L-aspartic acid (SA-Asp) generates (GH3-like phy-
tohormone amino acid synthetase is proposed enzyme catalyze this reaction). SA-Asp can
undergo through further catabolism [34]. The conversion of SA to SA-2-sulfonate is proposed
to catalyze by sulfotransferase and this process is termed as sulfonation [35]. Hydroxylation of
SA is responsible for the production of 2,5-dihydroxybenzoate (Gentisic acid) but the enzyme
is unknown [36, 37].
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Figure 1. Proposed pathways for SA biosynthesis and metabolism. Biosynthesis of SA is occurred by isochorismate (IC)
or phenylalanine ammonia-lyase (PAL) pathways. Salicylic acid is also metabolized into different forms. Isochorismate
synthase (ICS), BA2H (benzoicacid-2-hydroxylase), IPL (isochorismate pyruvate-lyase); MeSA (methylsalicylate), SA-Asp
(salicyloyl-L-aspartic acid), SAG (salicylic acid 2-O-β-glucoside), SGE (salicyloyl glucose ester) are involved in either or
biosynthesis or metabolic pathway of SA. Here, 1 indicates UDP-glucosyltransferase, 2 indicates SAM-dependent car-
boxyl methyltransferase, 3 indicates GH3-like phytohormone amino acid synthetase, and 4 indicates sulfotransferase.

Salicylic Acid: An All-Rounder in Regulating Abiotic Stress Responses in Plants
http://dx.doi.org/10.5772/intechopen.68213

33



Modifications of SA often render it inactive but these modifications are also related to accu-
mulation, function, and/or mobility. Glucosylation inactivates SA and allows vacuolar storage.
Methylation inactivates SA and increases its membrane permeability, volatility which is vital
for long-distance transport of this defense signal. Amino acid conjugation of SA is involved in
SA catabolism [37].

3. Salicylic acid and abiotic stress tolerance

As a phytohormone, the role of SA in regulating plant growth and development is well known.
The role of SA in mitigating abiotic stress has widely been studied since last few decades
(Tables 1–4). A large volume of research reports indicate that both endogenous SA synthesis
and exogenous application enhance plants tolerance to salinity [38–42], drought [43–45], extreme
temperature [46–49], toxic metal and metalloids [50–53], and others [54–58]. Exogenous SA
showed enhanced plant growth, photosynthesis, and decreased ROS production under various
abiotic stresses (Tables 1–4 and Figure 2).

3.1. Salinity

Among the prevailing catastrophic abiotic stresses, salinity or salt stress can be considered as
the most devastating one. It shows enormous negative effects, both direct and indirect, on
morphological, physiological and biochemical attributes of plants. When plants are exposed to

Figure 2. Some possible ways of SA-induced oxidative stress tolerance to plants.
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Plant
species

Salinity
level

Effect of salinity SA
application

Protective effects Reference

V. radiata L.
cv. Pusa
Vishal

100 mM
NaCl,
20 d

• TBARS and H2O2 con-
tents increased 2.5 and 4-
times respectively, com-
pared to control

• Na+ and Cl� accumula-
tion increased more than
3-times compared to con-
trol

• Activity of GR, contents
of GSH and GSSG
increased compared to
control

• Net photosynthesis, gs,
Ci, carboxylation effi-
ciency, WUE, and plant
dry mass decreased com-
pared to control

• Content of methionine,
GB, and ethylene evolu-
tion increased

Spraying 0.5
mM SA, 15 d

• TBARS and H2O2 con-
tents decreased 1.5-times
and 2.5-times respec-
tively, compared to salt-
treated plant

• Reduced Cl� and Na+

contents by 50 and 39.8%
compared to salt-treated
plant

• GR activity and GSH
content increased but
GSSG content decreased
compared to stressed
plant

• Pn, gs, Ci, carboxylation
efficiency, WUE, and
plant dry mass decreased
compared to salt-treated
plant

• Content of methionine,
GB and ethylene evolu-
tion decreased compared
to stressed plant

Khan et al.
[17]

T. aestivum
cv. S-24 and
MH-97

150 mM
NaCl,
30 d

• Reduced shoot fresh and
dry mass, and leaf area in
both cultivars

• Reduced grain yield
plant�1, 100-grain weight
and number of spikelets
in both cultivars

• Reduced the net CO2

assimilation rate (A),
transpiration rate (E), gs,
Ci and WUE in both cul-
tivars

0.25, 0.50, 0.75
and 1 mM SA
in growth
media, 30 d

• Increased fresh and dry
masses of both shoot and
root at 0.25 mM SA under
saline condition

• 0.25 mM SA reduced salt-
induced damage in grain
yield, 100-grain weight
and number of grains of
S-24 but, in case of MH-
97 grain yield slightly
improved with 0.50 mM
SA application

• SA increased A in S-24 at
0.25 mM concentration
but in MH-97 at higher
concentrations (0.75 and
1 mM)

Arfan et al.
[59]

L. esculenta
cv. DPL-62

100 mM
NaCl,
10 d

• Decreased germination
percentage, shoot length,
root length, FW and DW

• Free Pro and GB content
increased in both shoot
and root

• Activities of P-5-CR and
γ-glutamyl kinase
increased but Pro oxidase
decreased

0.5 mM SA in
growth
media, 10 d

• Improved germination
percentage, shoot length,
root length, FW and DW
compared to salt stresses
plants

• Increased rate of free Pr
and GB content was
higher in shoot than root
under salt stress

• Activities of P-5-CR and
γ-glutamyl kinase further
increased and Pro oxi-
dase decreased

Misra and
Saxena [61]
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Plant
species

Salinity
level

Effect of salinity SA
application

Protective effects Reference

G. jamesonii
L. cv.
Amaretto

100 mM
NaCl,
15 d

• EL and MDA content
increased

• Activities of SOD, POD,
CAT and APX increased

• Higher Pro content

0.5 mM SA
pretreatment,
2 d

• EL and MDA content
decreased

• Activities of SOD, POD,
CAT and APX further
increased

• Lower Pro content

Kumara
et al. [39]

B. juncea L.
cv Pusa Jai
Kisan

100 mM
NaCl,
30 d

• TBARS and H2O2 con-
tents increased 2.5-times
and 3.8-times respec-
tively, compared to con-
trol

• Increased Na+ and Cl�

contents in leaves
• Increased activities of

DHAR, APX and GR by
30, 217 and 79%, respec-
tively compared to con-
trol

• Activities of ATPS and
Serine acetyl transferase
(SAT) and cystein (Cys)
contents increased by 30,
23, and 70%, respectively,
but S content decreased
by 32% compared to con-
trol

• Increased DHA, GSH,
and GSSG contents but,
decreased AsA content

• Reduced net photosyn-
thesis, gs and Ci by 40.0,
26.4, and 41.3%, respec-
tively, compared to con-
trol

0.5 mM SA
spray, 15 d

• TBARS and H2O2 con-
tents were decreased sig-
nificantly

• Reduced Na+ content by
36% and Cl� content by
half compared to salt
treated plants

• Activities of DHAR, APX
and GR further increased
by 54, 248 and 111%,
respectively compared to
control

• Activities of ATPS and
SAT, and contents of Cys
and S increased by 87, 76,
128, and 63% respec-
tively, compared to con-
trol

• GSH content further
increased while DHA
and GSSG both were
reduced, AsA content
increased

• Limited the decreases in
the above characteristics
to 22, 19 and 25% respec-
tively, compared to con-
trol

Nazar et al.
[41]

S. lycopers-
icum Mill. L.
cv. Rio
Fuego

100 mM
NaCl

• Higher accumulation of
ABA in both leaves and
root

• Ethylene production
increased

• Reduced net CO2 fixation
rate

Pretreated
with 0.01 μM
and 100 μM
SA, 21 d

• Lower accumulation of
ABA compared to
stressed plants

• Prevented higher produc-
tion of ethylene

• Net CO2 fixation rate
enhanced

Horváth
et al. [62]

Hordeum
vulgare L. cv.
Gustoe

150 mM
NaCl, 14
d

• Shoot FW and height
decreased by 30 and 36%
respectively, compared to
control

• Photosynthetic pigment
contents decreased by
57% compared to control

• MDA content increased
by 40% compared to con-
trol

50 μM SA, 14
d

• Shoot FW and height
increased compared to
NaCl treated plants

• Photosynthetic pigment
contents decreased by
only 39% compared to
control

• MDA content was lower
compared to salt-stressed
plants

• Na+ content decreased
and K+ content increased

Fayez and
Bazaid [63]
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Plant
species

Salinity
level

Effect of salinity SA
application

Protective effects Reference

• Na+ content increased
and K+ content decreased
compared to control

compared to plants
exposed to salt stress

V. radiata L.
cvs. Pusa
Vishal and
T44

50 mM
NaCl,
30 d

• Increased root and shoot
Na+ and Cl� contents

• Decreased NR activity
and N content

• Leaf ATPS activity, S,
H2O2, MDA contents and
EL increased

• Decreased water poten-
tial and osmotic potential
by 69 and 52% in Pusa
Vishal and 70 and 69% in
T44, respectively com-
pared to control

• SOD, APX, GR activities
and GSH, GSSG contents
increased

• gs, Ci and chl fluores-
cence decreased

0.5 mM SA
spray, 15 d

• Reduced root and shoot
Na+ and Cl� contents

• Increased NR activity
and N content

• Leaf ATPS activity and S
content further increased,
but H2O2, MDA contents,
and EL decreased

• Enhanced the water and
osmotic potential by 54
and 34% in Pusa Vishal
and 33 and 15% in T44 in
comparison to control

• SOD activity and GSSG
content decreased, but
APX and GR activities
and GSH content further
increased

• gs, Ci, and chl fluores-
cence increased

Nazar et al.
[12]

Torreya
grandis

0.4%
NaCl,
60 d

• Reduced the dry mass of
shoots and roots by 29
and 25%, respectively

• RWC decreased by
16.70% but Pro content
increased

• Pn, transpiration rate (Tr)
and gs increased but Ci

decreased
• Chlorophyll content

decreased by 24%
• Activities of SOD, CAT,

and POD decreased
markedly

• EL and MDA content
increased

0.5 mM SA,
30 d

• Increased the dry mass of
the shoots and roots by
16.8 and 18.2%, respec-
tively

• Both RWC and Pro con-
tent increased compared
to stressed plants

• Pn, Tr, and gs decreased
and Ci increased

• Reduced the decrease of
chl content by 17%

• Increased the activities of
SOD, CAT, and POD by
13, 38, and 19%, respec-
tively

• Reduced the EL rate and
MDA content

Li et al. [64]

S.
lycopersicum
cv. Rio
Fuego

100 mM
NaCl,
10 d

• Water potential
decreased and root
length increased

• Decreased Chl content
and increased MDA con-
tent

• ABA accumulation
decreased in shoot but
increased in root

Pretreated
with 0.1 and
10 μM SA,
21 d

• Water potential increased
and root length
decreased

• Improved Chl content
and reduced MDA con-
tent than stressed one

• ABA accumulation
increased in shoot but
decreased in root

Szepesi
et al. [38]

A. thaliana 100 mM
NaCl,
14 d

• Reduced FW, DWand
water content

• Increased shoot Na+ and
reduced K+ contents

50 μM SA
pretreatment,
1 h

• Improved FW, DWand
water content

• Decreased shoot Na+ and
enhanced K+ contents

Jayakannan
et al. [65]
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salt, they not only face osmotic and ionic stresses, but also water stress and other subsequent
stresses may emerge. These ultimately reduce the quality and quantity of the desired yield.
However, good news is there are certain species that show some tolerance mechanisms and
also some protectants that can help plants to develop tolerance against the salt stress. In the
recent era where global warming and rising of sea level are the most alarming issues, these can
be promising facts to be considered for further research. There are a number of studies that
prove the protective roles of SA against salt stress in many plant species (Table 1).

Salicylic acid has been proved to have effective roles on enhancing the germination percentage,
shoot and root length, fresh weight (FW) and dry weight (DW) of both shoot and root of
plants, uptake of beneficial ions, and also some antioxidant enzyme activities. It also has been
proved to reduce the toxic ions uptake and accumulation in plants, membrane damage and
transpiration rate, etc. Photosynthesis, growth, and yield were improved and oxidative dam-
ages were ameliorated with the application of effective concentrations of SA in different plant
species. To demonstrate the role of SA in alleviating the salt stress-induced damage, an
experiment was conducted by Arfan et al. [59] with two Triticum aestivum varieties, of which
one is salt-tolerant (S-24) and another one is salt-sensitive (MH-97). They applied different
levels of SA starting from 0.25 to 1.00 mM and created salt stress with 150 mM NaCl in the

Plant
species

Salinity
level

Effect of salinity SA
application

Protective effects Reference

Medicago
sativa cv.
Aragon

200 mM,
12 d

• Reduced the FV/FM ratio
by 15%

• Decreased the nodule
mass about 60%

• Activities of CAT, APX
and GR reduced but
SOD, POX, and DHAR
increased

Pretreated
with 0.1 and
0.5 mM, 2 d

• Reduced the FV/FM ratio
by only 2%

• Reduced the decreasing
of the nodule mass

• Only CAT activity further
reduced, but the activities
of APX, GR, SOD, POX
and DHAR further
increased

Palma et al.
[20]

T. aestivum
L. cv. Yumai
34

250 mM
NaCl,
3 d

• GSH content increased
but AsA content
decreased

0.5 mM SA,
3 d

• GSH content further
increased along with AsA
content

Li et al. [66]

Z. mays L.,
Hamidiye
F1

40 mM
NaCl,
56 d

• Membrane permeability
and MDA content
increased

• Higher Na+ and Cl� con-
centrations

• Decreased N and
increased P concentra-
tions

Soil
incorporated
with 0.5 mM
SA, 56 d

• Ameliorated the deterio-
ration of membrane and
reduced MDA content

• Lower accumulation of
Na+ And Cl� ions

• Increased N and
decreased P concentra-
tions

Gunes et al.
[60]

S.
lycopersicum
cv. Rio
Fuego

100 mM
NaCl,
7 d

• Activities of APX, GR
increased and SOD, CAT
decreased

• Both total ascorbate
(AsA) and GSH contents
increased in leaves and
roots

Pretreated
with 0.1 μM
or 100 μM
SA, 21 d

• Activities of APX, GR
further increased along
with SOD and CAT

• Further increase of total
AsA and GSH

Tari et al.
[42]

Table 1. Salicylic acid–mediated tolerance of different plant species to salinity stress.
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Plant species Drought
condition

Effect of drought SA
application

Protective effects Reference

T. aestivum.
cvs. Giza164
and Gemaza 1

Drainage
(control, 1/3
field capacity,
2/3 field
capacity), 14 d

• Shoot and root
DW and mineral
content decreased

• Increase of sugar,
protein in shoot
and root of plants

Seed soaking
with 0.5 mM
SA

• Higher accumulation of
sugars, protein and
mineral

• Increased DW

El Tayeb and
Ahmed [77]

B. juncea L. cv.
BARI
Sharisha 11

10 and 20%
PEG, 48 h

• Increased MDA,
H2O2 and Pro
levels

• Decreased leaf
RWC, chl content

• Decreased AsA
content and
increased in GSH
and GSSG con-
tents

• GR, APX, GST
activities
increased

• DHAR and Gly I
activities
decreased

Foliar spray
with 50 μM
SA

• Increased leaf RWC,
chl, AsA and GSH con-
tents

• Decreased the GSSG
content and maintained
a higher ration of GSH/
GSSG

• Increased the activities
of MDHAR, DHAR,
GR, GPX, CAT, Gly I,
and Gly II

• Decreased H2O2 con-
tent and lipid peroxi-
dation

Alam et al.
[44]

Cymbopogn
flexuosus
Steud. Wats.
cvs. Neema
and Krishna

Water has
been reduced
to 75 and 50%
of field
capacity

• Reduced growth
• Increased activi-

ties of nitrate
reductase, car-
bonic anhydrase,
and PEP carbox-
ylase

• Increased EL, Pro
and free amino
acid contents

Foliar
application of
10 μM SA

• Improved growth
parameters

• Modulated the activi-
ties of nitrate reductase,
carbonic anhydrase,
and PEP carboxylase

• Decreased EL, Pro and
free amino acid con-
tents

Idrees et al.
[76]

T. aestivum PEG 15%, 3 d Decreased growth 0.5 mM SA,
3 d

• Overexpressed proteins
associated with signal
transduction, stress
defense, photosynthe-
sis, carbohydrate
metabolism, protein
metabolism, and
energy production

• Improved growth and
drought tolerance in
wheat seedlings

Kang et al.
[43]

Satureja
hortensis

1/3 and 2/3 of
field capacity.

• Decreased sugar
and protein con-
tents

• Increased Pro and
lipid peroxidation

1.0 and 3.0
mM SA

• Increased sugar, pro-
tein and Pro contents

• Decreased lipid peroxi-
dation

Yazdanpanah
et al. [78]

C. setosa Kept in PEG,
4 h

• Increased leaf
rolling

SA
pretreatment,
14 h

• Increased Pro, sugar,
activities of SOD, APX,
CAT, GPX and NOX
(NADPH oxidase)

Demiralay
et al. [45]

Salicylic Acid: An All-Rounder in Regulating Abiotic Stress Responses in Plants
http://dx.doi.org/10.5772/intechopen.68213

39



growing media. Both SA and NaCl were exposed to plants from the very beginning and data
were taken at 30 days after sowing (DAS). Their results showed that at lower concentration

Plant species Drought
condition

Effect of drought SA
application

Protective effects Reference

• Decreased antiox-
idant enzyme
activities

• SA conferred drought
tolerance mediated by
H2O2

• Reduced leaf rolling

Z. mays Withholding
water, 5 d

• Decreased RWC,
leaf MSI, chl and
K content

100, 150, 200
ppm

• Increased RWC, leaf
MSI, chl, and K con-
tents

Rao et al. [79]

Musa
acuminata cv.
‘Berangan’,
AAA

1, 2 and 3% of
PEG in vitro,
60 d

• Slight increase in
proliferation rate,
FW

• Decreased RWC
and chl content

1.0, 2.0, and
3.0 mM SA

• Increased Pro content
• Reduction in H2O2 and

MDA contents

Bidabadi et al.
[80]

H. vulgare L.
cv Nosrat

40% FC • Drought stress
decreased the dry
mass and net CO2

assimilation rate

Spraying with
500 μM SA,
15 d

• Increased the dry mass,
net CO2 assimilation
rate and gs

Habibi [81]

O. sativa L. cv.
Super-
Basmati

Water was
reduced to
50% of field
capacity

• Increased H2O2,
MDA, and rela-
tive membrane
permeability

100 mg L�1

SA
• Increased tissue water

potential, increased
synthesis of metabo-
lites and enhanced
capacity of the antioxi-
dant system

Farooq et al.
[82]

T. aestivum L. 20 % PEG, 24
h

• Decreased MSI,
increased total
soluble sugar and
soluble protein
content but
decreased yield

10 μM SA, 24
h

• Increased MSI,
increased total soluble
sugar and soluble pro-
tein content

• Increased yield

Khan et al.
[73]

T. aestivum L.
cv. Hassawi

Reduced
water to 60
and 30% field
capacity

• Decreased content
of photosynthetic
pigments

• Increased soluble
carbohydrate,
protein, and Pro

• Decreased insolu-
ble carbohydrates
and proteins

• Free amino acids
were significantly
increased in roots,
while it was
decreased in
shoots

50 ppm SA • Stimulated growth,
photosynthetic pig-
ments and accumula-
tion of soluble and
insoluble carbohy-
drates and proteins

Azooz and
Youssef [83]

Table 2. Salicylic acid–mediated tolerance of different plant species to drought stress.
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Plant species Temperature
and duration

Damaging effects SA dose and
duration

Protective effects References

T. aestivum HT (30�C,
2 h)

• Decreased FW
• Increased total solu-

ble protein and total
RNA contents

• Decreased soluble
starch synthase
activity

100 mM,
foliar
spraying, 3
times at 4 h
interval

• Improved FW
• No significant differ-

ences in the total solu-
ble protein content

• Further increased total
RNA content

• Increased soluble
starch synthase activity

Kumar et al.
[46]

Z. mays HT (40 � 1�C,
2 h)

• Reduced dry bio-
mass

• Increased MDA,
H2O2 but decreased
Pro contents

• APX and GR activi-
ties increased but
CAT and SOD activ-
ities decreased

10–800 μM,
foliar
spraying, 2 h

• Improved dry biomass
content

• Reduced MDA, H2O2

but increased Pro con-
tents

• Further improved CAT,
SOD and POX activities

Khanna et al.
[48]

L.
lycopersicum

HT (32/26�C,
12/12 h, day/
night)

• Severely reduced
germination and
plant growth

• Negatively affected
reproductive param-
eters

• Decreased TSS (total
soluble solid), vita-
min and lycopene
contents

0.25, 0.5, and
0.75 mM,
seed priming

• Reduced germination
time and increased ger-
mination percentage

• Improved reproductive
parameters. Increased
TSS, vitamin and lyco-
pene contents

Singh and
Singh [49]

T. aestivum HT (40�C,
6 h)

• Increased Pro and γ-
glutamyl kinase
(GK) but reduced
Pro oxidase contents

• Increased TBARS
and H2O2 contents

• Negatively affected
the net photosynthe-
sis, Rubisco activity,
chl and WUE of the
plant

0.5 mM, foliar
spraying

• Further increased Pro
and GK and reduced
Pro oxidase contents

• Reduced TBARS and
H2O2 contents

• Counteracted the nega-
tive effects on net pho-
tosynthesis, Rubisco
activity, chl and WUE
of the plant

Khan et al.
[1]

Digitalis
trojana
Ivanina

HT (45�C, 2
or 4 h)

• Lowered CAT and
SOD activities

• Increased accumula-
tion of Pro

• Increased total phe-
nolic and flavonoid
contents

150 μM,
pretreatment,
4 h

• Increased CAT and
SOD activities

• Further increased Pro
content

• Further increased phe-
nolic and flavonoid
contents

Cingoz and
Gurel [47]

Vitis vinifera HT (43�C,
5 h)

• Sharply declined Pn
and gs

• Lowered Rubisco
activity

100 μM SA,
pretreatment,
24 h

• Alleviated the harmful
effect on Pn

• Counteracted the nega-
tive effect on Rubisco
activation state

Wang et al.
[95]
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Plant species Temperature
and duration

Damaging effects SA dose and
duration

Protective effects References

Matricaria
chamomila

HT, Min
(10.1–28.2�C),
Max (21–
44�C),
8 months

• Reduced plant
height, capitol diam-
eter, fresh flower
weight, dried flower
weight etc.

• Decreased total chl
content

• Essential oil content
was not significantly
affected

1, 10, 25 and
100 mg L�1,
foliar
spraying

• Improved plant height,
capitol diameter, fresh
flower weight, dried
flower weight etc.

• Increased total Chl con-
tent

• Improved essential oil
content

Ghasemi
et al. [96]

Cucumis
sativa

HT (40�C,
36 h)

• Highly increased EL
• Increased H2O2 and

TBARS contents
• Improved SOD,

CAT, DHAR, GPX,
APX and GR activi-
ties

1 mM SA,
foliar
spraying, 12 h

• Decreased EL
• Reduced H2O2 and

TBARS contents
• Improved SOD,

DHAR, GPX, APX and
GR activities but
inhibited CAT activity

Shi et al. [97]

B. juncea HT (30 or
40�C, 24 h)

• Decreased root
length, shoot length,
FW and DM of the
plant

• Decreased Pn, gs, Ci,
WUE and SPAD
value

• Increased activities
of CAT, POD SOD,
and Pro accumula-
tion

• Decreased N, P, K
contents in leaves

10 μM, foliar
spraying

• Root length, shoot
length, DW and FWof
plant increased

• Increased Pn, gs, Ci,
WUE and SPAD value

• Further enhancement
of CAT, POD SOD, and
Pro accumulation

• Improved N P, K con-
tents in leaves

Hayat et al.
[98]

Musa
acuminata

Chilling (5�C,
3 d)

• Reduced SOD, CAT,
APX activities but
improved POX
activity

• Increased accumula-
tion of H2O2

0.5 mM,
pretreatment,
1 d

• Increased SOD, CAT
and APX activities but
unaffected POX activity

• Decreased
overproduced H2O2

Kang et al.
[99]

T. aestivum Chilling (3
�C, 48–72 h)

• Reduced chl, CO2

assimilation and rate
of respiration

• RuBisCO activity
decreased

• Decreased SOD
• Increased glycolate

oxidase (GO) and
CAT activities

• Highest MDA con-
tent found

500 μM, foliar
spraying, 24 h

• Improved Chl content
and rubisco activity

• Enhanced CAT, APX,
POX, and glycolate oxi-
dase (GO) activities but
GR activity found not
affected

• Reduced MDA content

Yordanova
and
Popova [100]

V. vinifera HT (38 �
0.5�C, 12 h)

• Reduced H+ and Ca2
+-ATPase activities

• The appearance of
cerium phosphate
grain found

100 μM,
pretreatment,
6 h

• Increased H+ and Ca2+-
ATPase activities

• Remained cerium
phosphate grain

Liu et al.
[101]
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Plant species Temperature
and duration

Damaging effects SA dose and
duration

Protective effects References

V. vinifera Freezing
(�3�C, 3 h)
and HT
(44�C, 3 h)

• Increased EL and
TBARS content

• Decreased activities
of GR, APX,
MDHAR and
DHAR

• Increased AsA/GSH
ratio

• Reduced cytosolic
Ca2+ homeostasis

2 μM,
pretreatment,
1, 3, 6, or 12 h

• Reduced EL and
TBARS content

• Increased activities of
GR, APX, MDHAR but
reduced DHAR and
ratio of AsA/GSH pool

• Increased cytosolic Ca2
+ homeostasis

Wang and
Li [102]

Poa pratensis HT (46�C,
72 h)

• Overproduction of
O2

•� and H2O2 in a
time-dependent
manner

• Enhanced CAT and
SOD activities in a
time-dependent
manner

0.1, 0.25, 0.5,
1.0, and 1.5
mM, foliar
spraying

• Reduced O2
•�

• H2O2 generation in a
time-dependent man-
ner

• Significantly increased
CAT and SOD activities
in a time-dependent
manner

He et al.
[103]

O. sativa HT (27–32�C,
night ambient
temp)

• Spikelet fertility and
grain size reduced

• Damaged mem-
brane and resulted
oxidative damage

1 mM, foliar
spraying

• Improved grain charac-
teristics and spikelet
fertility

• Counteracted oxidative
damage

• Enhanced antioxidant
enzymes activities

Mohammed
and
Tarpley [104]

Prunus
persica

Chilling (0�C,
28 d)

• Increased TBARS
content, chilling
injury index and
decay index

• Lowered APX and
GR activities and
heat shock protein
101 (HSP101)
expression

0.35, 0.7, and
1 mM, 5 min

• Maintained optimum
level of TBARS content,
chilling injury index
and decay index

• Enhanced reduced to
oxidized AsA and GSH
ratios

• Higher APX and GR
activities and heat
shock protein 101
(HSP101) expressions

Wang et al.
[105]

Rhododendron HT (38/30�C
(day/night,
6 d)

• Resulted in brown,
withered and
defoliated leaves

• Decreased chl and
total soluble protein
contents

• Decreased activity of
POX and SOD

• MDA and H2O2

contents increased

0.5, 1.0, and
2.0 mM
spraying of
leaves, 3 d

• Lowered the leaf dam-
age rate

• Highly declined Chl
and total soluble pro-
tein contents

• Increased POX and
SOD activities

• Reduced MDA and
H2O2 contents

Shen et al.
[106]

V. radiata HT (50�C, 3
h)

• Increased lipid per-
oxidation, H2O2, and
EL

• Reduced CAT, APX,
POD and GSH con-
tents

0.5 and 1 mM,
foliar
spraying

• Decreased lipid peroxi-
dation, H2O2, and EL

• Increased CAT, APX,
POD and GSH contents

Saleh et al.
[107]
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(0.25 mM) SA could reduce the negative effects of salt on the shoot and root FW and DW in
tolerant variety, but this was true at higher concentration (0.75 mM) for the sensitive one.
However, yield attributes such as grain yield and 100-grain weight were increased in both the
varieties at lower concentrations (0.25 and 0.50 mM) SA under salt stress. Similarly, application
of SA also increased the water use efficiency (WUE) of those varieties. Similarly, Nazar et al.
[12] also chose two such varieties of Vigna radiata cvs. Pusa Vishal (salt-tolerant) and T44 (salt-
sensitive). They also used different concentrations of SA (0.1, 0.5, and 1.0 mM) against 50 mM
NaCl stress and 0.5 mM was concluded as the most suitable concentration for both varieties
irrespective of their tolerance ability. At this concentration, V. radiata seedlings could reduce the
accumulation of toxic Na+ and Cl� ions, and increase S and N uptake and nitrate reductase
activity. Salicylic acid application also enhanced the water and osmotic potential which was
higher in the tolerant one. Stomatal conductance (gs), intercellular CO2 concentration (Ci), and
chlorophyll (chl) fluorescence were increased along with leaf ATP-sulfurylase activity. How-
ever, mainly the reduction of electrolyte leakage (EL), malondialdehyde (MDA), H2O2, oxi-
dized glutathione (GSSG) contents, superoxide dismutase (SOD) activity and enhancement of
reduced glutathione (GSH) content, and ascorbate peroxidase (APX) and glutathione reduc-
tase (GR) activities prove the role of SA in reducing salt-stress damages. Similar results were
observed with V. radiata seedlings. These seedlings were exposed to 100 mM NaCl at 10 DAS
and then was spraying SA (0.5 mM) at 15 DAS. At 30 DAS some parameters were monitored
related to gas exchange e.g., net photosynthesis (Pn), gs, and Ci; and also carboxylation
efficiency, WUE, and plant dry mass [17]. Application of SA increased Pn, gs, and Ci by 17.9,
19.2, and 23.5%, respectively, under salt stress condition. It also enhanced carboxylation

Plant species Temperature
and duration

Damaging effects SA dose and
duration

Protective effects References

• Increased endoge-
nous SOD and SA
activities

• Enhanced defense sys-
tem and radical scav-
enging mechanism

Z. mays Chilling
(15�C)

• Disturbed seedling
emergence, root and
shoot growth, FW,
and DW

• Lowered RWC and
increased membrane
permeability

50, 100, and
150 mg L�1,
seed priming,
24 h

• Improved seedling
emergence, root and
shoot growth, FW and
DW

• Increased RWC and
decreased membrane
permeability

• Highly activated CAT,
SOD and APX activities

Farooq et al.
[108]

Brassica sp. HT (40–55�C,
3 h)

• Hampered seedling
growth

• Increased EL
• Increased CAT, POX

enzyme activities

10 and 20 μM,
pretreatment,
2 h

• Conferred protection of
membrane

• Reduced EL
• Increased FW, DW, and

total soluble sugar
• Increased CAT, POX,

and appearance of heat
shock proteins

Kaur et al.
[3]

Table 3. Summary of the protective roles of exogenous SA in mitigating extreme temperature-induced damages in
different crop plants.
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efficiency and WUE compared to salt-stressed plants. Plant dry mass was increased by 25.2%
under salt condition compared to control plants. Meanwhile, Zea mays was tested with different
levels of SA under salt stress, and positive roles of SA was demonstrated in ameliorating the
membrane damage by reducing MDA content [60]. It can also decrease the accumulation of Na+

and Cl� ions and increase uptake of N and P and thus render tolerance to plants against salt
stress. Another experiment was conducted with Lens esculenta, which included only four with
Lens esculenta, which included only four treatments: nonsaline control (I), 0.5mMSA (II), 100mM
NaCl (III), and the combination of 100 mM NaCl + 0.5 mM SA (IV). The results showed that
growth parameters: germination (%), shoot and root length, FW and DW were improved in
treatment (IV) compared to treatment (III). In addition, SA increased the free Pro and GB content
in shoot and also the activities of pyrroline-5-carboxylate reductase (P-5-CR) and γ-glutamyl
kinase which are the enzymes related to Pro anabolism. But, in contrast, it reduced the activity
of Pro oxidase [61]. In the case of pretreatment with SA, it also showed some positive results.
Solanum lycopersicum seeds pretreated with 10 μM SA improved the chl content and reduced
MDA content under salt stress (100 mMNaCl) [38]. Higher accumulation of abscisic acid (ABA)
in shoot and enhancement of water potential of SA-treated seedlings compared to the seedlings
exposed to salt alone were also observed [38]. These results were supported byHorváth et al. [62]
in the same plants with the equal concentrations of SA. Similarly, when pretreatment with SA (0.5
and 1.0 mM) was done, Gerbera jamesonii seedlings also showed positive results in salt stress (100
mM). Salicylic acid application reduced the EL, MDA and Pro contents and increased the
activities of SOD, catalase (CAT), peroxidase (POD), and APX compared to salt stressed seed-
lings [39]. But, these effects were more acceptable in case of lower (0.5 mM) concentration of SA.
Recently, Nazar et al. [41] again used SA (0.5 mM) to demonstrate the preventive role of it in
Brassica juncea seedlings exposed to 100 mM of NaCl stress for 30 consecutive days. Application
of SA reduced thiobarbituric acid reactive substances (TBARS) and H2O2 contents, also
dehydroascorbate (DHA) and GSSG contents. It was found to increase the activities of
dehydroascorbate reductase (DHAR), APX, and GR to a remarkable content. And most impor-
tantly, it reduced the toxic Na+ and Cl� uptake to almost half of the salt-stressed plants [41].

From the above-mentioned studies, the role of SA in alleviating salt stress can be considered as
clear and concise. But, there are also some points to be considered as higher concentrations of
SA may itself cause damage to plants [12, 59] and very lower concentrations may have a
minimum effect [42, 62] against salt stress. So, the concentration of SA, application method
and time, duration of salt stress and plant age are some of the important points to be consid-
ered while using SA against salt stress.

3.2. Drought

Drought stress is one of the most devastating abiotic stresses adversely affecting growth and
developmental processes of the plant. Drought stress affects the physiological processes, brings
biochemical changes, leads to the formation of secondary metabolites, significantly accumulates
endogenous reactive oxygen species (ROS) and increases toxins (such as methylglyoxal).
Drought stress hampering the reproductive development drastically reduces yield or productiv-
ity of plants [67].
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Several studies demonstrated and proved the pivotal roles of SA in alleviating drought dam-
age and improving drought stress tolerance in plants (Table 2). Salicylic acid pretreatment (0.5
mM) alleviated substantial water loss and its damaging effects on wheat seedlings that
enhanced drought tolerance [43]. Pretreatment with SA upregulated 37 protein spots under
drought stress which has been investigated through proteomics. Glutathione S-transferases,
APX, and 2-cysteine peroxiredoxin were enhanced under drought stress. Enhancement of
antioxidant defense system worked against the oxidative damage [43]. Proteins involved in
ATP synthesis are also upregulated by SA under drought stress. Salicylic acid supplementation
with drought also upregulated 21 protein spots, including RuBisCo and related enzymes [43].
In their other experiment, influential role of SAwas also demonstrated on AsA-GSH cycle [68].
Exogenous SA supplementation enhanced the transcription of GST1, GST2, GR, and MDHAR
genes during almost the entire drought period. The increase of DHAR was noticed at 12 h,
GPX1 at 48 h, phospholipid hydroperoxide glutathione peroxidase (GPX2) at 12 and 24 h, and
glutathione synthetase (GSHS) at 12, 24, and 48 h of drought stress. Upregulation of transcrip-
tion level of AsA-GSH cycle enzymes contributed to drought tolerance [68]. SA-accumulating
(siz1 and cpr5) genes were highly expressed in guard cells of drought which modulated
movement of stomatal aperture in Arabidopsis plants. The generation of ROS was also modu-
lated in this plant [69]. In tomato (Lycopersicon esculentum), SA treatment with drought has
been demonstrated to protect the activity of nitrate reductase which helps to maintain the
protein and nitrogen contents of the leaves, compared to the drought affected plant without
SA addition. Photosynthetic parameters, membrane stability, water potential and activity of
carbonic anhydrase were maintained by SA which also contributed to drought stress toler-
ance [70]. In sunflower, water stress-induced decrease in the yield and oil content. Salicylic
acid (0.724 mM) application increased the Pro content, head diameter, number of achene, 1000-
achene weight, achene yield, and oil yield of sunflower, compared to drought treatment
alone [71]. The addition of acetyl SA in (0.1–1.0 mM) also improved drought tolerance of
muskmelon seedlings [72]. Two wheat varieties viz. Wafaq-2001 and Punjab-96 were subjected
to drought stress. Drought stress significantly decreased membrane stability index (MSI) and
yield. Salicylic acid supplementation caused 37% increase in soluble sugars in Wafaq-2001
cultivar which was higher, compared to Punjab-96 cultivar. Salicylic acid also increased protein
content and MSI in both cultivars with a higher increase in Wafaq-2001. The overall drought
tolerance was higher in Wafaq-2001 after SA application which is evident from higher
yield [73]. Exogenous addition of SA increased the activity of antioxidant enzymes which
helped to alleviate the drought stress damage in Ctenanthe setosa [74]. Mustard (B. juncea L. cv.
BARI Sharisha 11) seedlings were subjected to two different levels of drought with 10 and 20%
polyethylene glycol (PEG) for 48 h. Leaf relative water content (RWC), chl b and chl (a + b)
decreased but Pro content increased. Disrupting the antioxidant defense system, drought
stress increased oxidative damage which was indicated by high MDA and H2O2 levels. Sup-
plementation of SA in drought-stressed seedlings increased the leaf RWC and chl content,
increased the AsA and GSH, decreased the GSSG content, and maintained a higher ratio of
GSH/GSSG. Salicylic acid increased the activities of monodehydroascorbate reductase
(MDHAR), DHAR, GR, glutathione peroxidase (GPX), CAT, glyoxalase I (Gly I), and
glyoxalase II (Gly II) in drought affected seedlings as compared to the drought-stressed plants
without SA supplementation, with a concomitant decrease in H2O2 and lipid peroxidation
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tolerance was higher in Wafaq-2001 after SA application which is evident from higher
yield [73]. Exogenous addition of SA increased the activity of antioxidant enzymes which
helped to alleviate the drought stress damage in Ctenanthe setosa [74]. Mustard (B. juncea L. cv.
BARI Sharisha 11) seedlings were subjected to two different levels of drought with 10 and 20%
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increased the AsA and GSH, decreased the GSSG content, and maintained a higher ratio of
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level [44]. Methyl-SA (at 0.1 mM) spray promoted drought-induced leaf senescence in Salvia
officinalis [75]. Drought stress adversely affected growth performance of winter wheat, Cheyenne.
Application of SA analogue 4-hydroxybenzoic acid (4-HBA) increased drought tolerance of
winter wheat Cheyenne [16]. Foliar application of SA (10 μM) protects lemongrass (Cymbopogon
flexuosus Steud. Wats.) varieties (Neema and Krishna) from drought stress by improving growth
parameters, modulating the activities of nitrate reductase, carbonic anhydrase, and EL, Pro
content, free amino acid, and in PEP carboxylase activity [76].

3.3. Extreme temperatures

Temperature is one of the vital factors that determine plants establishment, growth, develop-
ment, and productivity. Due to climate change, global average temperature is fluctuating very
rapidly and threatening the survival of living beings. Thus, among the various abiotic stresses,
extreme temperature has become the talk of the topic in recent decades because of its devas-
tating and damaging effects on plants [84]. Extreme temperature includes both high tempera-
ture (HT) and low temperature (LT) that can injure plants. The high temperature is the
increasing of temperature beyond the critical threshold level that can deplete plant growth
and metabolism depending on the sufficient time period [85]. Heat stress often becomes worse
because of its combination with other stresses including drought [86]. High temperature
severely alters the plant physiological processes including germination, photosynthesis, respi-
ration, transpiration, partitioning of dry matter, etc. [87]. In addition, HT results in enzyme
inactivation, protein denaturation, disruption of proteins and membranes which ultimately
affects plant growth [88, 89]. Low-temperature consists of both freezing (<0�C) and chilling (0–
15�C) temperatures. In chilling stress plant faces injury without formation of ice whereas, in
freezing stress, the formation of ice occurs in plant tissues. Chilling and freezing stresses are
together called cold stress or LT stress. Low-temperature stress shows various damaging
symptoms in plants including faster senescence and decay [90, 91], interference with germina-
tion, cell membrane disruption, photosynthesis, water and nutrients uptake, reproductive
development as well as growth and yield [92]. Either HT or LT conditions, at molecular level,
leads to the overproduction of ROS which ultimately gives rise to the oxidative stress [84, 93].
Nowadays, to develop temperature-stress tolerance, the use of exogenous SA is one of the
common approaches. Salicylic acid being the endogenous growth regulator or phytohormone
acts as an important signaling molecule and develops abiotic stress tolerance in plants [94].
Recent advances on SA-mediated temperature stress tolerance have been listed in Table 3.

High temperature (30�C) resulted in a significant reduction in FW and soluble starch synthase
activity of T. aestivum [46]. Foliar application of SA improved the FW, total RNA, and soluble
starch synthase activity. In Z. mays, HT (40� 1�C) induced oxidative damage and reductions in
dry biomass were reversed by exogenous SA treatment. SA developed HT tolerance by
improving CAT, SOD, and POX activities [48]. The effects of SA on seed germination and
physiological attributes of heat stressed (32/26�C, 12/12 h, day/night) L. lycopersicum were
investigated. It has been revealed that SA reduced the germination time and increased the
germination percentage together with the increased vitamin, lycopene, total soluble solid (TSS)
and titratable acidity (TA) contents [49]. Temperature above 40�C, increased TBARS and H2O2

contents but decreased the net photosynthesis, RuBisCo activity, chl, and WUE of T. aestivum
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plant. Negative HT effects were counteracted significantly by exogenous SA supplementa-
tion [13]. Heat stress (45�C) in Digitalis trojana Ivanina, compared to its normal temperature,
lowered the important antioxidant enzymes (CAT and SOD) activities. Pretreatment with SA
significantly increased CAT and SOD activities with increased Pro, phenolic, and flavonoid
contents [47]. The sharp decline of photosynthetic apparatus was found in Vitis vinifera in
response to heat (43�C) stress. Alleviation of photosynthetic rate and RuBisCo activity were
found when pretreated with SA [95]. Cannabis sativa induced thermotolerance against (40�C)
temperature, when supplied with exogenous SA, were studied. Improved activities of antiox-
idant enzymes (SOD, DHAR, GPX, APX, and GR) were documented with decreased CAT
activity. Decreased EL percentage with reduced H2O2 and TBARS contents were also evi-
dent [97]. Salicylic acid involved in various protective functions in B. juncea after HT (30 or
40�C) exposure. However, increased growth, gs and CO2 fixation along with improved defense
system were found with SA treatment [98]. Chilling (5�C) stressed Musa acuminate when
treated with exogenous SA increased SOD, CAT, and APX activities with decreased H2O2

accumulation [99]. Low temperature (3�C) disrupted the RuBPC and PEPC activities with
decreased rate of CO2 assimilation and respiration. Treatment with SA improved the activity
and ameliorated the chilling effects [100]. Performance of V. vinifera was investigated upon HT
(38 � 0.5�C) [101]. Pretreatment with SA increased H+ and Ca2+-ATPase activities with cerium
phosphate grain appearance and thus gave higher stress tolerance. Wang and Li [102] noted
that upon freezing (�3�C) stress in V. vinifera, besides upregulating antioxidants, increased
maintenance of AsA-GSH pool and cytosolic Ca2+ homeostasis caused improved heat stress
tolerance. High-temperature stress mediated increased ROS generation and oxidative stresses
have been reported in several other plant species. Exogenous SA treatment resulted in the
reduced ROS generation and oxidative stress in Pratylenchus pratensis [103], Arabidopsis thaliana
[109]. Night ambient temperature ranges from 27 to 32�C in Oryza sativa caused the significant
reduction in spikelet fertility and grain size. Exogenous SA treatment improved the rice grain
fertility and hence, increased yield [104]. Prunus persica fruits were pretreated with SA before
imposition of chilling injury (0�C). Reduced chilling injury was observed due to higher activ-
ities of antioxidants and heat shock protein 101 (HSP101) expression [105]. Leaves of heat
(38/30�C, day/night) stressed Rhododendron became withered, defoliated, and brown. Total
soluble protein and Chl contents were also reduced. Lower damage rate of leaves with higher
chl and soluble protein were observed when supplemented with SA [106]. In a study with HT
stressed (50�C) V. radiata, SA treatment increased the CAT, APX, POD, and GSH contents with
enhanced defense system and radical scavenging mechanism [107].

3.4. Toxic metal/metalloids

In the industrial era, the most important and potential threat for crop production is the abiotic
stress. Among them, toxic metal stress is one of the major concerns. Growing population and
fast industrialization coincide together, results in the generation and dissemination of huge
amount of toxic metals in the environment [110]. Toxic metal consists of a set of harmful
elements having no biological role in organisms such as Cd, Pb, Hg, St, Al, etc. Although toxic
metals and heavy metals (HMs) are often thought to be synonymous, some lighter metals such
as Al may also cause toxicity. Toxic and HMs are differed in the case of their biological role.

Phytohormones - Signaling Mechanisms and Crosstalk in Plant Development and Stress Responses54



plant. Negative HT effects were counteracted significantly by exogenous SA supplementa-
tion [13]. Heat stress (45�C) in Digitalis trojana Ivanina, compared to its normal temperature,
lowered the important antioxidant enzymes (CAT and SOD) activities. Pretreatment with SA
significantly increased CAT and SOD activities with increased Pro, phenolic, and flavonoid
contents [47]. The sharp decline of photosynthetic apparatus was found in Vitis vinifera in
response to heat (43�C) stress. Alleviation of photosynthetic rate and RuBisCo activity were
found when pretreated with SA [95]. Cannabis sativa induced thermotolerance against (40�C)
temperature, when supplied with exogenous SA, were studied. Improved activities of antiox-
idant enzymes (SOD, DHAR, GPX, APX, and GR) were documented with decreased CAT
activity. Decreased EL percentage with reduced H2O2 and TBARS contents were also evi-
dent [97]. Salicylic acid involved in various protective functions in B. juncea after HT (30 or
40�C) exposure. However, increased growth, gs and CO2 fixation along with improved defense
system were found with SA treatment [98]. Chilling (5�C) stressed Musa acuminate when
treated with exogenous SA increased SOD, CAT, and APX activities with decreased H2O2

accumulation [99]. Low temperature (3�C) disrupted the RuBPC and PEPC activities with
decreased rate of CO2 assimilation and respiration. Treatment with SA improved the activity
and ameliorated the chilling effects [100]. Performance of V. vinifera was investigated upon HT
(38 � 0.5�C) [101]. Pretreatment with SA increased H+ and Ca2+-ATPase activities with cerium
phosphate grain appearance and thus gave higher stress tolerance. Wang and Li [102] noted
that upon freezing (�3�C) stress in V. vinifera, besides upregulating antioxidants, increased
maintenance of AsA-GSH pool and cytosolic Ca2+ homeostasis caused improved heat stress
tolerance. High-temperature stress mediated increased ROS generation and oxidative stresses
have been reported in several other plant species. Exogenous SA treatment resulted in the
reduced ROS generation and oxidative stress in Pratylenchus pratensis [103], Arabidopsis thaliana
[109]. Night ambient temperature ranges from 27 to 32�C in Oryza sativa caused the significant
reduction in spikelet fertility and grain size. Exogenous SA treatment improved the rice grain
fertility and hence, increased yield [104]. Prunus persica fruits were pretreated with SA before
imposition of chilling injury (0�C). Reduced chilling injury was observed due to higher activ-
ities of antioxidants and heat shock protein 101 (HSP101) expression [105]. Leaves of heat
(38/30�C, day/night) stressed Rhododendron became withered, defoliated, and brown. Total
soluble protein and Chl contents were also reduced. Lower damage rate of leaves with higher
chl and soluble protein were observed when supplemented with SA [106]. In a study with HT
stressed (50�C) V. radiata, SA treatment increased the CAT, APX, POD, and GSH contents with
enhanced defense system and radical scavenging mechanism [107].

3.4. Toxic metal/metalloids

In the industrial era, the most important and potential threat for crop production is the abiotic
stress. Among them, toxic metal stress is one of the major concerns. Growing population and
fast industrialization coincide together, results in the generation and dissemination of huge
amount of toxic metals in the environment [110]. Toxic metal consists of a set of harmful
elements having no biological role in organisms such as Cd, Pb, Hg, St, Al, etc. Although toxic
metals and heavy metals (HMs) are often thought to be synonymous, some lighter metals such
as Al may also cause toxicity. Toxic and HMs are differed in the case of their biological role.

Phytohormones - Signaling Mechanisms and Crosstalk in Plant Development and Stress Responses54

Some HMs having a biological role in plants also considered toxic when they are used in high
concentrations, viz. Ni, Cu, Zn, etc. On the other hand, metalloid includes those elements that
show behavior both like metals and nonmetals including B, Si, Ge, St, As, Sb, etc. The under-
lying parent material and atmosphere are the two main sources of toxic metals. Metals are
uptaken and accumulated easily by plants and causes toxicity within the plant tissue. They
directly interact with the proteins, enzymes, and causes phytotoxicity. The inhibition of growth
rate is the most certain consequences of metal toxicity [111]. Leaf rolling, chlorosis, necrosis,
stunted growth, stomatal dysfunctioning, cation efflux, reduced water potential, alterations in
the membrane, photosynthesis, metabolism, and various key enzymes are some other toxic
metal effects in plants [111, 112]. Toxic metals also manipulate the nutrient homeostasis, water
uptake, transport, transpiration, respiration, and ultimately may lead to plant death [113, 114].
Metal toxicity at the cellular level results in the overproduction of ROS [110]. To mitigate metal
induced stresses in plants, plant biologists are trying to develop new strategies. Salicylic acid is
a very important molecule that induces defense responses against various toxic metal/metal-
loids stresses (Table 4).

Several research findings demonstrated that exogenously applied SA improved the growth and
photosynthetic traits in different plants by reducing the damaging effects of toxic metals.
O. sativa exposed to As (25 and 50 μM) [50], A. thaliana exposed to As (100 μM) [115], T. aestivum
exposed to Cd (500 and 1000 μM) [121], and Z. mays exposed to Cr (500 ppm) [52] grown well
under SA supplementation. In a recent study, SA pretreatment reduced the oxidative stress in
T. aestivum after Cd (0.01, 0.1, and 1 mM) exposure. Cd stress increased the lipid peroxidation
and EL percentage. But the exogenous application of SA significantly declined the MDA content
and EL percentage [53]. Salicylic acid also evidenced to alleviate the oxidative stress induced by
metal toxicity in several other plant species by decreasing the toxic effects of overproduced ROS
and lipid peroxidation. InO. sativa, enhancedMDA andH2O2 contents induced by As (25 and 50
μM) were reduced by the exogenous SA pretreatment [50]. Similarly, adverse oxidative stress
was also demonstrated in Lolium perenne as induced by Cd (100 μM). Results showed that
increased accumulation of O2

•�, H2O2, and higher MDA were decreased by SA application.
Some other research findings also supported that the SA mitigates metal-induced oxidative
damage in Pisum sativum [136], Brassica oleracea var. botrytis [135], Medicago sativa [134], etc. It
was reported that treatment with SA alleviated the Cd (15 μM) induced root growth inhibition
and improved the antioxidant activities thus reduced the Cd-induced oxidative stress in
Hordeum vulgare [51]. Salicylic acid supplementation in As (100 μM) stressed A. thaliana showed
improved performance in terms of antioxidant enzymes (APX, CAT, SOD) activities and
enhanced tolerance to metal stress. In other experiment it was demonstrated that when SAwas
exogenously applied against Cd (0.25, or 0.50 mM) stress, increased amelioration of metal stress
was observed with increasing activities of defense responsive genes and upregulating the anti-
oxidant (SOD, CAT, APX, and GR) enzymes [117]. Decreased root growth, RWC, and increased
oxidative stress were decreased by seed priming with SA [118]. Under Cd (50 and 100 mM)
stress, plant growth, chl, total lipid contents, and nutrient absorption became decreased which
were further increased by soaking seeds with SA. Increased stress tolerance with reduction of
oxidative damage was also evident [119]. Increased ROS production, TBARS content, and EL
with increased SOD, CAT, and APX activities were found after Cd (50 and 100 μM) exposure.
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Seed priming with SA significantly decreased the oxidative damage and increased the antioxi-
dant enzymes activities. Agami and Mohamed [121] reported that SA efficiently alleviated the
adverse Cd (500 and 1000 μM) stress by restoring the growth parameters and increasing the
antioxidant defense system. Exogenous SA developed Cr (mg L�1) stress tolerance by improving
growth, photosynthetic pigments and oxidative stress reduction by upregulating antioxidant
defense system [52]. Inhibited antioxidant enzymes (APX, CAT, POX, and SOD), soluble sugars
and chl contents were showed when T. aestivum exposed to Pb (10, 50, 100, 200 mg L�1).
Alleviated inhibitory effects were found after SA supplementation as cotreatment [126]. In
Zygophyllum fabago, increased Pb accumulation after Pb (0.75 mM) exposure was reduced by SA
pretreatment. Upregulated antioxidants and downregulated oxidative damage together induced
stress tolerance [125]. Salicylic acid treatment against Cd (5, 10 or 50 mM) stress increased
tolerance in P. pratensis by controlling uncontrolled absorption of Cd and maintaining nutrients
(K, Ca, Fe, Mg) homeostasis [127]. Effects of B was investigated (25 and 50 mg kg�1) toxity in
Daucus carota and S. oleracea. In both plants, the growth, physiology, and antioxidant enzymes
activity were affected by B toxicity. But exogenous SA application showed some protective
effects in the alleviation of the metal toxicity [128, 129]. A similar finding was also demonstrated
by Shi and Zhu [131] in Crocus sativus plant. Exposure to a toxic level of Mn (600 μM) with SA in
C. sativus plant, maintained nutrient (Ca, Mg, Zn) homeostasis, reduced metal stress, and
improved tolerance. Recent findings in B. juncea against Mn (3, 6, or 9 mM) toxicity revealed that
SA is an important regulator of photosynthetic enzymes including carbonic anhydrase (CA). It
together with the upregulated defense system and reduced oxidative damage-regulated the
photosynthesis in a concentration-dependent manner [130]. Besides upregulation of antioxidant
enzymes, SA involved in the activation of CaM-like protein genes and cytosolic Ca2+ in Al (30
μM) stressed Glycine max. It has been showed that increased metal stress tolerance resulted from
exogenous SA treatment [132]. Effect of exogenous SA was investigated upon Pb (50 μM)
stressed Vallisneria natans. Decreased chl, carotenoid, NADPH oxidase, nonprotein thiols, AsA
but increased CAT, DHAR, and POD activities were observed. Pretreatment with SA increased
the activities of NADH oxidase, AsA, and GSH in Hg (10 μM) stressed M. sativa and thus
developed better tolerance to stress [133]. Recent evidences suggested that SA develops stress
tolerance by involving in the regulation of photosynthetic pigments, activities of CA, NR, and
anticancer alkaloids (vincristine and vinblastine) upon Ni (50, 100, and 150 mg kg�1) exposure in
Catharanth roseus [122]. Toxic level of Ni (0.5 mM) impacts on Brasicca napus also suggested that
application of SA decreased the leaves’ toxicity symptoms (chlorosis, necrosis, etc.) and
improved growth and survival [123]. Recently a combined effect of metals (Co, Ni, Cd, Cr, and
Pb) (0.25 M) on B. oleracea var. botrytis has been investigated. It has been found that SA alleviated
all the toxic effects of metals except for Cr. In the case of Cr, SA accelerated the toxic effects and
the plant died [135]. Improved CO2 fixation, RuBPC activity, and chl content were found in Cd
(0.5, 1, 2, and 5 μM) stressed P. sativum when supplied with exogenous SA.

3.5. Ozone and ultraviolet radiation

Due to the gradual increase in atmospheric ozone (O3) concentration, it has become a major
threat for plant species mainly because of its pollutant and photochemical oxidant affects [139].
Significant crop losses due to O3 damage is predicted to be increased by 25% in background O3
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concentration over the next 30–50 years [140]. High concentrations of ozone induce oxidative
stress, which activates programmed cell death and significantly inhibits plant growth, causing
plant death and loss of quality [141]. It is the most noteworthy atmospheric pollutant in terms
of phytotoxicity. It is to be noted that in the concentration of O3 has been decreased by 5% in
the past 50 years due to the release of anthropogenic pollutants and, a larger proportion of the
UV radiation (especially (UV-B) spectrum reaches the Earth’s surface [142]. Although sunlight
plays an integral role in harvesting light energy through photosynthesis, high light, especially
ultraviolet (UV) radiation, resulted in stress to plants, which include damage to DNA, pro-
teins, and other cellular components [143]. This episode is unavoidable as 7% of the electro-
magnetic radiation emitted from the sun is in the UV range (200–400 nm). UV radiation also
leads to oxidative stress by photooxidation and excess generation of ROS [84]. To cope up the
adverse effects of both O3 and UV radiation needs some adaptive mechanisms. In few plant
species, SA was found to take part in enhancing the tolerance to O3 and UV radiation mainly
by enhancing antioxidant defense and improving plant growth.

In A. thaliana, UV-C light stress activated the transition to flowering through SA. SA could
regulate the time of flowering by inducing photoperiod and autonomous pathways which are
evident by late flowering in SA-deficient plants. While investigating the genes responsible for
flowering induction viz. constans (CO), flowering locus T (FT), suppressor of overexpression of
constans 1 (SOC1), and flowering locus C (FLC) it was observed that the expression of CO, FT,
and SOC1 transcripts decreased to around 50% in long day-grown SA-deficient plants when
compared to contron plants [54]. In short day plants, only the levels of FT transcripts were
reduced compared to CO. Thus, it indicated that SA might play important role in flowering
under UV radiation [54]. The effect of UV was investigated (UV-A: 320–390 nm, UV-B: 312 nm,
and UV-C: 254 nm radiation with a density of 6.1, 5.8, and 5.7 W m�2) on Capsicum annuum
plants and found that activities of antioxidant enzymes were enhanced in leaves in response to
UV-B and UV-C radiation. Moreover, SA treatment showed further enhancement in the activ-
ities of POD, APX, CAT, and GR while some other enzymes were modulated [55]. In another
report, a clear decline was reported in photosynthetic pigments (chl a, chl b, and carotenoid)
under UV-A, UV-B, and UV-C, while a foliar spray of SA recovered this decline. The level of
anthocyanins, flavonoids, and rutin in SA-treated plants was also higher than in a UV-exposed
plant grown without SA [56]. V. radiata, exposed to UV-B radiation (ambient+4–8kJ m�2)
showed declined growth, photosynthetic pigments and photosynthesis (Fv/Fm and qP except
NPQ) which were accompanied by significant decrease in SA level [57]. UV radiation also
causes overproduction of ROS and concomitantly damaging effects on lipids, proteins, and
membrane stability. However, SA pretreatment significantly alleviated the adverse effects.
They also revealed that UV-B altered SA biosynthesis and SA-pretreatment might act as a
signal that reduces oxidative stress by triggering upregulation of antioxidant defense and
subsequent improvement of growth and photosynthesis [57]. In Satureja hortensis, both UV-B
and UV-C exhibited decreased plant growth (plant height, root length, shoot DW, and leaf
area), node number, internode distance and chl content, while stem diameter, leaf thickness,
flavonoid content, phenolic content, and antioxidant activity were increased [58]. The increase
in secondary metabolite such as flavonoid content, phenolics might be able to protect cells
against free radicals but this level was not well enough under severe stress. On the other hand,
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plants treated with 1 mM SA exhibited higher growth and improved physiology compared to
nontreated one and subsequently showed better appearance under UV radiation [58].

4. Salicylic acid and ROS detoxification

Salicylic acid is the most studied phytohormone regarding its role in oxidative stress. Due to its
multifarious actions, it has been found very effective in detoxifying ROS in plant cells (Figure 2).
According to Janda and Ruelland [144], SA-induced tolerance to abiotic stresses such as chilling,
heat, heavy metals, osmotic stress, and salinity is involved in activation of the stress-induced
antioxidant system. It has been demonstrated that SA could significantly improve both photo-
synthesis parameters and antioxidant defense system in conferring salt stress tolerance in V.
radiata [17]. In O. sativa, exogenous SA significantly reduced the oxidative burst by reducing
H2O2 and O2

•� contents under herbicide exposure which was mainly due to the SA-mediated
upregulation of antioxidant defense enzymes (SOD, POD, CAT, APX, GR, and GST) and efficient
GSH pool. The positive role of SA is mostly dependent on their dose and application methods
[145]. Other study also proved that SA-mediated antioxidative defense system was dependent
on the concentration used and the method of application [146]. In T. aestivum, 0.25 mM SA
resulted in marked increase in the antioxidant enzyme activities (SOD, CAT, POD, GPX, APX,
and GR), while the treatment with 2.5 mM SA resulted in a decrease in the activities under water
stress [146]. A lower dose of SA also maintains higher AsA pool which in turns significantly
scavenged the ROS. This ROS detoxification induced by SA also associated with improved
photosystem II (PSII) efficiency. Belkadhi et al. [147] showed that Linum usitatissimum plants
showed a lower amount of lipid and protein oxidation and membrane oxidation under Cd stress
when pretreated with SA. This protection was availed by the enhanced activities of SOD, GPX,
and APX as well as the 2,20-diphenyl-1-picrylhydrazyl (DPPH) scavenging activity and ferric-
reducing antioxidant power (FRAP). Increases in MDHAR, DHAR, GR, GPX, and CATactivities
53, 64, 49, 82, and 65%were noticed in PEG-treated B. juncea seedlings when sprayed with 50 μM
SA [44]. SA-induced upregulation of antioxidant enzymes caused 32 and 26% decrease in MDA
and H2O2 content compared to drought (20% PEG, 48 h) alone. One of our research results
showed that exogenous SA enhanced the activities of antioxidant enzymes and nonenzymatic
antioxidants under salt stress (200 mM NaCl, 48 h). Compared to salt stress alone, NaCl + SA
resulted in 41, 107, 25, 37, 44, and 59% increases in MDHAR, DHAR, GR, GST, GPX, and CAT
activities [40]. Salicylic acid supplementation also increased AsA and GSH content by 48 and
39%, respectively and enhanced GSH/GSSG ratio by 47% compared to salt stress alone. As a
result, MDA and H2O2 contents decreased by 39 and 31% [40]. In Nitraria tangutorum SA
mitigated salt-induced oxidative stress (evidenced by a marked reduction in MDA and H2O2

content) by upregulating the activities of SOD, POD, and CAT. The content of MDA in the 1.5
mM SA treated seedlings under 100–400 mM NaCl treatments declined to 2.27–3.59 fold of the
control which was a clear sign of the reduction of oxidative stress [148]. However, some of the
enzymes like APX activity was inhibited at higher concentrations (1.0 and 1.5 mM) of SAMDA
content was measured with 1.5 mM SA applied, and the contents of MDA in the leaves of SA-
treated seedlings under 100–400 mM NaCl treatments declined to only 2.27–3.59 fold of the
control.
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5. Interaction of SAwith other signaling molecules

Salicylic acid not only exerts its positive effect independently but also interacts with other
signaling molecules, phytohormones, and other phytoprotectants. These interactions show
different signaling events and ultimate protection to plants from stress-induced damages
(Figure 3). In grapevines, Wang and Li [102] showed improved Ca2+ homeostasis and associ-
ated antioxidant defenses under heat and cold stress-regulated by SA. When plants were
treated with exogenous SA, they showed enhanced PM-Ca2+ATPases and V-Ca2+ ATPases
activities. Moreover, Ca2+ precipitates were shown on the inner side of the plasma membrane,
and less were in intercellular spaces and the vacuole. However, in SA treated plants Ca2+

precipitates were in vacuoles, and few were on the inner side of the plasma membrane. Ca2+

precipitates in chloroplasts were bigger even after heat or cold stress. Importantly, SA treat-
ment caused enhancement of the activities of APX, GR, and MDHAR, which efficiently
reduced the lipid peroxidation and relative EL (REL), which concluded that exogenous SA
could mitigate oxidative stress by maintaining Ca2+ homeostasis under extreme temperature
stress [102]. In O. sativa, Wang et al. [145] reported that SA treatment downregulated ABA
genes more in cultivar XS 134, which correlated with the enhanced tolerance to quinclorac-
induced oxidative stress. Application of SA had obvious effects on all of the ABA-related genes
and inhibited the expression of OsABA8ox1, OsABA8ox2, OsABA8ox3, OsNCED1, OsNCED2,
and OsNCED3 as compared to quinclorac stress alone. Since overproduction of ABA and ROS
is highly associated this downregulation protected the plants from herbicide-induced dam-
ages. Wang et al. [145] also reported SA-induced inhibition of ABA synthesizing enzymes.
Leslie and Romani [149] reported that SA inhibited ethylene formation which triggered bio-
synthesis of ABA under stress conditions [150]. In the adventitious roots of Panax ginseng, SA-
induced enhancement of the activities of NADPH oxidase, SOD, CAT, POD, and APX was
evident while no significant effect on AsA and GSH content were observed [151]. These effects
were mostly NO-dependent and it was also observed that SA-induced the generation of NO.
They revealed that at lower concentration (100 μM) SA was highly effective in inducing the

Figure 3. Interaction of SAwith other signaling molecules to elicit defense responses in plants.
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accumulation of NO, O2
•� and it took part in stress signaling. Interactive effects of SA and NO

were studied in mitigating osmotic stress (�0.4 MPa) in T. aestivum. It was observed that
osmotic stress induced chl degradation and membrane instability, and H2O2 generation and
lipid peroxidation were effectively reduced by exogenous application of SA or SNP, which was
associated with the enhancement of antioxidant defense. However, pretreatment of plants with
methylene blue (MB; as a guanylate cyclase inhibitor) reversed or reduced the protective
effects of SA and SNP suggesting that the protective effects were likely attributed to NO
signaling. They also concluded that NO may act as downstream of SA signaling in the reduc-
tion of induced oxidative damage [152]. SA-mediated H2O2 signaling and subsequent Cd
stress tolerance was revealed in L. usitatissimum [147]. Seedlings pretreated with 250 or 1000
μM SA resulted in enhanced production of H2O2 because of inhibited CAT activity. Although
the control plants with SA pretreatment showed significant (1.2 fold) increase in H2O2, this
level is remarkably lower when compared with Cd alone and Cd+SA. These results indicated
that SA could regulate the Cd-induced oxidative stress because Cd-treated seedlings primed
with SA exhibited a higher level of total antioxidant capacities and increased activities of
H2O2-detoxifying enzymes [147]. Exogenous SA application was found to activate GSH syn-
thesis in B. juncea and B. napus and showed enhanced protection against drought- and salt-
induced oxidative damages [44, 40].

6. Conclusions and perspectives

Salicylic acid plays an important role in the regulation of growth and physiology in relation to
the abiotic stress responses of plants. The SAwas found to be effective in the different form of
application foliar spray/incorporation with growing media depending upon plant species. The
low concentration of SA showed advantageous effects in abiotic stress tolerance of plants. In
contrast, the high concentration of SA showed toxic effects. Thus, both the concentration and
application method of SA are critical to obtaining its best effect on different plant species. In
the biosynthesis pathway of SA, there are unknown steps and enzymes which should be
discovered. The catabolism and the further fate of transformed product of SA are not known
clearly. How SA interacts and being regulated by the cross-talk in harmony with other phyto-
hormones and plant growth regulators working (auxins, cytokinins, gibberellins, ethylene,
jasmonates, brassinosteroids, etc.) and other signaling molecules (NO, H2O2) were not studied
extensively. SA-mediated defense networks and insights into the cross-talk of SA with other
defense-signaling pathways should be revealed. An integrated approach combining the
knowledge of genetics, molecular biology, biochemistry, genomics, and bioinformatics tech-
niques is a useful tool to study the functioning of SA in plants. Clear understanding of the
biosynthesis and catabolic pathway and other unanswered question are vital to exploit SA as a
potent phytoprotectant molecule to improve abiotic stress tolerances.
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4-HBA 4-hydroxybenzoic acid

ABA Abscisic acid

APX Ascorbate peroxiddase

AsA Ascorbate/ascorbic acid

BA2H Benzoicacid-2-hydroxylase

CAT Catalase

chl Chlorophyll

Ci Intercellular CO2 concentration

DAS Days after sowing

DHA Dehydroascorbate

DHAR Dehydroascorbate reductase

DPPH 2,20-diphenyl-1-picrylhydrazyl

DW Dry weight

EL Electrolyte leakage

FRAP Ferric reducing antioxidant power

FW Fresh weight

GB Glycinebetaine

Gly I Glyoxalase I

Gly II Glyoxalase II

GO Glycolate oxidase

GR Glutathione reductase

gs Substomatal conductance

GSH Reduced glutathione

GSSG Oxidized glutathione

GST Glutathione S-tranferase
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HSPs Heat shock proteins

HT High temperature

IC Isochorismate

ICS Isochorismate synthase

IPL Isochorismate pyruvate lyase

LOX Lipoxygenase

LT Low temperature

MAPK Mitogen-activated protein kinase

MB Methylene blue

MDA Malondialdehyde

MDHAR Monodehydroascorbate reductase

MeSA Methyl salicylate

MSI Membrane stability index

NADH Nicotinamide adenine dinucleotide phosphate

NO Nitric oxide

PAL Phenylalanine ammonia-lyase

PEG Polyethylene glycol

Pn Net photosynthesis

POD Peroxidase

POX Peroxidases

Pro Proline

ROS Reactive oxygen species

RWC Relative water content

SA Salicylic acid

SA-Asp Salicyloyl-L-aspartic acid

SAG Salicylic acid 2-O-β-glucoside

SAT Serine acetyl transferase

SGE Salicyloyl glucose ester

SNP Sodium nitroprusside

SOD Superoxide dismutase

TBARS Thiobarbituric acid reactive substances

Tr Transpiration rate

TSS Total soluble solid

WUE Water use efficiency
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Abstract

Seed dormancy is one of the most important adaptive mechanisms in plants, which pro‐
tects seeds from precocious germination in the presence of the inappropriate conditions 
for growth continuation. Numerous environmental and molecular signals regulate seed 
dormancy. Maintenance or release of seed dormancy is dependent on light, temperature, 
and water availability. Precise response of seeds to environmental factors is mediated by 
different phytohormonal pathways. ABA is considered as a main phytohormone regulat‐
ing seed dormancy induction and maintenance. ABA‐ and GA‐responsive components, 
ensure crosstalk between the GA and ABA pathways and enable seed response adequate 
to the environment. Phytohormonal regulation mechanism of seed dormancy is similar 
in dicot and monocot plants. Recently, it is suggested that other phytohormones, such as 
auxin, jasmonates, brassinosteroids, and ethylene, also take part in seed dormancy regu‐
lation. Auxin regulators, enhance ABA action and positively influence seed dormancy. 
However, jasmonates, brassinosteroids, and ethylene reduce seed dormancy level. Here, 
we describe recent advances in understanding the complex process of seed dormancy 
regulated by many phytohormonal pathways and their components. Seed dormancy 
studies can help obtain crop varieties producing seeds with the most desirable timing 
of germination.

Keywords: seed dormancy, germination, abscisic acid, gibberellic acid, phytohormone 
crosstalk
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1. Introduction

Seed dormancy is defined as the inability of seeds to germinate under favorable conditions. 
The quiescent stage of seeds enables their survival during the adverse period for further 
seedling development. The high level of seed dormancy is considered as a negative trait due 
to germination retardation and reduction in the length of the growing season. On the other 
hand, low level of seed dormancy leads to preharvest sprouting (PHS) and yield loss. Thus, 
the varieties with medium value of seed dormancy are the most desirable [1–4]. Seed dor‐
mancy is considered as a quantitative trait under the control of the genetic and environmen‐
tal signals. The primary dormancy is induced during seed maturation, and its expression 
occurs mainly in freshly harvested seeds in order to prevent precocious seed germination. 
After‐ripening, which is dry seeds’ storage at room temperature, can reduce primary seed 
dormancy [1]. The secondary dormancy can be induced in the presence of unfavorable con‐
ditions even in initially nondormant seeds [5–7]. Environmental conditions such as cold or 
heat temperature (stratification), light, nitrate (NO3−), and nitric oxide (NO) can break the 
dormancy stage [1, 3, 6, 8, 9]. The level of seed dormancy depends on the season of a year. 
Deep dormancy is associated with sensing slow seasonal changes in winter. Shallow dor‐
mancy senses rapid condition changes in summer [10].

Induction and release of seed dormancy is mainly under the control of abscisic acid (ABA) and 
gibberellic acid (GA). ABA promotes seed dormancy and germination inhibition. Action of ABA 
is counteracted by GA, which promotes seed germination at appropriate time. The balance 
between ABA and GA is regulated by environmental conditions (light, temperature) and endog‐
enous signals [4, 6, 7, 11]. Other phytohormones, such as auxin, brassinosteroids, and ethylene, 
modulate the interaction between ABA and GA in the regulation of seed dormancy [2, 4, 12].

Seed dormancy in cereals is established during seed development; however, the time of seed 
dormancy release can be different. Some varieties loose dormancy when the harvest maturity 
is reached. There are also varieties ready for germination after seed physiological maturity 
(fully developed, but not dried seeds). In cereals, such as barley (Hordeum vulgare), wheat 
(Triticum aestivum), and sorghum (Sorghum bicolor), the switch between physiological and har‐
vest maturity is related to ABA decrease [7].

Here, we discuss the genetic and molecular bases of seed dormancy entrance and breaking 
in Arabidopsis and monocot plants, considering the action of components belonging to ABA, 
GA, and other phytohormone pathways. Additionally, the influence of environmental cues 
on ABA‐ and GA‐related genes is described.

2. Role of ABA metabolism and signaling in maintaining seed  
dormancy

ABA is considered as a crucial phytohormone for seed dormancy establishment and main‐
tenance. Many of the ABA metabolism‐ and signaling‐related genes play a crucial role in the 
control of seed dormancy.
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2.1. ABA biosynthesis and catabolism activity in the regulation of seed dormancy

ABA produced in the embryo is fundamental for the promotion of seed dormancy. ABA syn‐
thesized in maternal tissues or ABA applied externally is not able to induce seed dormancy 
[13]. However, Kanno et al. [14] showed that ABA produced by maternal tissues can be trans‐
ported to the embryo in order to take part in seed dormancy induction. ABA biosynthesis is 
catalyzed in several steps, and the rate‐limiting reaction is mediated by carotenoid cleavage 
dioxygenase (NCED) [15, 16].

Many ABA biosynthesis genes are implicated in the regulation of seed dormancy in 
Arabidopsis. NCED6 and NCED9 are considered as the key ABA biosynthesis genes for 
induction of seed dormancy. They are expressed specifically during seed development. 
Double mutant nced6/nced9 shows reduced seed dormancy [17]. Additionally, overexpres‐
sion of NCED6 results in an increase in the ABA content in seeds and in the inhibition of pre‐
cocious germination [18]. NCED5 is also described as a seed dormancy regulator (Figure 1) 
[19]. Other enzymes necessary for ABA biosynthesis and seed dormancy are encoded by 
ABA deficient 2 (ABA2) and abscisic aldehyde oxidase 3 (AAO3). aba2‐2 and aao3 mutants show 
a reduced ABA content and similar disorders in seed dormancy as nced6/nced9 (Figure 1) 
[14, 20]. ABA level in seeds depends also on degradation process. The catabolism of ABA 
is mediated by ABA8’hydroxylase encoded by cytochrome P450 (CYP707A) genes [15, 16]. 
The activity of CYP707A genes is related to the loss of seed dormancy. CYP707a mutants 
show higher level of seed dormancy than the wild type (WT), especially the CYP707A2. The 
expression of CYP707A2 is induced in seeds during imbibition. Furthermore, CYP707A2 
activity and after‐ripening show a positive relationship. Therefore, CYP707A2 is proposed 
to be responsible mainly for ABA degradation during release of seed dormancy and the ger‐
mination process (Figure 1) [21, 22]. The other CYP707A genes, CYP707A1 and CYP707A3, 
also take part in ABA catabolism in seeds; however, their role in breaking dormancy is 
minor [22, 23].

The regulation of ABA metabolism genes plays also a very important role in seed dor‐
mancy of monocot plants. In rice (Oryza sativa), the expression of OsNCED2 is activated 
at the early or the late stage of seed development, in dormant and nondormant cultivars, 
respectively. The different times of ABA biosynthesis in seeds could result in a high or low 
dormancy level [24]. In barley, the expression pattern of HvNCED genes in developing 
grains shows the higher level of HvNCED2 transcript in comparison to HvNCED1 [25–27]. 
Moreover, HvNCED2 activation in the field is independent of weather conditions, in con‐
trary to HvNCED1 and HvABA8’OH1/HvCYP707A1. On the other hand, the induction of 
HvABA8’OH1 expression occurs in after‐ripened seeds, but not in the dormant seeds during 
imbibition. Thus HvNCED2 seems to play a more significant role in ABA biosynthesis and in 
the preventing of preharvest sprouting than HvNCED1. Furthermore, HvABA8’OH1 activity 
mediates dormancy breaking [25].

Barley seed dormancy is associated with the presence of glumellae (lemma and palea). It was 
shown that dehulled grains have no induction of HvNCED1, HvNCED2, and HvABA8’OH1 
genes. The contrary reaction was observed in whole, dormant grains [28]. The induction of 
secondary dormancy in barley is also dependent on ABA metabolism genes. While HvNCED1 
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shows higher activation at 30°C, the transfer of grains to 20°C is associated with HvNCED2 and 
HvABA8’OH1 induction. Probably, the expression of secondary dormancy depends mostly on 
HvNCED2, whereas the promotion of HvABA8’OH1 may be a response to immediate increase 
in the ABA level in seeds [26]. HvNCED2 is also mostly expressed during hypoxia‐related 
seed dormancy [29]. The after‐ripening process is associated with the increased expression 
of HvABA8’OH1 in coleorhizae [30–32]. The barley lines with silenced HvABA8’OH1 expres‐
sion show the increased ABA accumulation and seed dormancy level [31]. In Brachypodium 

Figure 1. Probable function of ABA‐related genes in seed dormancy promotion. Seed dormancy is positively regulated by 
ABA biosynthesis genes: carotenoid cleavage dioxygenase 2 (NCED2), NCED3, NCED5, NCED6, NCED9, ABA2 ABA deficient 
2 (ABA2), and abscisic aldehyde oxidase 3 (AAO3). Genes encoding ABA‐related transcription factors, ABA insensitive 3 
(ABI3), ABI4, and ABI5, also promote seed dormancy. HONSU (HON) is a positive regulator of seed dormancy, but it 
represses ABA signaling. ABA catabolism genes, cytochrome P450 (CYP707A1) and CYP707A2, are responsible for seed 
dormancy release. Other regulators like, lysinespecific demethylase 1 (LDL1), LDL2, kryptonite/SU(VAR)3‐9 homolog 4 (KYP/
SUVH4), proteolysis6 (PRT6) negatively regulates the ABA pathway and seed dormancy. ABI4 modulates the expression 
of ABA biosynthesis genes (NCED2, NCED3) probably via CHOTTO1 (CHO1) and ABA catabolism genes (CYP707A1, 
CYP707A2).
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distachyon, the higher expression of BdNCED1 was observed in dormant grains in comparison 
to after‐ripened grains. Contrarily, after ripening promoted the induction of BdABA8’OH‐1 at 
the second day of imbibition. Probably, BdABA8’OH‐1 plays a prominent role in the after‐rip‐
ening process [33].

2.2. Regulation of seed dormancy via ABA signaling components

The core ABA signaling is mediated by pyrabactin resistance proteins/PYR‐like proteins/regu‐
latory components of ABA receptor (PYR/PYL/RCAR), phosphatase 2C (PP2C), SNF1‐related  
protein kinase 2 (SnRK2), and abscisic acid responsive elements‐binding factor (AREB) basic 
leucine zipper (bZIP) transcription factors [34–36]. In Arabidopsis, ABA signaling genes are 
also implicated in seed dormancy regulation. ABA insensitive 1 (ABI1) encodes PP2C phos‐
phatase, which acts as the negative regulator of ABA signaling [37]. abi1 was described as the 
mutant with decreased seed dormancy level and better germination in the presence of ABA 
[38]. The other PP2C phosphatase, HONSU (HON), also represses ABA signaling, specifically 
in seeds. However, its role in seed dormancy is inconclusive. HON expression is associated 
with both, dormancy establishment and release (Figure 1) [39]. ABI genes, such as ABI3, ABI4, 
and ABI5 encode crucial ABA‐dependent transcription factors expressed in seeds. Expression 
of ABI3, ABI4, and ABI5 is higher in dormant seeds than in seeds with reduced seed dormancy 
level (Figure 1) [40–42]. Among ABI genes, ABI3 is the most substantial for seed dormancy 
establishment. ABI3 is expressed in developing seeds. It regulates the accumulation of chlo‐
rophyll, anthocyanins, and storage proteins together with two other seed‐related regulators, 
FUSCA3 (FUS3) and leafy cotyledon 1 (LEC1) [43, 44]. abi3 mutant shows no seed dormancy, 
and immature seeds are able to germinate [45]. ABI3 is under direct regulation of WRKY 
DNA‐binding protein 41 (WRKY41) during the establishment of primary seed dormancy. 
WRKY41 binds directly to ABI3 promoter and induces its expression [46].

ABI4 is another ABA‐activated transcription factor with APETALA 2 (AP2) domain, 
expressed in seeds. It takes part in the regulation of abiotic stress responses and different 
aspects of plant development [47]. abi4 mutant germinates faster than the wild type without 
stratification. The expression analysis showed decreased activation of NCED2 and NCED3 in 
abi4 seeds. Moreover, ABI4 binds to CYP707A1 and CYP707A2 promoters and represses their 
expression. It indicates the important role of ABI4 in seed dormancy maintenance (Figure 1) 
[41]. It is worth noting that ABI4, NCED2, and NCED6 are under positive regulation of a 
common ABA‐dependent regulator, myeloblastosis 96 (MYB96). The activation of NCED2 
and NCED6 ensures ABA biosynthesis and seed dormancy promotion, whereas ABI4 induc‐
tion inhibits lipid breakdown and further seed germination [48]. One of the downstream tar‐
get of ABI4 is CHO1 (CHOTTO 1), encoding a transcription factor with double AP2 domain. 
CHO1 acts also as a positive regulator of primary seed dormancy (Figure 1) [49, 50]. ABI5 is 
a bZIP transcription factor regulating ABA signaling in seeds [42]. The role of ABI5 in seed 
dormancy regulation is not clear. abi5 mutant shows a normal dormancy level [51]. However, 
many studies described below showed a distinct relationship between ABI5 and seed dor‐
mancy [40, 52–54].
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In monocot plants, the activation of ABA signaling is also associated with seed dormancy. The 
maize (Zea mays) ortholog of ABI3, the viviparous 1 (VP1), is a crucial regulator of seed dormancy. 
vp1 mutant shows premature embryo germination (vivipary) and reduced ABA sensitivity [55]. 
The overexpression of maize VP1 in wheat induces increased seed dormancy and prevents pre‐
harvest sprouting [56]. Some rice varieties produce truncated versions of OsVP1 transcript. There 
is a relation between incorrect transcripts’ amount and preharvest sprouting. This phenomenon 
is associated with developmental stage: immature embryos accumulate a higher number of 
truncated transcripts than mature embryos [57]. Another gene, the seed dormancy 4 (SDR4) is a 
rice quantitative trait locus (QTL) responsible for seed dormancy promotion in ABA‐dependent 
manner. The japonica varieties have reduced dormancy and possess only SDR4‐n allele, whereas 
more dormant varieties of indica type include SDR4‐n and SDR4‐k alleles. OsVP1 was shown 
to positively promote SDR4 expression [58]. Other ABA‐related genes also take part in seed 
dormancy maintenance. Expression analysis of sorghum grains with various dormancy level 
identified a set of differentially regulated ABA signaling genes. A dormant inbred line of sor‐
ghum showed increased expression of SbABA‐responsive protein kinase (SbPKABA1.1), SbABI1, 
SbVP1, SbABI4, and SbABI5 during grain imbibition. However, no induction of these genes in a 
nondormant inbred line was observed [59]. In barley, dormancy expression is associated with 
increased induction of HvPKABA, HvVP1, and HvABI5 [28]. Probably, the general ABA‐related 
mechanism of seed dormancy induction is similar in dicots and monocots.

2.3. Environmental cues and epigenetic modifications in the regulation of the ABA 
pathway

The expression of Arabidopsis ABA metabolism and signaling genes is regulated through 
environmental factors. The red (R) light pulse irradiation applied to the far‐red (FR) light 
pulse pretreated, dark‐imbibed seeds inhibits and induces the expression of NCED6 and 
CYP707A2, respectively. It suggests that the ABA metabolism genes are under the control of 
PHYB (phytochrome B), which regulates germination in response to FR and R pulse light [60]. 
On the other hand, the blue light has a negative impact on the germination of dormant grains 
in cereals. The blue light–associated secondary dormancy induces HvNCED1 and HvNCED2 
and weakly reduces HvABA8’OH‐1 expression in grains [61]. The activation of HvNCED1 
is under the regulation of phytochrome photoreceptor, cryptochrome 1 (HvCRY1). It indi‐
cates that ABA biosynthesis and catabolism take part in blue light–dependent regulation of 
seed dormancy [62, 63]. The temperature and NO also exert an impact on ABA pathway in 
Arabidopsis seeds. The high temperature promotes the expression of ABA biosynthesis genes 
in imbibed seeds, whereas NO positively regulates ABA signaling during seed dormancy 
breaking [52, 64]. NO action may be associated with N‐end rule pathway, leading to degrada‐
tion of proteins with destabilizing amino acid residues. NO and oxygen are sensed by N‐end 
rule pathway with the participation of many protein regulators [65]. The components of N‐
end rule pathway, proteolysis 6 (PRT6) and arginyl‐tRNA:protein arginyltransferase (ATE), 
regulate after‐ripening, inhibit ABA signaling, and finally promote seed germination. PRT6 is 
E3 ligase promoting protein degradation via 26S proteasome. Some PRT6 substrates belong 
to the ABA pathway. As a result, ABA signaling is inhibited, and the activation of ABI3 and 
ABI5 is detained (Figure 1) [52].
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The ABA metabolism and signaling genes are also regulated at epigenetic level during the 
establishment of seed dormancy. Kryptonite/SU(VAR) 3‐9 homolog 4 (KYP/SUVH4) is respon‐
sible for histone H3 lysine 9 dimethylation. Repression of ABI3 by KYP/SUVH4 is required to 
release seed dormancy (Figure 1) [66]. Moreover, the expression of ABA2, ABI3, and ABI5 is 
downregulated through the action of two histone demethylases, lysinespecific demethylases 
1 and 2 (LDL1 and LDL2). Thus, the activity of LDL1 and LDL2 ensures decrease in primary 
seed dormancy via negative regulation of ABA response (Figure 1) [67].

3. Gibberellins‐mediated control of seed dormancy release and 
germination

A high level of gibberellins (GA) is needed for the counteraction of ABA activity in seeds. GA 
promotes seed dormancy release and radical protrusion during seed germination. The acti‐
vation of GA‐responsive genes induces cell wall–remodeling enzymes, such as endo‐β‐man‐
nase, xyloglucan endotransglycolase, expansin, and β‐1,3‐mannase. Their activity leads to 
the weakening of the embryo‐surrounding layers. Additionally, GA ensures the high‐growth 
potential of the embryo [68].

3.1. Role of GA metabolism in seed dormancy break

GA biosynthesis takes place mainly in the radicle of the embryo, which in turn ensures ger‐
mination progression [69]. Arabidopsis seed germination is associated with the regulation of 
GA metabolism genes. The highest expression of GA‐biosynthesis genes, gibberellin 3‐oxidase 
1 (GA3ox1), GA20ox3, and ENT‐kaurene oxidase 1 (KO1), was shown during the first 8 hours of 
imbibition [68]. The crucial role of GA in the breaking of seed dormancy was presented using 
a ga requiring 1 (ga1) mutant in GA biosynthesis gene, CPP synthase (CPS). Interestingly, ga1 
capacity to germinate was renewed after removing testa and endosperm, without exogenous 
GA application. It was concluded that dormancy release and germination promotion was 
dependent on GA‐ABA balance in the embryo and the embryo‐surrounding layers of the 
seed [70]. The environmental factors, such as light and temperature, interact with GA bio‐
synthesis and signaling, which in turn promotes seed germination. The expression of GA3ox1 
is activated by red light and cold. Additionally, the low temperature determines the GA3ox1 
expression localization in the embryonic axis and the aleurone layer [71, 72]. Contrarily, low 
temperature represses the expression of GA catabolism gene, GA2ox2 [71]. Two bHLH (basic 
helix‐loop‐helix) transcription factors, spatula (SPT) and phytochrome interacting factor 3‐
like 5 (PIL5), regulate seed germination after cold stratification, including GA biosynthesis 
pathway. SPT represses germination before stratification, whereas PIL5 also acts as an inhibi‐
tor of germination, but after cold stratification in darkness. Both, SPT and PIL5, act through 
negative regulation of GA3ox1 and GA3ox2 [73]. Another transcription factor, DOF affect‐
ing germination1 (DAG1) was found to mediate PIL5 negative regulation of GA3ox1. PIL5 
promotes the expression of DAG1 in darkness. Furthermore, DAG1 protein binds directly to 
GA3ox1 promoter, inhibits its expression, and blocks germination [74]. Contrary to cold, high 
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temperature represses the expression of GA20ox1, GA20ox2, GA20ox3, GA3ox1, and GA3ox2 
during seed imbibition and blocks germination [64]. Similar to ABA‐related genes, the expres‐
sion of GA metabolism genes is regulated seasonally. GA3ox2 activation is associated with 
summer, whereas GA2ox2 is expressed in winter [10].

In barley and wheat, the expression of GA biosynthesis genes occurs during imbibition of 
nondormant seeds [31, 72]. The rapid increase in HvGA3ox2 involved in GA biosynthesis 
was observed in the after‐ripened grains during imbibition. The high expression level of 
HvGA3ox2 is associated with HvGA2ox2 activation [31]. The hypoxia‐related secondary dor‐
mancy in barley is associated with the modulation of the GA pathway. Low oxygen con‐
centration causes induction of HvGA2ox3 and repression of HvGA3ox1 and HvGA20ox1 in 
dormant grains. The activity of GA‐responsive gene, HvEXPANSIN11 (HvEXPA11), is also 
repressed [29]. Similar reaction was observed during seed dormancy imposed by blue light. 
The negative regulation of the GA pathway occurred through the promotion of HvGA2ox3 
and HvGA2ox5 and the repression of HvGA3ox2 [61]. The relationship between the expres‐
sion of GA metabolism genes and the induction of secondary dormancy at 30°C was also 
shown; however, the particular expression pattern depended on the embryo water content 
in barley. The embryo with high‐water content (1.60–1.87 g H2O g−1 DW) shows the higher 
expression of GA catabolism and signaling genes than the embryo with lower water content 
(0.45 g H2O g−1 DW) [75].

GA metabolism genes are involved in seed dormancy regulation in other monocot spe‐
cies. In wheat, after‐ripening causes induction of GA20ox1 and GA3ox2 [72]. The regulation 
of expression of GA synthesis and catabolism genes is more complex in rice. OsGA20ox1, 
OsGA2ox5, and OsGA2ox6 expression pattern showed higher variability in a nondormant 
than in a dormant variety during seed development. Furthermore, the dormant variety 
accumulated less‐active GA in seeds in comparison to the nondormant variety. It resulted 
in appropriate dormancy phenotype of analyzed cultivars [24]. Similar analysis was con‐
ducted in terms of immature grains of sorghum inbred lines with contrasting dormancy 
level. Higher expression of SbGA20ox1 and SbGA20ox3 was observed for a less‐dormant line, 
whereas a strong induction of SbGA2ox1 and SbGA2ox3 was found in the line with higher 
dormancy [76]. To summarize, a proper regulation of GA biosynthesis and catabolism genes 
ensures the regulation of seed dormancy dependent on environmental conditions, both in 
dicot and monocot plants.

3.2. Action of GA signaling components in seed dormancy regulation

In Arabidopsis, GA signaling is mediated by GA insensitive dwarf1 (GID1) receptor. 
Overexpression of GID1 promotes the release of seed dormancy. The impact of cold strat‐
ification and after ripening on GID1 expression showed that imbibition at 4°C promoted 
expression of three GID1 transcript forms: GID1a, GID1b, and GID1c, while after‐ripening 
storage induced only GID1b. Thus, both mechanisms of seed dormancy loss seem to be regu‐
lated differently [77]. In sorghum, exogenous GA represses SbGID1 in immature grains. It 
suggests the role of SbGID1 in negative feedback regulation of the GA pathway [76]. The 
sleepy1 (SLY1) is a F‐box protein which enables 26S proteasome‐mediated degradation of 
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DELLA proteins in the presence of active GA [78]. DELLA proteins act as repressors of GA 
signaling. sly1 mutant shows reduced germination, even after the application of exogenous 
GA. It indicates that SLY1 is the crucial regulator of seed germination [79]. Another mutant 
related to GA signaling, cts (comatose), maintains seed dormancy even after stratification or 
after ripening. CTS functions as a peroxisomal ABC transporter and seems to be crucial for 
seed dormancy release [80]. The proper regulation of DELLA proteins is crucial for seed 
germination. Simultaneous deactivation of repressor of GA (RGA), RGA‐like 1 (RGL1), RGL2, 
and gibberellic acid insensitive (GAI) results in insensitivity to GA and light during germina‐
tion. It indicates that DELLA proteins integrate environmental cues into GA signaling [81]. 
Among them, RGL2 seems to play a more important role in seed germination than other 
DELLAs. Thermoinhibition of seed germination demands activity of RGL2, which suggests 
its crucial role in the regulation of GA signaling in seeds [64]. Moreover, GID1 transcripts are 
under control of RGL2 during cold stratification and after ripening. The RGL2 can promote 
or inhibit GID1 expression according to a particular GID1 transcript form and surround‐
ing conditions during dormancy loss [77]. RGL2 activity associates with the regulation of 
shallow dormancy. Its expression is promoted during summer time [10]. Another negative 
regulator of GA signaling is spindly (SPY). The spy mutant demands the lower amount of 
GA to break seed dormancy and continue germination. SPY encodes O‐linked N‐acetylglu‐
cosamine (O‐GlcNAc) transferase which probably glycosylates components of GA signal‐
ing. SPY acts upstream of RGA through the modulation of its activity through O‐GlcNAc  
modification [82].

3.3. The role of essential seed dormancy regulator, DOG1, in GA pathway regulation

Delay of germination 1 (DOG1) is considered as the crucial, positive regulator of seed dor‐
mancy with unknown function. Expression of DOG1 is seed specific, and dog1 mutant shows 
disturbed seed dormancy in Arabidopsis [83]. Similar to ABA‐related genes, DOG1 is under 
negative epigenetic regulation mediated by KYP/SUVH4, LDL1, and LDL2, which as a result 
reduces primary dormancy [66, 67]. DOG1 expression is related to deep dormancy during 
winter season [10]. Recently, the role of DOG1 in temperature‐dependent coat dormancy 
through GA metabolism regulation was shown. DOG1 differently regulates the expression of 
GA biosynthesis genes, such as GA3ox1 and GA20ox, at 18 and 24°C. This leads to the inhibi‐
tion of genes encoding cell wall remodeling enzymes: expansin 2 (EXPA2), EXPA9, xyloglucan 
endo‐transglycosylase 19 (XTH19) but only at 24°C. Therefore, DOG1 regulates the appropriate 
time of germination according to environment temperature [84].

4. ABA and GA crosstalk during seed dormancy

The seed dormancy maintenance or release and further promotion of the seed germination 
process are regulated by ABA and GA balance [1, 2, 12]. ABA‐mediated repression of GA 
biosynthesis enables the positive regulation of seed dormancy [60]. Many molecular interac‐
tions between ABA and GA pathways enable precise regulation of seed response according 
to environmental conditions.
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4.1. Activity of ABA and GA metabolism genes ensures the ABA‐GA interaction

There is the relationship between ABA and GA biosynthesis in Arabidopsis. ABA‐deficient 
mutant, aba2‐2, shows the higher expression of GA3ox1 and GA3ox2 than the wild type [60, 
64]. Interestingly, AAO3 and ABA2 expression were detected in a radicle, whereas GA3ox2 in 
hypocotyl. It suggests that the places of ABA and GA biosynthesis are different in seeds [60]. 
aba2‐2 shows also the reduced expression of SPY during seed imbibition in the presence of 
high temperature. Therefore, the negative regulator of GA signaling, SPY, is under the posi‐
tive action of ABA (Figure 2) [64]. NCED9 negatively influences GA biosynthesis. The appli‐
cation of paclobutrazol, GA biosynthesis inhibitor, causes better germination of nced9 than 
the wild type. It is an evidence that ABA biosynthesis modulates GA pathway in seeds [85].

4.2. ABA‐GA crosstalk depends on ABI transcription factors and DELLA proteins in seeds

ABA and GA signaling components are involved in the ABA‐GA crosstalk in Arabidopsis 
seeds. ABI4 exerts action on GA biosynthesis genes. In abi4 mutant, the expression of GA3, 

Figure 2. Model for seed dormancy regulation by ABA‐GA crosstalk. ABA‐mediated promotion of seed dormancy and 
GA‐related release of seed dormancy are possible through ABA‐GA interactions. The seed dormancy regulator, mother 
of FT and TFL 1 (MFT1), is promoted by ABA insensitive 5 (ABI5) and RGA‐like 2 (RGL2), but ABI3 downregulates 
its expression. ABI5 and RGL2 positively regulate reciprocal expression. RGL2 also promotes XERICO and ABA 
biosynthesis. Repressor of GA biosynthesis, delay of germination 1 (DOG1), activates ABI3 and ABI5. GA biosynthesis 
is inhibited by spatula (SPT) and ABI4 via chotto1 (CHO1) activity. SPT also represses the expression of ABI4 and RGA 
repressor of GA (RGA) but promotes ABI5 and RGL3. Spindly (SPY), a negative regulator of GA signaling, is promoted by 
ABA. Modulation of ABA and GA responses also includes an epigenetic regulator, kryptonite/SU(VAR)3‐9 homolog 4 
(KYP/SUVH4).
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GA3ox1, GA20ox1, GA20ox2, GA20ox3, ENT‐kaurenoic acid oxydase 1 (KAO1), and KAO2 genes 
is upregulated in imbibed seeds. The abi4 seeds also accumulate more GA [41]. CHO1 acts 
downstream of ABI4 in seed dormancy regulation, and its activity leads to the repression 
of GA biosynthesis genes (Figure 2) [49]. RGL2 seems to be one of the most important GA‐
related component acting in ABA‐GA crosstalk in seeds. The positive interaction between 
RGL2 and ABA biosynthesis through XERICO was described (Figure 2) [86]. Moreover, RGL2 
and ABI5 positively regulate reciprocal expression during seed germination (Figure 2) [87]. 
Recently, the cooperation of NF‐YC transcription factor with RGL2 was identified during the 
regulation of ABI5 expression in seeds [88].

Coat‐mediated dormancy is also related to RGL2 action. RGL2 promotes ABA biosynthe‐
sis in endosperm, then coat‐derived ABA is released to the embryo, where it ensures the 
expression of ABI5 and in consequence germination inhibition [40]. ABA and GA signaling 
genes are under the control of the negative regulator of GA biosynthesis, SPATULA (SPT): 
ABI5 and RGL3 are promoted, whereas ABI4 and RGA are repressed by SPT. It suggests 
the universal role of SPT in seed dormancy induction and release through complex influ‐
ence on ABA and GA pathways (Figure 2) [89]. Induction of secondary dormancy through 
seed imbibition in darkness at 25°C is associated with changes in GA content and signal‐
ing. However, this process also includes positive action of RGL2 on ABI5. It suggests that 
ABA‐GA crosstalk is also important for entrance into secondary dormancy [90]. Epigenetic 
modifications are implicated in ABA‐GA interaction. KYP/SUVH4 is promoted by GA and 
repressed by ABA. Regarding the role of KYP/SUVH4 in the regulation of ABI3 and DOG1 
expression, this histone methylotransferase is also a part of ABA‐GA interaction (Figure 2) 
[66].

The interaction between ABI transcription factors and GA catabolism genes was described in 
monocot plants. In sorghum, SbABI4 and SbABI5 are able to bind with coupling element 1 
(CE1) and ABA responsive element (ABRE), respectively, that are present in SbGA2ox3 pro‐
moter and subsequently promote its expression. ABA‐dependent activation of GA catabolism 
can promote seed dormancy in grains [53].

4.3. Seed dormancy regulators, MFT and DOG1, are a part of the ABA‐GA crosstalk

Mother of FT and TFL 1 (MFT) is one of the crucial regulators of seed dormancy enabling the 
interaction between ABA and GA signaling in Arabidopsis. MFT negatively regulates ABA 
signaling and seed dormancy, which in turn leads to germination. Its expression is repressed 
by ABI3 but promoted by RGL2. MFT also ensures a negative feedback loop in ABA sig‐
naling through the repression of ABI5 transcription, whereas ABI5 induces MFT expression 
(Figure 2) [91]. However, the role of MFT is not completely clear. The wheat ortholog of MFT, 
TaMFT, acts in an opposite way in seed dormancy regulation. The increased expression of 
TaMFT is related to the lower germination index, and TaMFT overexpression causes inhibition 
of precocious germination of isolated embryos. Low temperature during seed development is 
associated with a higher level of dormancy. Under such environmental conditions, the activa‐
tion of TaMFT was observed during seed development [92]. Probably, the precise role of MFT 
in seed dormancy is different in dicots and monocots.
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The role of DOG1, the GA‐related regulator of seed dormancy, was also described in ABA 
 signaling in seeds. ABI5 is positively promoted by DOG1, which in turn leads to the  regulation 
of many late embryogenesis abundant (LEA) and heat shock protein (HSP) genes. Moreover, the 
double‐mutant abi3‐1/dog1‐1 shows the lower sensitivity to ABA than abi3‐1, and in control 
condition, it produces mature dry green seeds. It suggests the positive relationship between 
DOG1 and ABI3; therefore, DOG1 may be responsible for ABA‐GA interactions in seeds 
(Figure 2) [54].

5. The emerging role of auxin, jasmonates, brassinosteroids, and 
ethylene in seed dormancy regulation

ABA and GA are not the only phytohormonal regulators of seed dormancy establishment and 
release. Their action is modulated by other phytohormones, such as auxin, jasmonates (JA), 
brassinosteroids (BR), and ethylene.

5.1. Action of auxin pathway components in seeds

Auxin promotes seed dormancy release and germination. Constitutive induction of auxin 
biosynthesis in iaaM‐OX line inhibits precocious germination in Arabidopsis. Contrarily, the 
switched off activity of auxin response factor 10 (ARF10) and ARF16, auxin‐dependent tran‐
scription factors, in arf10/arf16 double mutant, causes faster precocious germination than in 
the wild type. The role of auxin in the control of seed dormancy includes the action of ABI3. 
The double mutants, abi3‐1/iaaM‐OX and abi3‐1/99999mARF16 (line resistant to miR160), 
show the reduced dormancy phenotype. Therefore, the activation of auxin signaling pro‐
motes ARF10 and ARF16, which in turn induces ABI3 and seed dormancy (Table 1) [93]. 
Analysis of after‐ripened wheat grains showed increased expression of TaIAA‐alanine resis‐
tant 3 (TaIAR3) encoding hydrolase releasing IAA from conjugates. It was observed in paral‐
lel with the higher IAA level in seeds during imbibition. Probably, seed dormancy release 
may be associated with the increased auxin content in seeds of monocot plants. Furthermore, 
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dormancy exists in wheat. JA was shown to reduce the promoting effect of blue light on seed 
dormancy in a nitrate‐dependent way [96]. Additionally, after ripening promotes expression 
of JA biosynthesis genes: TaAllene oxide synthase (TaAOS), Ta3‐ketoacyl coenzyme A (TaKAT3) 
and TaLipoxygenase 5 (TaLOX5) in wheat grains. However, the level of JA decreases during 
imbibition (Table 1) [72]. The cold‐induced release of seed is associated with the increase in 
JA endogenous content. Cold stratification process promotes the expression of TaAOS and 
TaAllene oxide cyclase (TaAOC). Furthermore, JA positively regulates TaNCED1 and TaNCED2 
activity and thus enables seed germination through ABA biosynthesis repression in wheat 
(Table 1) [96, 97].

Phytohormonal 
pathway

Regulator Function Role in seed dormancy 
regulation

References

Auxin ARF10
ARF16

Auxin‐related 
transcription factors

Promotion of ABI3 
expression and seed 
dormancy

[93]

TaIAR3
TaARF2
TaAXR1
TaRUB1

Releasing auxin from 
conjugates
Auxin‐related 
transcription factor
Aux/IAA proteasome 
degradation‐
associated protein
Ubiquitin pathway‐
associated protein

Seed dormancy release [93]

Jasmonic Acid TaAOS
TaKAT3
TaLOX5

JA biosynthesis Seed dormancy release [93]

TaAOC
TaAOS

JA biosynthesis Seed dormancy release via 
repression of TaNCED1 and 
TaNCED2

[96]
[97]

Brassinosteroids TaBIN2 Negative regulator 
of BR signaling with 
kinase activity

Seed dormancy promotion 
via ABI5 activation

[99, 100]

TaDET2
TaDWF4
TaBSK2

BR biosynthesis
Positive regulator of 
BR signaling with 
kinase activity

Seed dormancy release [100]

Ethylene ACO
ETR1
EIN2

Ethylene biosynthesis
Ethylene receptors

Seed dormancy release
Seed dormancy release 
through the regulation of 
ABA metabolism genes

[101]
[104]

Note: auxin response factor (ARF), IAA‐alanine resistant 3 (IAR3), auxin‐resistabt 1 (AXR1), ubiquitin‐related protein 
1 (RUB1), allene oxide synthase (AOS), 3‐ketoacyl coenzyme A (KAT3), lipoxygenase 5 (LOX5), allene oxide cyclase 
(AOC), brassinosteroid insensitive 2 (BIN2), de‐etiolated 2 (DET2), DWARF 4 (DWF4), br signaling kinase 2 (BSK2), 
1‐aminocyclopropane‐1‐carboxylic acid oxidase (ACO), ethylene triple response 1 (ETR1), ethylene insensitive 2 (EIN2).

Table 1. Regulators of auxin, jasmonic acid, brassinosteroid, and ethylene pathways in seed dormancy promotion or 
release.

Seed Dormancy: The Complex Process Regulated by Abscisic Acid, Gibberellins, and Other Phytohormones...
http://dx.doi.org/10.5772/intechopen.68735

89



5.3. Brassinosteroids promote seed germination via repression of ABA signaling

Brassinosteroids (BR) act opposite to ABA signaling in the regulation of seed dormancy and 
germination. In Arabidopsis, the crucial regulator of seed dormancy, MFT, is under BR regu‐
lation in seeds. Therefore, MFT acts as a mediator of ABA and BR pathways in seeds [98]. 
Brassinosteroid insensitive 2 (BIN2) is a GSK3‐like kinase playing a negative role in BR sig‐
naling, and furthermore, it ensures the communication with ABA signaling. BIN2 interacts 
with ABI5 and phosphorylates it, which in turn promotes ABI5 activity during seed germina‐
tion [99]. TaBIN2 activity is downregulated in the after‐ripened wheat seeds (Table 1) [100]. 
Expression analysis also showed the induction of genes encoding the positive components of 
BR pathway: TaDE‐etiolated 2 (TaDET2), TaDWARF 4 (TaDWF4), and TaBR signaling kinase 2 
(TaBSK2) in wheat after‐ripened grains. TaDET2 and TaDWF4 encode crucial enzymes for BR 
biosynthesis, whereas TaBSK2 promotes BR signaling (Table 1) [100].

5.4. Ethylene represses ABA accumulation and promotes seed dormancy release

Ethylene (ET) is positively related to seed dormancy release and germination promotion. In 
Arabidopsis, the expression of ET biosynthesis gene, 1‐aminocyclopropane‐1‐carboxylic acid oxi‐
dase (ACO), is associated with imbibition; however, cold stratification reduces its expression 
(Table 1) [101]. Ethylene receptors, ethylene triple response 1 (ETR1) and ethylene insensitive 
2 (EIN2) play a role in seed dormancy regulation. etr1 and ein2 mutants show the increased 
level of r seed dormancy associated with the increased level of seed ABA content [102, 103]. 
The higher expression of NCED3 and lower activation of CYP707A2 were observed in ein2 and 
etr1 mutants, respectively, compared to the wild type. It suggests a negative role of ethylene 
in the modulation of ABA pathway in seeds (Table 1) [104]. In wheat, after‐ripened grains 
express TaACO at a higher level than in dormant grains. Thus, the increased ET content in 
seeds is associated with dormancy loss also in wheat [100]. The role of ethylene in seed dor‐
mancy regulation includes regulation at epigenetic level. SIN3‐like 1 (SNL1) and SNL2 reduce 
acetylation level of histone 3 lysine 9/18 and histone 3 lysine 14. The double mutant snl1 snl2 
shows reduced seed dormancy together with the increased expression of ethylene biosynthe‐
sis genes (ACO1, ACO4) and ABA catabolism genes (CYP707A1, CYP707A2). Therefore, SNL1 
and SNL2 promote seed dormancy through simultaneous modulation of ethylene and ABA 
content in seeds [105].

6. Conclusions

Proper regulation of seed dormancy is crucial for appropriate timing of germination. Many 
environmental factors, including light and temperature, exert action on switch from dormancy 
to germination stage. Their action is mediated by phytohormones: ABA and GA. ABA is a 
master player for the entrance to and the establishment of seed dormancy. Many ABA‐related 
genes are necessary for the quiescent stage of seeds. Contrary to ABA, GA‐mediated pathway 
promotes germination under favorable conditions. Similar mechanism of seed dormancy regu‐
lation exists in monocot plants. The seed response is dependent on the ABA and GA balance. 
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The ABA‐GA crosstalk ensures the precise seed response according to developmental stage, 
environmental factors, and seasons. Many components of the ABA and GA pathway, for exam‐
ple ABI3, ABI4, ABI5, RGL2, MFT, and DOG1, are responsible for the proper regulation of seed 
dormancy. Additionally, auxin, jasmonic acid, brassinosteroids, and ethylene modulate the 
ABA pathway in seeds. Furthermore, epigenetic control of dormancy‐related components also 
occurs. Therefore, seed dormancy regulation appears to be a very elaborate process. In monocot 
plants, a part of the seed dormancy regulatory mechanism acts in a different manner. Action of 
MFT and JA pathway seems to be reverse in comparison to dicot plants. A better understand‐
ing of precise phytohormonal regulation of seed response of cereals can help in obtaining new 
varieties with the appropriate seed dormancy level.
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Abstract

Strigolactones (SLs) are a new group of recently described phytohormones. They were 
found to be involved in the communication between plant roots and symbiotic bacteria 
or fungi, but also in the interactions between roots of host plants and germinating seeds 
of parasitic plants. Over the years, however, it has become clear that SLs play a regulatory 
role in many aspects of plant growth and development. Extensive studies on plant model 
species Arabidopsis thaliana L. and Oryza sativa L. have uncovered the molecular mecha‐
nisms of SL biosynthesis and signaling. In some aspects, the SL perception and signaling 
correspond to the already known mechanisms described for other phytohormones, but 
in other points, they seem to be unique in the plant kingdom. This chapter summarizes 
the recent discoveries in the signal transduction pathway of SLs and describes the model 
of SL perception and signaling.

Keywords: strigolactones (SLs), perception, signaling, degradation, SCF complex, 
receptor, repressor

1. Introduction

Strigolactones (SLs) are a class of carotenoid derivates. They were first discovered in 
root exudates of cotton and found germinating to be potent stimulants for seed germi‐
nation of the parasitic plant Striga lutea Lour. (witchweed) [1], for review, see [2]. Why 
plants should produce and secrete a signal molecule that is recognized by its parasites 
was revealed much later when SLs were identified as signal molecules involved in the 
establishment and maintenance of interactions with arbuscular mycorrhizal fungi (AMF) 
[3] and N‐fixing bacteria [4]. This also marked the time when SLs were classified as a 
new class of phytohormones, based on the semi‐dwarf and shoot‐branched mutants of 
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Arabidopsis thaliana L. and Oryza sativa L. [5, 6]. In the following years, it was discov‐
ered that SLs are involved in additional aspects of plant development (Figure 1), that 
is, in the regulation of root system development by promotion of primary roots (PRs) 
elongation and inhibition of adventitious roots (ARs) formation. The SL effect on lateral 
roots (LRs) development was found to depend on the availability of nutrients, especially 
phosphorous (P) and nitrogen (N). Under optimal growth conditions, SLs will inhibit 
the elongation of LRs, but when plants are exposed to starvation stress SLs induce LR 
growth, for review see [7]. It thus became clear that SLs play a role in the complex plant 
response to nutrient stresses. Under both P and N deficiency conditions, the synthesis 
of SLs is increased and larger amounts of this hormone are secreted into the soil, prob‐
ably to promote the symbiotic relations with AMF and bacteria. The elevated levels of 
SLs also influence the plant phenotype by suppressing shoot growth and stimulating 
root development, thus adapting the plant to starvation conditions, for review see [8, 
9]. The contribution of SLs in plant adaptation to the other stresses such as drought is 

Figure 1. SLs regulate plant development by the promotion of internode elongation, leaf senescence, elongation 
of primary root (PR) and lateral root (LR)1 or inhibition of shoot branching, shoot gravitropism, and formation of 
adventitious root (AR) and LR2. Additionally, SLs promote the symbiosis with arbuscular mycorrhizal fungi (AMF) 
and N‐fixing bacteria, and play a role in plant adaptation to drought and nutrient stresses. 1SLs promote LR elongation 
under starvation stress and 2inhibit LR elongation under optimal growth conditions.
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unclear. According to some recent studies, SL mutants of A. thaliana are more sensitive 
to drought stress in comparison to the wild‐type plants [10, 11]. The results were not 
conclusive, however. In one study, the SL‐ signaling mutants, max2‐1 and max2‐2, were 
found to be hypersensitive to drought, whereas the SL biosynthesis mutants, max1, max3 
and max4, were not [10]. In a second study, both groups of mutants, defective in SL‐bio‐
synthesis (max3‐11, max4‐7) or SL signaling (max2‐3), were more sensitive to drought 
[11]. Additional studies on Lotus japonicas L. [12] and Solanum lycopersicum L. [13, 14] 
confirmed that SLs together with abscisic acid (ABA) play a role in plant adaptation to 
the limited water conditions. In response to drought, tomato plants show decreased SL 
biosynthesis in the roots but increased biosynthesis in the shoots [14]. Results like these 
feed the impression that SLs may well present a broad‐spectrum class of phytohormones 
(Figure 1). Based on an in silico analysis of the genes involved in SL biosynthesis in A. 
thaliana and rice, it has been postulated that SLs may also participate in pathogen defense 
mechanisms and plant responses to wounding, cold stress or flooding [15]. Until now, 
the experimental evidences have confirmed the role of SLs in plant resistance to bacterial 
and fungal pathogens, reviewed by Marzec [16].

Up to now, more than 20 naturally occurring SLs, synthetized from the carlactone precur‐
sor, have been identified in the plant kingdom [17]. They share a similar structure, com‐
posed of a tricyclic lactone (ABC rings) connected to a butenolide group (D ring) by an 
enol‐ether bond (Figure 2). SLs are divided into two groups based on the stereochemical 
differences at the junctions between B and C rings: the orobanchol group with an α‐ori‐
ented C ring and the strigol group with a β‐oriented C ring (Figure 2) [18]. SLs are mainly 
produced in roots and transported to the shoot via specific transporters [19]. Alternatively, 
they might be also produced in the above‐ground parts of plants [20]. SLs biosynthesis 
started in plastids with the conversion of all‐trans‐β‐carotene into 9‐cis‐β‐carotene by the 
carotenoid isomerase Dwarf27 (D27), an iron‐containing protein [21–23]. The following 
stages of SLs biosynthesis are conducted by the carotenoid cleavage dioxygenases (CCDs) 
CCD7 [24, 25] and CCD8 [26, 27] and first involve the transformation of 9‐cis‐β‐carotene into 
9‐cis‐β‐apo‐10′‐carotenal which is subsequently converted into carlactone [23]. Carlactone, 
a precursor for all known SLs, has no activity attributed to SLs, until it is converted into 
carlatonic acid by more axillary growth (MAX1) that belongs to the cytochrome P450 fam‐
ily [23]. The final methylation of carlatonic acid is mediated by an as‐yet unknown enzyme 
[28] (Figure 3).

Whereas the A. thaliana genome contains only one MAX1 gene, different rice varieties were 
characterized from two to five MAX1 homologs, which are involved in the synthesis of differ‐
ent SLs [29]. Still the open question remains if A. thaliana MAX1 mediates in the production 
of all SLs or only in the specific ones. The enzyme involved in the subsequent steps of SLs 
specialization, lateral branching oxidoreductase (LBO), converts methylated carlatonic acid 
into an as‐yet unidentified strigolactone‐like compound [30]. Characterization of the product 
of LBO activity and identification of additional enzymes involved in the last stages of SLs 
biosynthesis will be essential to compare the production pathways of this hormone in mono‐ 
and dicot species.
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Figure 3. Scheme of SLs biosynthesis and a list of enzymes involved in this process. Descriptions are given in the text.

Figure 2. Structures of SL precursor carlactone and SLs represent two main stereochemical groups: strigol‐type SL with 
a β‐oriented C ring – 5‐deoxystrigol and orobanchol type with an α‐oriented C ring – orobanchol. Differences are present 
at the 8b and 3a positions between B and C rings.
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2. Perception of SLs

The Dwarf14 (D14) protein is the only known receptor of SLs. This protein was originally 
identified in rice [31] and later on found in other species, such as A. thaliana (AtD14) [32], 
petunia (DAD2) [33], Hordeum vulgare L. (HvD14) [34] or Populus trichocarpa Torr. & A. 
Gray (PtD14) [35]. All D14 proteins belong to the α/β‐hydrolase family and exhibit enzy‐
matic activity, which is unusual for hormone receptors. D14 proteins can not only bind SL 
molecule but also hydrolyze the ligand, which is crucial for the next steps of the signaling 
cascade [36]. The entry to the active site pocket of D14 is surrounded by four helicases, 
and mutation in which the size of this aperture is reduced causes an insensitivity to SLs 
(Figure 4) [34]. When a ligand is docked to the receptor, a nucleophilic attack separates the 
ABC part of the SL molecule from the D ring [37]. The hydrolyze activity of D14 depends 
on the presence of a highly conserved catalytic Ser/His/Asp triad. Replacement of these 
amino acids results in a loss of D14 activity and sensitivity to SLs [33]. It was also shown 

Figure 4. Visualization of SL receptor HvD14. (A) Structure of HvD14. Circle indicates entry to the active site 
pocket, surrounded by four helices. (B) 3D structure visualization of HvD14. (C) Detailed view of the entry to the 
active site pocket of the wild‐type protein and (D) mutated protein with smaller aperture, resulting in insensitivity 
to SLs.
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that serine from the catalytic triad is involved in docking of SLs into D14 [38]. With an aver‐
age rate of 0.3 molecule/min, D14‐mediated hydrolysis of SLs into non‐active derivatives 
is very slow, indicating that this is not the main function of D14 [33, 36]. Crystallographic 
analysis indicates that the degradation of SL molecules by D14 brings about a change in 
receptor conformation, which is necessary for the interaction between D14 and other com‐
ponents from SL‐signaling pathway [39]. After nucleophilic attack and release of the ABC 
part, the D ring remains within the receptor that now assumes a “closed” state unable to 
bind further molecules, reviewed by Waters [7]. This change in conformation destabilizes 
the D14 receptor, thus initiating its own degradation [40] (Figure 5). This is the first known 
case where hormone hydrolysis by a receptor causes the degradation receptor as well.

Since SLs are involved in the regulation of the development of different organs, it was 
expected that D14 will be located in almost all plant tissues. Expression analysis of Atd14 
in A. thaliana, however, showed markedly higher levels in vascular tissues of roots and 
shoots [41]. The discrepancy between expression and distribution pattern of the D14 protein 
was explained, when the intercellular transport of D14 via the phloem was uncovered. This 
transport is SL‐independent and also in the SL biosynthesis mutants it was observed that 
D14 was delivered into axillary buds [42] leaving the question by what mechanism D14 is 
transported and how it is been used by plants to regulate the development and adaptation 
to different stresses.

Figure 5. Overview of SL‐signaling cascade including hydrolysis of SL molecules by receptor and change of the receptor 
conformation, which allows the interaction with the SCF complex and repressor. Ubiquitination of the repressor, 
mediated by the SCF complex, results in the expression of genes from the TCP family.

Phytohormones - Signaling Mechanisms and Crosstalk in Plant Development and Stress Responses106



that serine from the catalytic triad is involved in docking of SLs into D14 [38]. With an aver‐
age rate of 0.3 molecule/min, D14‐mediated hydrolysis of SLs into non‐active derivatives 
is very slow, indicating that this is not the main function of D14 [33, 36]. Crystallographic 
analysis indicates that the degradation of SL molecules by D14 brings about a change in 
receptor conformation, which is necessary for the interaction between D14 and other com‐
ponents from SL‐signaling pathway [39]. After nucleophilic attack and release of the ABC 
part, the D ring remains within the receptor that now assumes a “closed” state unable to 
bind further molecules, reviewed by Waters [7]. This change in conformation destabilizes 
the D14 receptor, thus initiating its own degradation [40] (Figure 5). This is the first known 
case where hormone hydrolysis by a receptor causes the degradation receptor as well.

Since SLs are involved in the regulation of the development of different organs, it was 
expected that D14 will be located in almost all plant tissues. Expression analysis of Atd14 
in A. thaliana, however, showed markedly higher levels in vascular tissues of roots and 
shoots [41]. The discrepancy between expression and distribution pattern of the D14 protein 
was explained, when the intercellular transport of D14 via the phloem was uncovered. This 
transport is SL‐independent and also in the SL biosynthesis mutants it was observed that 
D14 was delivered into axillary buds [42] leaving the question by what mechanism D14 is 
transported and how it is been used by plants to regulate the development and adaptation 
to different stresses.

Figure 5. Overview of SL‐signaling cascade including hydrolysis of SL molecules by receptor and change of the receptor 
conformation, which allows the interaction with the SCF complex and repressor. Ubiquitination of the repressor, 
mediated by the SCF complex, results in the expression of genes from the TCP family.

Phytohormones - Signaling Mechanisms and Crosstalk in Plant Development and Stress Responses106

It has to be highlighted that D14 protein is specific receptor only for SLs. There are close 
D14 homologs, such as receptor for Karrikins (KARs): Karrikin‐Insensitive2 (KAI2) that also 
belongs to the α/β‐hydrolase. However, it was experimentally confirmed that D14 and KAI2 
exhibit the different ligand specification [32].

3. Transduction of SL signal

The common mechanism for transducing phytohormone signals is the degradation of pro‐
teins called repressors. This degradation is mediated by a SKP1‐Cullin‐F‐box complex (SCF), 
composed of three proteins that upon binding to repressors mark them for proteasomal deg‐
radation via ubiquitination. Cullin is a main structural part of the SCF complex controlling 
the connection of the whole complex to the ligase E3. The SKP1 component is responsible for 
the binding of the specific F‐box protein which designates the protein for degradation [43]. In 
theory, the F‐box protein renders specificity to the whole CSF complex and should be specific 
for different hormones. In practice, however, evidence shows that other components interact‐
ing with the SCF complex can influence its specificity.

An F‐box protein which was part of an SCF complex and involved in SL signaling was identi‐
fied in the A. thaliana‐mutant max2 and the rice‐mutant d3 that were insensitive to treatment 
with SLs [44, 45]. For the long time that mutants were used to describe the role of SLs in the 
plant growth and development, recently MAX2/D3 has been found to be involved in both 
SL‐ and KAR‐signaling pathways, reviewed by Waters [7]. For this reason, the phenotype 
of max2/d3 mutants cannot be directly linked to the function of SLs. Evidence showing that 
MAX2‐guided degradation of transcription factors that is dependent also on the other phyto‐
hormone class of brassinosteroids (BRs) indicates that this F‐box protein fulfills a wide range 
of this F‐box protein in hormone signaling [46].

In A. thaliana, MAX2 interacts with AtCullin1 and Arabidopsis Serine/Threonine Kinase1 
(ASK1) [47], whereas in rice D3 is part of a SCF complex together with OsCullin1 and O. 
sativa SKP1‐Like 1/5/20 (OSK 1/5/20) [48]. Although these complexes indicate a conserved 
mechanism for SL signal transduction in both mono‐ and dicots, the presence of three differ‐
ent OSKs in rice may suggest that complexes with OSK1/5/20 recognize different substrates 
and are involved in different SL‐dependent processes [48]. MAX2/D3 show nuclear localiza‐
tions and SL‐dependent interactions between F‐box protein D3 with SL receptor D14 were 
reported in rice. Obtained results indicate that this interaction is mediated by the presence 
of SLs, and it depends on the concentration of SLs and it is also stereoisomer‐specific. In a 
“closed” state, D14 is able to interact with D3 (Figure 5), while the version of D14 with muta‐
tions in or near the active pocket site shown reduced interactions with D3. This suggests that 
after SL‐mediated changed conformation of D14, D3 can bind D14 close to the active pocket 
side entry [40].

Based on the similarity of MAX2/D3 protein to other hormone receptors such as jasmonate 
receptor Coronatine Insensitive1 (COI1) [49] or auxin receptor Transport Inhibitor Response1 
(TIR1) [50], it was predicted that MAX2/D3 may also be involved in SL perception. Although 
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there is no evidence that MAX2/D3 can interact with SLs, there are reasons to assume that 
MAX2/D3 may act as a receptor for other signaling molecules.

For a long time, it was not known which proteins are recognized by the SCFMAX2/D3 complex, 
but recently the SL repressors degraded during SL signal transduction were identified in 
rice (D53) [51, 52] and in A. thaliana (Suppressor of MAX2‐Like 6 to 8, SMXL 6 to 8) [53–55]. 
Gain‐of‐function mutation in D53 resulted in semi‐dwarf plants with increased tillering, a 
phenotype which is characteristic for SL mutants. Similar effects were observed after over‐
expression of D53, whereas reduced expression of D53 in a d53‐mutant background inhib‐
ited tiller formation [52]. D53 shows the nuclear localization and it was confirmed that in the 
presence of SL molecules degradation of D53 occurs. This degradation proceeds through the 
proteasome‐dependent pathway and requires the presence of D14 and D3 proteins [51, 52]. 
There are evidences that D53 may also interact with D3 in the absence of D14, although this 
interaction is less efficient. In contrast to rice, where only one SL repressor has been identi‐
fied, A. thaliana contains three proteins—SMXL 6 to 8—that may act redundantly. First reports 
indicated that only a triple mutant smxl6/7/8 will result in a phenotype with reduced number 
of tillers [54]. Later on, it was found that the phenotype characteristic for SL mutants could be 
produced by the expression of the non‐degradable form of SMXL 7 under a native promoter 
[55]. All three SMXLs interact with D14 and are degraded in an SL‐dependent manner in the 
presence of MAX2 and D14 [53, 54]. It still remains an open question whether SMXLs 6 to 8 do 
act redundantly or they are involved in different responses to SLs.

The SL repressors of both A. thaliana and rice contain the conserved amino acid sequences 
(F/L‐D‐L‐N‐L) which is known as an ethylene‐responsive element‐binding factor‐associated 
amphiphilic repression (EAR) motif. This motif plays a key role in interactions with transcrip‐
tional corepressors from Topless (TPL) and Topless‐Related Proteins (TPR) families [52, 53]. 
TPL and TPR regulate the expression of genes in response to different classes of hormones, 
such as auxin or jasmonates [56]. The presence of an EAR motif in SL repressors suggests that 
D53/SMXLs may bind TPL/TPR corepressors. An ensuing degradation of these corepressors 
may then result in the expression of transcriptional factors, previously suppressed by TPL/
TRP. Interactions between SMXL6 to 8 and proteins from the TPR family were already con‐
firmed using a yeast‐two hybrid and co‐immunoprecipitation assays [54].

4. Transcription response to SL signal

Phytohormones induce a change in gene expression. This response is usually mediated by 
transcription factors. Until now, only one family of transcription factors has been identified as a 
downstream component in SL signaling, namely the TEOSINTE BRANCHED1/CYCLOIDEA/
PROLIFERATING CELL FACTOR1 family (TCP). In different species, single transcription fac‐
tors from this family, related to SL signal, were already characterized: Branched1 (BRC1) in 
A. thaliana [57], Fine Culm1/Teosinte Branched1 (FC1/OsTB1) in rice [58], TB1 in Zea mays L. 
[59] and PsBRC1 in Pisum sativum L. [60]. Expression of these genes is particularly strong in 
axillary buds, and mutations in these genes lead to an increased branched phenotype, which 
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cannot be reverse by treatment with SLs. Elevated levels of AtBRC1 expression were found 
after SL treatment and in the triple smxl6/7/8 mutant, whereas decreased levels were found 
in SL biosynthesis mutants [53, 54]. Similar results were obtained for the AtBRC1 target gene 
Homeobox‐Leucine Zipper Protein 53 (HB53) [54], confirming that the transcription factors from 
TCP family act as elicitors in the SL‐signaling cascade. There remain, however, some differ‐
ences between mono‐ and dicot species. In A. thaliana and pea, the expression of AtBRC1/
PsBRC1 is upregulated by SL treatment [60], whereas in rice and maize, the expression of 
FC1/OsTB1 and TB1 is not elevated by SL treatment [61, 62]. This difference is sometimes 
explained by assuming that monocots contain additional, still unknown, transcription factors 
that may act as AtBRC1/PsBRC1 in dicots.

5. SL versus KAR signaling

The unique features of SLs signaling have been discussed elsewhere [7, 63]. Here, the simi‐
larities and differences between SLs and KARs will be summarized. Though SLs and KARs 
play different roles in plant development [64], there are some striking similarities in the signal 
transduction mechanisms of these two classes of plant growth regulators [65] what might be 
crucial in understanding the mechanisms of their actions in plants. As already mentioned, the 
signal transduction of SL and KAR is mediated by the same F‐box protein MAX2. However, 
since the signals generated by SLs and KARs are not interchangeable these phytohormones 
must be recognized by different receptors. Indeed, the D14 receptor has found to be specific 
for SLs, whereas the KAI2 receptor is specific for KARs and based on the differences in the 
size of active pocket site they cannot recognize the signal from second group of plant growth 
regulators [66, 67]. Both D14 and KA12 display a conserved catalytic triad, but only in case 
of D14 its catalytic activity was confirmed [33, 37]. Not only has a catalytic function of KAI2 
never been proven, modeling studies of the KAR‐KAI2 complex indicate that the distance 
between the KAR molecule and the catalytic Ser from KAI2 prohibits nucleophilic attack [67, 
68]. Nevertheless, since mutation in the catalytic triad of KA12 can abolish the function of 
this receptor [69], the catalytic triad of the KA12 receptor may be essential for ligand binding. 
Similar observations have been made for D14 [38]. The second similarity between both recep‐
tors is their degradation during perception, though in the case of KAI2 the presence of MAX2 
is not required for its degradation [70].

MAX2 is a component of SCF complexes which are involved in the conversion of SL and KAR 
signals. Therefore, the phenotypic effects caused by a mutation of MAX2 are due to an insen‐
sitivity to both plant growth regulators.

Due to the presence of different receptors, the respective SCF complexes guide the degrada‐
tion of different suppressors: SMXL6 to 8 in the case of D14‐SL‐Max2 and Supressor of Max2 1 
(SMAX1) in the case of KAI2‐KAR‐MAX2 [71]. SMAX1 and SMXL6/7/8 show similar patterns 
of expression in A. thaliana seedlings and all four proteins may interact with TPL corepres‐
sors via the EAR motif [53] which indicates that ultimately SLs and KARs may regulate gene 
expression by a similar mechanism.
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6. Conclusions

Since their classification as phytohormones, great progress has been made uncovering the 
mechanisms of SL signaling, and identifying the main components of the SL signal transduc‐
tion pathway in both mono‐ and dicots. Certain aspects of SL perception have been found 
to be unique among plant hormones, requiring additional research to understand these 
phenomena in more detail. SLs share a number of the signaling components with the KARs 
group of plant growth regulators. Attention should also be paid to the respective receptor 
molecules since they represent the crucial element separating both signal cascades. Presently, 
our knowledge about the transcriptional responses to treatment with SLs and KARs is limited 
and information on the targets of SMAX1 and SMXLs is still meager. It also remains to be 
elucidated by what mechanism the different SL stereoisomers exert different plant responses. 
Answering this question will require detailed investigations on the binding of the different 
SL stereoisomers by D14. Additional insights may be gained by the adaptation of in vivo‐
developed SL receptors and by screening for mutants in the SL‐signaling pathway.
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Abstract

Plants, being sessile, are concurrently exposed to various biotic and abiotic stresses. The 
perception of stress signals in plants involves a wide spectrum of signal transduction 
pathways that interact to induce tolerance against adverse environmental conditions. This 
functional overlapping among various stress signaling cascades also leads to the expres-
sion of genes that regulate biosynthesis or action of other hormones. Phytohormonal 
signals, activated by both developmental and environmental responses, play a crucial 
role to develop stress tolerance in plants. Nitric oxide (NO) is one of the major players in 
plant signaling networks. Emerging evidence supports that NO interplays with signaling 
pathways of auxins, gibberellins, abscisic acid, ethylene, jasmonic acid, brassinosteroids, 
and other plant hormones to control metabolism, growth, and development in plants. 
This chapter focuses on the current state of knowledge of cross talk between signaling 
pathways of NO and phytohormones in plants exposed to various abiotic stresses.

Keywords: nitric oxide, phytohormones, abiotic stresses, signaling cascades, plant growth

1. Introduction

Exposure to a wide array of environmental stresses is one of the most crucial factors that neg-
atively influence plant growth and productivity worldwide. Plants respond to such adverse 
conditions through perception of endogenous and exogenous stress factors via hormone 
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signaling networks along with the coordination of several downstream signal transduction 
mechanisms involving cyclic nucleotides, calcium ions, and reactive oxygen (such as hydrogen  
peroxide) or nitrogen (e.g., nitric oxide) species. Acclimation to abiotic stresses is achieved 
through turgor maintenance [1], accumulation of osmolytes [2], regulation of photosynthetic 
and transpiration rate, and activation of antioxidant machinery [3]. Moreover, stress-induced 
alterations in gene expression and metabolism stimulate several anti-stress compounds, 
which help to modify physiology, phenology, growth, and reproduction of plants exposed to 
adverse environmental conditions [4].

Nitric oxide (NO) is an important metabolite and stress signaling molecule that influences 
multitude of physiological and developmental functions in plants. It serves as a key compo-
nent of the signaling cascades involved in plant growth, metabolism, and adaptive responses 
to various biotic and abiotic stresses. It is well established that NO regulates a plethora of 
physiological processes ranging from seed germination to plant senescence. Emerging evi-
dence suggests this potential plant growth regulator interplays with various phytohormones 
(PHs) to control metabolism, growth, and development in plants.

During the last few years, extensive research has been carried out to explore the multiple and 
diversified mechanisms underlying PHs interactions with NO. There is virtually no doubt 
that NO acts either upstream or downstream of PHs [5, 6]. It seems that NO modulates the 
biosynthesis, distribution, degradation, and conjugation of elements involved in PHs trans-
port and signaling [7–11]. However, further studies are required to explain how NO concomi-
tantly interacts with hormone-related proteins at post-transcriptional or even translational 
level. Similarly, the understanding of mechanisms underlying intersection of NO signaling 
with signaling cascades of auxins (AUXs), gibberellins (GBs), cytokinins (CKs), ethylene (ETs), 
absicic acid (ABA), salicylic acid (SA), jasmonic acid (JA), polyamines (PAs), brassinosteroids 
(BRs), and strigolactones (SLs) under abiotic stress conditions remains elusive. Considering 
the common function played by these plant growth regulations in enhancing plant tolerance 
to biotic and abiotic stresses, it can be speculated that PHs-mediated stress responses are 
linked with NO synthesis. Therefore, this chapter would focus on the current state of knowl-
edge of cross talk between signaling pathways of NO and PHs in plants exposed to various 
abiotic stresses (Table 1).

Type of  
stress

Phytohormone Plant species Response Relation  
with NO

References

Drought 
stress

ABA Zea mays Increased expression of  
ABA biosynthetic gene vp14

+ Zhang et al. 
[26]

AUX Tagetes erecta Development of 
adventitious roots

+ Liao et al. 
[33]

SA Triticum 
aestivum

Increased tolerance against 
osmotic stress

+ Alavi et al. 
[41]

CK Zea mays Regulation of photosynthetic 
machinery

+ Shao et al. 
[42]
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Type of  
stress

Phytohormone Plant species Response Relation  
with NO

References

Cd 
toxicity

ET Pisum sativum Promoted the Cd-induced 
senescence processes

− Rodríguez-
serrano et al. 
[64]

PAs Triticum 
aestivum

Inhibition of root growth + Groppa et al. 
[66]

AUX Arabidopsis 
thaliana

Stabilization of AUX 
repressor protein IAA17 
through suppression of AUX 
carriers PIN1/3/7

− Yuan and 
Huang [67]

Medicago 
truncatula

Improved antioxidative 
capacity and reduced 
degradation of AUX in roots

+ Xu et al. [68]

SA Lolium perenne Increased activities of 
antioxidative enzymes

+ Wang et al. 
[72]

Arachis 
hypogaea

Restricted Cd distribution to 
organelles

+ Xu et al. [78]

Ni toxicity SA Brassica napus Enhanced chlorophyll contents 
and reduced lipid peroxidation 
and proline accumulation

+ Kazemi et al. [77]

Cu toxicity BR Raphanus sativus Increased ABA synthesis  
resulted in improved tolerance

+ Choudhary et al. 
[80]

Al toxicity GA Triticum aestivum Promoted apical root growth + He et al. [50]

Salinity stress ABA Gossypium hirsutum Decreased salt-induced leaf 
senescence by regulating the 
expression of ABA biosynthesis 
genes (NCED2 and NCED9)

− Kong et al. [88]

ET Lycopersicon 
esculentum

Reduced ROS levels and blocked 
ET synthesis resulting in lower 
dead cell ratio in cell suspension 
cultures

− Poór and Tari [85]

AUX Arabidopsis thaliana Repressed AUX signaling 
through stabilization of AUXIN 
RESISTANT3 (AXR3)/INDOLE-3-
ACETIC ACID17 (IAA17)

− Liu et al. [94]

SA Fagus sylvatica Reduced H2O2 accumulation, 
limited Na2+ uptake and 
increased influx of H+-ATPase to 
plasma membrane

+ Dong et al.[97]

PAs Cucumis sativus Reduced free putrescine, 
spermidine and polyamine 
oxidase (PAO) activity

− Fan et al. [103]
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2. NO-phytohormone cross talk under drought stress

Drought stress is one of the major limiting factors affecting multiple aspects of plant growth 
and productivity [2]. The typical mechanism of plants response to water stress, frequently 
caused by drought, is closure of stomata to conserve water. NO and ABA are the two most 
important stress-related molecules that intensively cross talk during environmental chal-
lenges like drought to induce plant adaptive responses such as stomatal closure and activa-
tion of antioxidant machinery [5, 11]. Evidence suggests that NO acts downstream of ABA as 
decreased NO synthesis reduces ABA-induced responses in plant tissues exposed to stress 
conditions [12, 13]. However, NO is also reported to counteract ABA during events not linked 
to stress adaptation such as breaking of seed dormancy [14, 15]. It indicates a certain level of 
specificity in NO-ABA cross talk mechanisms, which seems to depend on the type of plant 
cell, tissue or organ studied, or nature of physiological event under analysis.

Generation of ROS (H2O2) under adverse environmental conditions triggers NO-mediated 
ABA responses such induction of stomatal closure [16], activation of antioxidant enzymes 
[17], and up-regulation of transcription factors [18]. In addition, cGMP and type 2C protein 

Type of  
stress

Phytohormone Plant species Response Relation  
with NO

References

Temperature 
stress

ABA Phragmites 
australis

Improved the thermotolerance 
of plant calluses

+ Song et al. [109]

Medicago sativa Enhanced MfSAMS1 expression 
to increase acclimation against 
cold stress

+ Guo et al. [123]

PAs Lycopersicon 
esculentum

Increased putrescine and 
spermidine levels and 
stimulated the expression 
of genes encoding Spd 
synthase (LeSPDS), arginine 
decarboxylase (LeADC. 
LeADC1) and ornithine 
decarboxylase (LeODC) 
to improve chilling stress 
tolerance

+ Diao et al. [121]

Zingiber officinale Conversion of putrescine 
into spermidine or spermine 
conferred cold tolerance

+ Li et al. [124]

SA Spinacia oleracea Increased NR activity reduced 
chilling injury

+ Aydin and 
Nalbantoğlu 
[128]

JA Cucumis sativus Increased CAT activity to 
scavenge H2O2, leading to 
reduced chilling injury

+ Liu et al. [129]

Table 1. Summary of representative reports on the interaction of nitric oxide with phytohormones during various abiotic 
stresses.
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phosphatases (PP2Cs) have also been identified to participate in downstream of NO-mediated 
ABA signal transduction and upstream of cytosolic Ca2+ during the regulation of stomatal 
apparatus [19–21]. Moreover, the calcium/calmodulin system and mitogen-activated protein 
kinases (MAPKs) have also been demonstrated as key downstream elements involved in 
ABA or H2O2-induced NO signaling during plant antioxidant defense mechanisms [22, 23]. 
Cross talk between NO and ABA in the ABA-dependant signaling network up-regulated 
the cytosolic Ca2+ to regulate Crassulacean acid metabolism (CAM) expression in bromeli-
ads that significantly improved plant tolerance in a water-limited environment [21, 24]. It 
seems that ABA-induced NO production is associated with increased nitrate reductase (NR) 
activity that controls stomatal movements in Arabidopsis [19] and CAM expression in bro-
meliads [24]. The expression of CYP707A2 gene, induced by NO biosynthesis, during seed 
germination initiated ABA catabolism and increased ABA levels to enhance plant resistance 
against drought stress [11, 25]. BR treatment of water-stressed Zea mays leaves induced NO 
generation in mesophyll cells and up-regulated the expression of ABA biosynthetic gene vp14 
to enhance water stress tolerance in Zea mays [26].

Interestingly, NO serves as a second messenger in the signaling cascades of various plant 
hormones such as GA, JA, ET, CK, and AUX involved in the regulation of stomata under 
environmental stress conditions [27, 28]. Interactions between NO and AUX signaling path-
ways are complex and need to be explored in plants exposed to water-limited environment. 
It is well established that both NO and AUX interplay during growth and development of 
plant roots [29, 30]. Association of AUX with ET to regulate root morphology and develop-
ment is considered a key aspect of drought tolerance in plants [31]. Development of adven-
titious roots in cucumber hypocotyl cuttings involves the cross talk between AUX and NO 
signaling networks activated by Ca2+ dependent protein kinase activity [32]. Since NO is 
intensively involved in lateral root formation during drought stress [33], it may be specu-
lated that AUX and NO signaling cascades interact and influence the architecture and devel-
opment of root hair and root meristem size [34, 35] for the extraction of more water under 
drought stress conditions.

Drought stress influences the signaling of various JA-associated genes [36]. JA stimulates 
CDPK production by increasing Ca2+ influx and the resultant signal cascade results in ABA-
regulated stomatal closure. A rapid loss in turgor and subsequent reduction in stomatal aper-
ture were noted in excised Arabidopsis leaves treated with either ABA or methyl JA (MeJA) 
[37]. Suppression of MeJA-induced Ca2+ oscillations in guard cells of ABA-deficient mutants 
[38] implies that MeJA cross talk with ABA involves Ca2+ signal transduction pathways. 
Moreover, treatment with ABA or MeJA induces the formation of NO and ROS in guard cells 
[37]. Studies involving Arabidopsis revealed that ABA mediated Ca2+ influx into cytoplasm 
involves CPK6, which acts downstream of NO and ROS signaling and therefore may be a tar-
get of NO-stimulated Ca2+ influx into the cytoplasm [39]. In 2008, Palmieri et al. demonstrated 
that NO treatment up-regulated several genes involved in the JA biosynthetic pathway, indi-
cating a potential regulation of JA signaling through the ROS/NO pathway [40]. NO also acts 
downstream of SA signaling to scavenge ROS in water-stressed plants. Coordinated action 
of NO and SA was found to alleviate the damaging effects of polyethylene (PEG)-induced 
osmotic stress in Triticum aestivum seedlings [41].
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A positive interaction between NO and CK under water-limited environment was reported 
by Shao et al. [42]. Treatment of plants with CK plus NO scavenger (Hemoglobin) revealed 
that CK promoted NO signaling, probably mainly through a NR source in plants exposed to 
water stress conditions. CK interaction with NO signaling cascades regulated photosynthetic 
machinery and increased the adaptability to drought stress in Zea mays [42]. Contrasting 
reports indicate antagonistic interaction between NO and CK, for example, CK-induced 
reduction in NO levels promoted stomatal opening in dark grown Vicia fabia seedlings [43]. 
Presumably, CKs activate plasma membrane H1-ATPase through decreasing NO levels in 
guard cells, and then stimulate stomatal opening in darkness. Wilhelmova et al. [44] reported 
similar results in transgenic tobacco plants. Negative interaction between NO and CKs was 
evident during leaf development as increased NO production reduced CKs level in aging 
leaves. Evidence suggests that reaction of zeatin with peroxynitrite, a NO derivative, reduces 
its availability in plants [45].

3. NO-phytohormone cross talk under heavy metals stress

Heavy metals (HMs) are phytotoxic elements that can damage plant growth and metabolism 
at very low concentrations [46]. The involvement of plant hormones such as IAA, CK, and ET 
to alleviate HMs-induced toxicity is well reported [47–49]. Some recent studies suggest that 
NO acts in concert with signaling pathways of phytohormones to induce tolerance against 
excess elements [50, 51]. However, the exact nature of NO-hormone interactions still needs to 
be explored and is largely dependent on the species, the plant organ as well as concentration 
of metal and duration of stress [52].

Cadmium is one of the most widely distributed HM in agricultural soils [53]. Cd-induced 
increase in endogenous levels of NO is associated with its role as a bioactive molecule to 
quench ROS [54]. Alterations in hormonal homeostasis are potential signals that directly 
affect plant responses to Cd stress, including interplay between hormones and the whole 
plant signaling network, such as the ROS [55], MAPK [56], and NO signaling pathways 
[57]. Exposure to short-term Cd stress revealed an interrelation of ET with NO generation, 
polyamine metabolism, and MAPK cascades in young Glycine max seedlings [58]. It is well 
documented that exposure to HMs enhances the production of ET [59] due to increased 1-ami-
nocyclopropane-1-carboxylic acid (ACC) synthase (ACS) activity in metal stressed plants [60]. 
Cross talk between ET and stress signaling molecules like NO is important to understand the 
mechanisms of plant adaptation to HM-induced oxidative stress [61–63]. More recently, Thao 
et al. [51] suggested a possible link between NO and ET through MAPKs in plants exposed to 
HM stress. Accumulation of ET reduced NO levels and promoted the Cd-induced senescence 
processes in Pisum sativum [64]. Similarly, integration of ET, NO, PA, and MAPKs pathways 
improved tolerance in young Glycine max seedlings against short-term Cd stress [52]. The 
potential involvement of ETHYLENE INSENSITIVE2 (EIN2) in improving resistance against 
lead (Pb) stress has also been demonstrated in Arabidopsis [65]. Treatment of Triticum aestivum 
seedlings with Cd and PAs (spermine and putrescine) was found to induce NO generation in 
roots leading to root growth inhibition [66].
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Experiments with Arabidopsis showed that Cd toxicity triggers NO accumulation, which in 
turn promotes the stabilization of AUX repressor protein IAA17 through suppression of 
AUX carriers PIN1/3/7 [67]. Xu et al. [68] found that exogenous NO supply improved the 
antioxidative capacity and reduced the degradation of AUX in roots of Medicago truncatula 
seedlings exposed to Cd stress. In another study, it was noted that NO acts downstream 
of AUX on modulating root architecture in Arabidopsis seedlings exposed to Cd stress [69]. 
Rodríguez-Serrano et al. [70] demonstrated that Cd toxicity strongly depressed the activity of 
NO-synthase dependent NO production in Pisum sativum seedlings; however, exogenous Ca 
supply ameliorated this effect due to enhanced JA and ET production. Interplay among NO, 
H2O2, and SA has also been reported in lupine seedlings [71] and ryegrass plants [72] under 
Cd stress. Application of putrescine (Put) and NO in combination was reported to alleviate 
Cd toxicity in Vigna radiate by triggering the activity of both enzymatic and nonenzymatic 
antioxidant machinery and a parallel increase in phytochelatin synthesis [73].

Interplay between NO and GA has been reported to influence a wide spectrum of physiologi-
cal processes, including seed germination, primary root growth, and inhibition of hypocotyl 
elongation [8, 29]. Interaction of NO with GA was observed to promote apical root growth in 
Triticum aestivum roots exposed to aluminum (Al) toxicity [50]. Contrary reports of Zhu et al. 
[74] showed that GA mediated alleviation of Cd toxicity in Arabidopsis was linked to reduction 
of Cd-induced NO accumulation and suppression of up-regulation of IRT1. Antagonistic rela-
tionship between NO and GA was also reported by Wu et al. [75] who noticed that NO accumu-
lation inhibited the stimulatory effect of GA on primary root growth under low phosphorous 
(P) conditions. They suggested that GA interacts with NO and P pathways on DELLA-SLY 
module. Studies have shown the positive interaction between NO and CK, for example, Shen 
et al. [76] found that NO deficiency inhibited the activation CK-induced gene CYCLIN-D3;1 
(CYCD3;1), which in turn promoted callus initiation from somatic plant tissues. Recent reports 
of Liu et al. [45] revealed that CK directly interact with NO to reduce endogenous NO levels in 
Arabidopsis implying the protective role of CK against nitrosative stress; however, no study has 
yet provided definitive evidence for NO and CK interaction under metal stress.

Combined NO and SA application was observed to counteract the toxic effects of Ni in 
Brassica napus through enhanced chlorophyll contents and reduced lipid peroxidation 
and proline accumulation [77]. Similarly, NO and SA increased Cd contents in cell walls 
of Cd-stressed Arachis hypogaea that reduced the distribution of Cd to organelles [78]. In 
recent years, accumulating evidence indicates the involvement of BRs induced NO produc-
tion in root architecture and development [79]. Choudhary et al. [80] found that BR induced 
increased NO production promoted ABA synthesis that alleviated the toxic effects of Cu in 
Raphanus sativus seedlings.

Cross talk between plant hormones and NO is also considered critical for Fe-deficiency sig-
naling [81]. Evidence obtained in Arabidopsis suggests interplay between ET and NO for up-
regulation of genes (AtFIT, AtbHLH39, AtFRO2, AtNAS1, AtNAS2, AtFRD3, AtMYB72) related 
to Fe-deficiency [82]. Although, it is well reported that enhanced NO generation helps to 
maintain root growth under Cd stress [83]; however, the exact role of NO under excess Fe 
conditions is rudimentary and demands further investigation.
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4. NO-phytohormone cross talk under salinity stress

Salinity stress is considered one of the most harmful stresses due to its high magnitude and 
worldwide distribution [84]. Phytohormones play a key role in enhancing the tolerance and 
adaptability of plants against salinity stress. Some recent studies suggest that NO acts in con-
cert with signaling pathways of phytohormones to induce tolerance against salt stress [85, 
86]. Presumably, plant hormones such as ABA, ET, and AUX are transported from salt-treated 
roots to leaves to trigger NO synthesis or transport throughout the plant [87]. NO-induced 
alleviation of oxidative damage in salt-stressed plants is associated with increased antioxi-
dant activities and decreased thiobarbituric acid reactive substances content [69]. ABA stimu-
lates H2O2 accumulation that results in increased NO generation, leading to the activation 
of MAPK and up-regulation of genes associated with antioxidant enzymes [17, 18] in plants 
exposed to abiotic stresses like salinity. However, NO does not always positively interplay 
with ABA. In cotton, exogenous NO supply (using SNP as NO donor) reduced salt-induced 
leaf senescence by decreasing ABA content and down regulating the expression of ABA bio-
synthesis genes (NCED2 and NCED9) [88].

In general, it is believed that ET biosynthesis corresponds to increased damage in plants. 
However, recent studies indicate ET as a stress-signaling hormone that interacts with signaling 
cascades of other phytohormones to enhance tolerance against various biotic/abiotic stresses 
[70, 86]. Studies involving tobacco seedlings showed that transcriptional activation of ethylene 
response factor (ERF) in ethylene-signaling process improved salt stress tolerance by decreas-
ing ROS accumulation [89]. Treatment of Arabidopsis callus with 100 mM NaCl triggered the 
accumulation of NO that promoted ET emission, resulting in increased expression of the 
plasma membrane H+-ATPase genes [90]. Hence, both NO and ET participate in up-regulation 
of plasma membrane H+-ATPase that modulates ion homeostasis for improved salt tolerance. 
NO and ET also cooperate to stimulate the alternative respiratory pathway under salt stress 
conditions [91, 92]. Contrary reports of Poór and Tari [85] showed antagonistic relationship 
between NO and ET in tomato cell suspension cultures treated with NaCl (100 and 250 mM). 
Increased ET synthesis promoted ROS generation leading to high dead cell ratio in salt-stressed 
cell culture. However, NO generation decreased ROS levels and blocked ET synthesis resulting 
in lower dead cell ratio. In another study, absence of ET and NO in apical root segments and 
cell suspension culture, respectively, caused ionic imbalance (Na+/K+) that resulted in increased 
susceptibility to salinity stress [93]. AUX and NO involvement in inhibition of root meristem 
growth in salt-stressed Arabidopsis was revealed by Liu et al. [94]. They reported that salin-
ity stress repressed root meristem growth by inhibiting the expression of PINFORMED (PIN) 
genes, thereby reducing AUX levels. Moreover, stabilization of AUXIN RESISTANT3 (AXR3)/
INDOLE-3-ACETIC ACID17 (IAA17) repressed AUX signaling via NO accumulation.

Participation of both NO and ROS in SA-induced stomatal closure is also reported in litera-
ture [95]. Activation of a peroxidase (sensitive to the inhibitor salicylhydroxamic acid) by SA 
promotes ROS accumulation and NO generation in guard cells, leading to stomatal closure. 
Experiment with soybean seedlings showed that combined application of SNP (as NO donor) 
and SA alleviated the toxicity of NaCl-induced salt stress by increased proline accumulation 
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and activation of CAT, APX, and GPX. Similar results were reported by Liu et al. [96] and Dong 
et al. [97] in Gossypium hirsutum and Fagus sylvatica, respectively. SA interaction with signaling 
cascades of NO modulated photosynthetic machinery and reduced H2O2 accumulation that 
promoted the influx of H+-ATPase to plasma membrane. Moreover, synergistic effect of SA and 
NO improved Ca2+/Mg2+ absorption and reduced Na2+ uptake under salt stress conditions [97].

Sulfur (S) is a major component of metabolites such as reduced glutathione (GSH), coenzyme 
A, methionine, cysteine (Cys), sulfo-lipids, iron-sulfur (Fe-S) clusters, and thioredoxin system 
involved in regulation of physiological processes under salt stress conditions [98]. Evidence 
suggests that NO promotes S-assimilation, which is linked to ET production through Cys syn-
thesis [86]. Hence, it may be speculated that NO and S interact to modulate ABA and ET levels in 
guard cells that may influence the stomatal and photosynthetic response under salt stress condi-
tions. NO combines with GSH to generate S-nitrosoglutathione (GSNO), leading to enhanced S 
requirement of plants for improved tolerance under environmental stress conditions [99, 100]. 
Coordinated effect of NO and S regulated the utilization of S and GSH resulting in improved 
growth and photosynthetic activity in salt-stressed mustard plants [86]. NO is a key regulatory 
signal that activates several biochemical processes and interacts with sulfhydryl groups and 
nitro groups in the process of nitration to enhance tolerance against salt stress [101]. NO also 
cooperates with other signaling molecules such as H2S to enhance tolerance against salinity 
stress in plants. NO and H2S cross talk helped to maintain low Na+ levels with up-regulation 
of HvHA1 and HvSOS1 and increased plasma membrane H+-ATPase levels in cytoplast of salt 
stressed barley seedlings [102]. Moreover, transcriptional activation of vacuolar Na+/H+ anti-
porter (HvVNHX2) and H+-ATPase subunit β (HvVHA-β) up-regulated the expression of vacuo-
lar Na+/H+ antiporter (NHE1) that helped to modulate Na+ compartmentation into the vacuoles.

Recently, it has been proposed that NO negatively regulates CK signaling by limiting phos-
phorelay activity via S-nitrosylation [103]. Contrasting reports of Kong et al. [88] showed that 
foliar applied SNP (as NO donor) delayed salt-induced leaf senescence in cotton seedlings 
by up-regulating the expression of CK biosynthesis gene, isopentenyl transferase (IPT). NO 
induced reduction in total free PAs, free Put, spermidine (Spd), and polyamine oxidase (PAO) 
activity that was reported by Fan et al. [103] in cucumber seedlings exposed to NaCl stress. 
These reports provide a strong evidence for NO cross talk with plant hormones to induce salt 
stress tolerance in plants; however, further in depth studies to understand interplay among 
these plant growth regulators in terms of transcriptional regulation, signal transduction, and 
ion detoxification are needed.

5. NO-phytohormone cross talk under temperature stress

Temperature stress negatively influences the vegetative and reproductive growth phases of plants. 
Coordinated action between NO and plant hormones (ABA, JA, GA, CK) induce thermotolerance  
in plants by activating the antioxidant machinery and up-regulating the expression of genes 
encoding heat shock proteins [104–106]. Studies involving Arabidopsis mutants impaired in 
ABA biosynthesis (aba1-1) and signaling (abi 1-1) showed that drought and heat stress induced 
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stomatal closure involved JA and H2O2 signaling that triggered NO levels [106] and Ca2+ and 
SLAC1 function [107, 108]. However, SA antagonized JA function to induce stomatal opening 
in abi1-1 [106]. In Phragmites communis, ABA treatment triggered NOS activity and increased 
NO levels that improved the thermotolerance of plant calluses [109]. Treatment of Stylosanthes 
guianensis seedlings with ABA stimulated the activities of CAT, SOD, and APX suggesting that 
ABA-induced NO generation leads to the production of antioxidant enzymes [110]. Evidence 
supports the antagonist relationship between SA and ET in improving heat tolerance in plants 
by increasing proline contents and enhancing photosynthetic-NUE [111]. SA cross talk with 
AUX, ET, JA, and BR has been demonstrated in specific bioassays [112]. SA triggered increase 
in GST activity was noted to induce heat stress tolerance in Zea mays [113]. Presumably, SA 
reduced H2O2 accumulation through NO generation; however, direct evidences of NO interac-
tion with plant hormones (SA, GA, AUX, BR, and JA) in improving plant heat stress tolerance 
are lacking. BRs are also thought to interact with ABA, SA, and ET to induce heat stress signal-
ing through complex networks [114, 115]. BR treatment of Brassica napus seedlings subjected to 
short-term heat shocks was noted to enhance endogenous ABA concentration [116]. BR induced 
increase in ABA level has also been reported in cellular culture of Chlorella vulgaris [117].

Low temperature severely restricts plant growth and causes both structural and metabolic 
damages in plants [118]. Exposure to low temperature induces oxidative and nitrosative stress 
thereby promoting NO synthesis [119], which serves as a potential link between PA and ABA 
to induce stress responses in plants [120]. Literature indicated extensive cross talk among 
NO, ABA, PAs, and H2O2 to modulate various physiological and stress responses under low 
temperature conditions [110, 121]. Interplay among NO, SA, and ABA was noted to enhance 
the antioxidative activities (CAT, SOD, POX) that contributed to improved chilling injury in 
Zea mays seedlings [122]. Guo et al. [123] found that coordinated action between NO and ABA 
up-regulated cold-induced MfSAMS1 expression, resulting in enhanced acclimation against 
cold stress in Medicago sativa subsp. falcata. Moreover, expression of MfSAMS1 altered the lev-
els of Spm, Put, and Spd and activities of PAO and copper-containing amine oxidase, which 
regulate anti-oxidant machinery during cold acclimation. Exogenous NO supply increased 
Put and Spd levels and stimulated the expression of genes encoding Spd synthase (LeSPDS), 
arginine decarboxylase (LeADC. LeADC1), and ornithine decarboxylase (LeODC) to improve 
chilling stress tolerance in Lycopersicon esculentum leaves. However, the expression of genes 
encoding Spm synthase (LeSPMS) and S-adenosylmethionine decarboxylase (LeSAMDC) was 
not influenced by NO treatment [121]. Reports of Li et al. [124] showed that NO treatment con-
verts Put into Spd or Spm to confer cold tolerance in Zingiber officinale seedlings. Pretreatment 
of Orzya sativa seedlings with various ammonium concentrations decreased the effects of cold 
stress by increasing Put and Spd contents [125], suggesting the possible involvement of NO 
in stress tolerance. In a recent article, Wang et al. [126] reported the coordinated action of 
NO and PAs to induce chilling tolerance in cold-stored banana. NO treatment increased the 
activities of PAO, diamine oxidase (DAO) and glutamate decarboxylase (GAD), leading to 
γ-aminobutyric acid (GABA) accumulation to prevent chilling injury in fruits.

NR and NOS pathway are the most widely known NO sources in plants [19, 127]. Evidence 
obtained by Aydin and Nalbantoğlu [128] showed that SA pretreatment of Spinacia oleracea 
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leaves influenced NR activity to induce chilling stress tolerance. A recent study indicated the 
involvement of JA in NO synthesis that increased CAT activity to scavenge H2O2, leading to 
reduced chilling injury in Cucumis sativus [129]. Therefore, it is concluded that NO cross talk 
with other hormones safeguards the quality of stored fruits and vegetables. Another study on 
NO revealed that it increases the expression of MaCAT, MaPOD, MaSOD, and MaAPX genes 
to alleviate damages caused by low temperature in banana (Wu et al. [75]). In Elymus nutans, 
interaction between NO and 5-aminolevulinic acid (ALA) stimulated antioxidant defense to 
reduce chilling injury [130]. Further investigations involving influence of NO on BR, CK, JA, 
and ET pathways are suggested which would provide important information about signaling 
cascades of these regulatory substances in cold stressed plants.

6. NO-phytohormone cross talk under other abiotic stresses

Ever increasing human population and industrial productivity has resulted in alarming rise in 
air pollutants, causing extensive damages to natural habitats of plant [131]. Ozone is character-
ized as one of the most phytotoxic air pollutants severely restricting plant growth and devel-
opment [132]. Plants use many transportable chemical signals such as NO to turn the sensing 
of ozone from guard cells to adjacent epidermal and mesophyll cells [133]. Presumably, NO 
generation in relation to ozone stress induces ET and ABA synthesis and interferes with sto-
matal ABA response, potentially by inhibiting K+ efflux at the guard cells [134]. The involve-
ment of alternative oxidase (AOX) in the inhibition of ozone-induced toxicity has also been 
demonstrated to require both NO- and ET-dependent pathways [135]. Interestingly, Rao and 
Davies [136] observed that NO treatment caused leaf injury due to increased levels of ozone-
induced ET production. Both SNP and ozone treatment up-regulated the expression of the ET 
biosynthesis related genes (ACS6 and ACC oxidase), which correlates with ET formation [137]. 
In Arabidopsis, exogenous NO supply in combination with ozone stress was noted to attenuate 
the induction of SA biosynthesis and other defense-related genes [132].

Destruction of ozone layer in upper atmosphere, as a result of increased concentrations of 
air pollutants, has exposed living organisms to UV-radiation particularly UV-B that induces 
oxidative stress in plants [138, 139]. Although it is well known that NO interacts with ABA, 
ET, MeJA to control guard cell signaling in response to various environmental stresses [140, 
141], only few reports are available with regard to NO, ET, and ABA cross talk in stomatal 
regulation under UV-B stress [142]. Studies involving Lactuca sativa seedlings showed that 
exogenous NO supply (using SNP as a NO donor) prevented UV-B induced inhibition of 
GA and IAA synthesis [143]. NO stimulated decrease in SA and ABA levels was found to be 
associated with reduced H2O2 and malondialdehyde contents. In contrast, coordinated action 
of NO and SA was observed to reduce UV-B stress in Triticum aestivum seedlings [144].

A transient NO burst is among the earliest responses to wounding [145]. NO production in 
wounded parts involves several pathways including cross talk with signaling cascades of hor-
mones and endogenous signals [146, 147]. It was shown that NO and AUX actively take part 
in wound-healing response in plants [145, 148]. Imanishi et al. [149] presented evidence for the 
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involvement MeJA and mechanical wounding in expression of the Ipomoelin gene (IPO) in sweet 
potato. Later, Jih et al. [150] demonstrated that SNP-derived NO delayed wounding-induced IPO 
expression, providing evidence for antagonistic association between NO and JA. In Arabidopsis, 
NO treatments led to elevated expression of key enzymes of the octadecanoid pathway, like 
LOX2, AOS, or OPR3, in wounded leaf epidermis [151]. However, this induction did not influ-
ence JA responsible genes, like PDF1.2, hence supporting the earlier evidences about NO and 
JA association. NO-induced wound-responses could act as a modulator of cell death initiation 
together with H2O2 accumulation, and delay of IPO-expression [152]. Contrasting reports in 
Lycopersicon esculentum demonstrated neither wound-induced NO burst, nor NO-induced ele-
vation of endogenous SA levels [153]. Moreover, SNP-derived NO inhibited the expression of 
the proteinase inhibitors Inh1, Inh2, cathepsin D inhibitor (CDI), and metallocarboxypeptidase 
inhibitor (CPI) and increased AOS or LOX activity. Nevertheless, these studies demonstrate 
clearly that induction of a wound-response in plants involve cross talk among various stress 
signaling molecules.

Initiation of senescence in plants is controlled by various factors such as nutrient supply, light 
conditions, leaf age, and environmental stress [154]. Plant hormones such as ET and CK influ-
ence senescence by either promoting or delaying the process, respectively [155, 156]. Evidence 
supports the interaction of NO with other plant hormones to floral senescence and fruit 
maturation [157]. Recently, Ji et al. [158] demonstrated that SA treatment at low concentra-
tions induced NOA1-dependent NO signaling and activated antioxidant defense to counter-
act MeJA-induced leaf senescence. NO plays a conceivable role to counteract the ABA- and 
jasmonate-induced senescence in rice by inhibiting H2O2 accumulation and lipid peroxida-
tion [159]. Mishina et al. [160] found that delayed leaf senescence in Arabidopsis involves 
NO-induced reduction in SA levels. During fruit ripening, NO cross talk with SA and 
ET involves the regulation of levels of secondary metabolites such as anthocyanins [161]. 
NO-induced suppression of cell wall softening related enzymes such as polygalacturonase 
(PG), pectin methylesterase (PME), and pectate lyase (PL) was found to delay softening and 
ripening of stored Carica papaya by reducing ABA, IAA and zeatin ribose (ZR) levels [123].

7. Conclusion and future perspectives

Although our understanding of NO interactions with plant hormones has increased dramati-
cally in past few years, many pieces of the puzzle are still missing. It is well established that 
NO coordinates with plant hormones to regulate gene expression and activities of anti-oxi-
dative enzymes under adverse environmental conditions. However, our current knowledge 
about NO-phytohormone interactions is derived chiefly from NO-induced posttranslational 
modifications of transcription factors and biosynthetic enzymes. Future work is needed to 
explore the interplay among NO, plant hormones, ROS, protein kinases, and cytoskeletal pro-
teins in order to understand the complicated network of NO signaling under abiotic stress 
conditions. Interestingly, most of the studies related to NO-phytohormonal interactions 
involve experiments in controlled laboratory environments, very little is known about the 
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cross talk between these signaling molecules during flower initiation or grain development. 
Moreover, plants growing under natural conditions face multiple stresses; hence, future stud-
ies will need to address how NO interacts with the signaling cascades of phytohormones in 
plants exposed to two or more abiotic stresses.
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Abstract

Grapevine (Vitis vinifera) is one of the most important commercial plants since its berries 
are used for wine production or consumed as fresh fruit or dry fruit. Many studies have 
focused on berry development and have pointed out the hormonal regulation on the 
three phases, from early development to maturity. Grapevine fruit has been classified 
as non-climacteric based on the low levels of ethylene present around véraison, although 
recent evidence has suggested a role for this hormone during grape berry ripening. The 
control of different physiological processes depends on a complex integration between 
environmental cues and endogenous factors, which is mediated by a phytohormone 
crosstalk. In this chapter, we will focus on phytohormones, their signaling pathways, and 
their association to berry development in V. vinifera; in particular, we will refer to auxins, 
abscisic acid, brassinosteroids, ethylene, gibberellins, and cytokinins.

Keywords: grapevine, berry, development, hormones, auxins, abscisic acid, 
brassinosteroids, ethylene, gibberellins, cytokinins

1. Introduction

The genus Vitis comprises 60–70 species and the majority of cultivated varieties pertain to 
Vitis vinifera L. The most studied process in this species is berry development, since it has a 
direct economic impact for wine, fresh fruit, and raisin production [1]. Berry development 
consists of two sigmoidal growth periods with a lag phase in between. The first stage (phase I) 
is characterized by a rapid cellular division and cell enlargement, establishing the final num-
ber of cells in the berries. At the end of this period, the seed embryos and berries have been 
defined. This stage is accompanied by the accumulation of metabolites, such as malic, tartaric, 
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and hydroxycinnamic acids; minerals; tannins; flavonols; and volatile compounds, all essen-
tials for normal berry development. During the lag stage (phase II), berry growth markedly 
diminishes, the concentration of organic acids reaches their highest level, and berries start to 
lose the chlorophyll accumulated during phase I. Finally, ripening stage (phase III) begins 
with the berry softening or véraison, and a gradual increase in sugar content occurs. Moreover, 
aroma and flavor compounds are accumulated during this stage, and anthocyanin accumu-
lation takes place in red varieties. Also, berries increase their size by cell expansion without 
cellular division [2–4].

Figure 1. Schematic representation of hormonal content in grape berry development stages. Changes in hormone levels 
are shown for auxins, abscisic acid, brassinosteroids, ethylene, gibberellins, and cytokinins at phases I, II, and III of grape 
berry development. Several studies have shown a main role for auxins, cytokinins, and gibberellins in early phases of 
development associated to cell division process and fruit set. At véraison, there is a marked increase in abscisic acid 
levels, essential for ripening-associated physiological changes. High levels of brassinosteroids at véraison and phase III 
are consistent with a ripening-promoting role for this hormone. Moreover, a peak in ethylene has been detected prior 
to véraison that suggests a role in the initiation of this stage. Recently, a possible role for cytokinin signaling in phase III 
has been reported, due to its high levels at maturation. Changes in sugar content are depicted in purple curve, with an 
increase around véraison and its maximum in full mature berries. Véraison is denoted by a dashed line. For more details, 
see the text.
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All the developmental phases of grapevine berry and the metabolic changes associated with 
them are tightly controlled by complex interactions between environmental factors, such as 
temperature [5–7], light [8–10], UV-B radiation [11–14], and water availability [15, 16], and 
endogenous factor, such as phytohormones [17–21]. Classically, fruits have been classified 
into climacteric and non-climacteric, where the first ones correspond to tomatoes, bananas, 
avocados, apples, and others that show a marked peak of ethylene associated with an increase 
in respiration rate during the onset of ripening. In opposition, non-climacteric fruits such 
as strawberry, citrus, and grapevines do not exhibit this correlation between ethylene and 
respiration [22–24]. However, recent evidence has suggested an unexpected role for ethylene 
in non-climacteric fruits [25]. In this chapter, we will discuss the current understanding of 
hormonal influence over berry development in grapevine, from early processes to ripening 
stage. In particular, the role of auxins, abscisic acid, brassinosteroids, ethylene, gibberellins, 
and cytokinins and its complex interaction network will be analyzed according to classic evi-
dences and recent advances based on transcriptomic and proteomic approaches. The hor-
mone levels at different stages of berry development are summarized in Figure 1.

2. Hormonal control over berry development

2.1. Auxins

Auxins are involved in several plant physiological processes, such as cell elongation and dif-
ferentiation, responses to pathogen and abiotic stresses, and gravitropic and light responses, 
among others [26]. Indole-3-acetic acid (IAA), the main auxin in higher plants, has an essen-
tial role in initial stages of berry development. The IAA highest concentration has been 
observed in flowers and young berries, and it gradually decreases to a minimum low level 
at véraison [27]. Considering the high rate of cell division described during the first stage of 
berry development, these results are consistent with the role of auxin on this cellular process 
[4, 28]. The fruit set is the changeover that takes place in the ovary of a mature flower that 
includes the decision to abort or continue with the development of a functional fruit [29]. In 
grapevines, this process seems to be controlled by a hormonal balance between auxin and 
gibberellin (GA) [17]. Auxin induces the generation of seedless berries by parthenocarpy, a 
process where fruits are formed in the absence of fertilization. It has been described that genes 
encoding for negative regulators of fruit set initiation, AUX-IAA protein VvIAA9 and auxin 
response factor (ARF) VvARF7, decrease their expression level during parthenocarpic berry 
process in cv. Tamnara treated with GA at pre-bloom stage [30]. Exogenous application of 
4-chlorophenoxyacetic acid (4-CPA), a compound chemically similar to auxins, in ovaries of 
Fenghou grapevine, induced fruit set, but it depends on subsequent biosynthesis of gibberel-
lin GA3 [31]. The GA signaling could be integrated to auxins by a DELLA protein mediation, 
since GA application increases expression of a DELLA gene [30] and the inhibition of gibber-
ellin biosynthesis and auxin responses affected the normal physiological processes associated 
with fruit set [17]. In grapevine, fruit abscission occurs within 3 weeks after flowering [32], 
and differences in berry abscission are dependent on polar auxin transport. Experimental 
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evidence showed a negative correlation between abscission rate and polar auxin transport, 
suggesting that IAA maintains the “first berries” in the cluster, i.e., those berries derived 
from flowers that opened the same day that flowering starts [33]. IAA delays fruitlet abscis-
sion, preventing the formation of the abscission zone by reducing its ethylene sensitivity [34]. 
Abscission requires a continuous polar IAA transport to the pedicel, which is controlled by 
IAA itself through changes in the expression and localization of PIN-FORMED (PIN) auxin 
efflux proteins [35]. A lower polar auxin transport rate in excised fruitlets and a decrease in 
the expression of VvPINs were correlated with an increase in abscission [35]. Taken together, 
these results show a key role for auxins during abscission process in grapevine.

The most studied process in berry development is the ripening. It is characterized by global 
transcriptomic and hormonal changes [3, 18]. Physiological changes associated with this stage 
have been attributed to a proper balance between ABA and auxin levels [18, 36]. IAA content 
is high from anthesis to véraison and then declines at maturation [19]. Nevertheless, there is 
some discrepancy about IAA variations during grapevine berry development, since no signif-
icant changes in IAA content throughout phases I and II of berry development have also been 
reported [37]. The maintenance of IAA low levels has been explained by a hormone inactiva-
tion mechanism, where an increase of aspartic acid-IAA conjugated form (IAA-Asp) occurs 
during ripening. Since this form is inactive, no biologically active IAA form will be present at 
this stage [38]. This is consistent with the increase in Gretchen Hagen 1 (GH3-1) gene expression 
at véraison, which encodes for an IAA-amido synthetase that conjugates IAA, preferentially to 
aspartic acid and tryptophan [38]. Also, grape berries treated with the synthetic auxin 1-naph-
thaleneacetic acid (NAA) show an upregulation of GH3 gene expression [36]. In agreement 
to this, transcriptomic analysis using Affymetrix platform using clusters of cv. Pinot Noir 
collected at different development stages showed a repression in the expression of two auxin 
response factors (ARFs) and an auxin receptor during ripening [39]. Treatments with NAA 
in grape berries downregulated different metabolic pathways, such as carbohydrates, lipids, 
cell wall metabolism, secondary metabolites, and amino acids, and upregulated light reaction 
pathways [36]. This suggests that auxins might delay ripening by a negative regulation of 
several essential metabolic processes for normal berry maturation. Exogenous IAA applica-
tion delayed the ripening process, and treatment of pre-véraison berries with NAA diminished 
the accumulation of total soluble solids (TSS) and anthocyanins levels [40–42]. Dipping of 
cv. Shiraz berries in a synthetic auxin-like compound benzothiazole-2-oxyacetic acid (BTOA) 
solution decreased the expression of chalcone synthase (CHS) gene of flavonoid biosynthesis 
pathway prior to véraison [43]. Moreover, BTOA caused a 2-week retardment in the onset of 
ripening, measured as a delay of normal increase in berry weight, color, deformability, hexose 
concentration, and abscisic acid content [43]. All this evidence indicates a repressor role for 
auxin in the typical ripening-associated physiological processes. Spraying berries with NAA 
delays the increase in berry size post-véraison, but these fruits were larger than control fruit at 
harvest [40]. In addition, NAA seems to delay ripening by regulation at transcriptional level, 
since hormone application over cv. Merlot bunches changed the expression of about 1500 genes 
in berries [36]. Moreover, application of NAA downregulated expression of genes encod-
ing for 9-cis-epoxycarotenoid dioxygenase 3 (NCED3) and abscisic acid insensitive 3 (ABI3) 
involved in ABA biosynthesis and perception, respectively [36]. Also, NAA strongly induces 
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the expression of genes involved in processes of conjugation, transport, and signal transduc-
tion of auxin. Particularly, NAA treatment upregulates genes coding for an  Indole-3-acetic 
acid amido synthetase (GH3-like), protein transport inhibitor response 1 (TIR1-like), protein 
PIN-FORMED for polar transport (PIN3), two AUX/IAA proteins (IAA4-like and IAA31-like) 
known by repressed transcription of auxin-responsive genes, and an auxin response factor 
8 (ARF8) [36]. On the other hand, an antagonistic relationship between auxin and ethylene has 
been observed. Genes encoding key enzymes of ethylene biosynthesis were upregulated in 
NAA-treated berries during véraison, as observed for 1-aminocyclopropane-1-carboxylic acid 
(ACC) synthase (ACS6) and ACC oxidase (ACO2) [36]. Also, genes encoding ethylene recep-
tors, such as ethylene insensitive 4 (EIN4-like) and ethylene response sensor 1 (ERS1-like), 
showed an earlier increase in untreated berries compared with NAA-treated [36]. Related 
to the regulation of ethylene response, three genes encoding for ethylene response factors 
(ERF3-like, ERF-AP2-like, and ERF5-1) increase their expression in response to NAA [36]. 
This evidence illustrates the complex network of transcriptional responses regulating ripen-
ing process in grapevine berries.

2.2. Abscisic acid

Abscisic acid (ABA) has shown to regulate several developmental processes in plants, such as 
seed germination, dormancy, floral induction, and responses to environmental stresses [44]. ABA 
levels have been directly associated with changes in expression of the marker gene 9-cis-epoxy-
carotenoid dioxygenases (NCEDs), coding for the rate-limiting enzyme in ABA biosynthesis [15, 
21, 45]. Moreover, ABA can be inactivated in several ways that include conjugation with glucose 
or by hydroxylation into phaseic acid (PA) and dihydrophaseic acid (DPA) [44]. Thus, the active 
ABA content depends on the balance between biosynthesis and inactivation. Experimental evi-
dence strongly suggests that ABA is the main signal for ripening induction in grapevine [46]. 
ABA levels in grape berries gradually and strongly increase just before véraison, accumulating in 
berry skin during maturity [41, 43, 45]. In agreement with this, ABI3 expression, a transcription 
factor involved in ABA signaling, rises during lag phase of berry development [16, 44, 47]. Also, 
a correlation between the increase in anthocyanin amount and ABA content has been observed 
during ripening in red varieties [18, 21, 48]. An increase in ABA concentration accompanied with 
an upregulation of anthocyanin biosynthetic genes and anthocyanin accumulation in the skin 
during grape berry ripening has been reported in cv. Cabernet Sauvignon ([49] and references 
therein). Consistently, spraying synthetic ABA in cv. Cabernet Sauvignon immature berries at 
fruit set promotes anthocyanin accumulation in fruits [50]. Moreover, ABA enhances anthocya-
nins levels in the berry skin of cv. Cabernet Sauvignon together with an increase in VvMYBA1 
mRNA accumulation, a positive regulator of anthocyanin biosynthesis [42]. Application of ABA 
at véraison stage in cv. Crimson Seedless accelerates coloring process in berries, allowing an 
earlier harvesting and superior appearance compared with ethephon-treated or control berries 
[51]. Exogenous treatment with ABA in cv. Cabernet Sauvignon berries increases the expres-
sion of genes related to flavonoid biosynthesis, such as those encoding for stilbene synthases 
(STS) [52]. All this results are consistent with previous reports showing the accumulation of 
stilbenes, anthocyanins, and flavonols in the skin of cv. Cabernet Sauvignon berries, in response 
to ABA  application [53]. A 2-DE proteomic approach revealed that ABA treatment increases the 
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amount of  different  proteins before véraison. These proteins included vacuolar invertase GIN1, 
involved in hexose accumulation in the berry, and alcohol dehydrogenase 2 (ADH2); three pro-
teins involved in flavonoid biosynthesis, chalcone isomerase, dihydroflavonol-4-reductase, and 
anthocyanidin reductase; and xyloglucan endotransglycosylase (XET) protein involved in cell 
wall modification [48]. ABA could regulate the synthesis of cell wall-modifying enzymes such 
as polygalacturonase [54]. The peak of activity of this enzyme coincides with the peak of ABA, 
and it is detected during color change period [54]. All the evidence is consistent with a role of 
ABA promoting berry ripening, regulating both structural and secondary metabolisms associ-
ated with berry development.

Interestingly, there is an increase in anthocyanin biosynthesis during ripening when cv. Merlot 
grapevines are grown under drought conditions in field experiments [15]. NCED1 and NCED2 
genes, key enzymes from ABA biosynthesis pathway, were upregulated at the onset of véraison 
in water-deficient plants [15]. Drought stress increased ABA, proline, sugars, and anthocyanin 
concentration in cultivars such as Cabernet Sauvignon [45]. It has been proposed that the increase 
in ABA levels precedes the hexose accumulation [45]. Water deficit increased expression of 
genes coding for enzymes from ABA metabolism, including β-carotene hydroxylase (BHASE), 
involved in ABA precursors biosynthesis and NCED and (+)-abscisic acid 8′- hydroxylase 
(ABAHASE), involved in ABA oxidative catabolism [45]. The ABSCISIC ACID RESPONSE 
ELEMENT-BINDING FACTOR2 (AREB/ABFs) are a family of transcription factors involved in 
ABA-dependent gene activation and have been associated with ABA and abiotic stress signal-
ing in different plant species [55]. In a recent work, the characterization of VvABF2, an AREB/
ABF-like transcription factor from grape, was performed in order to understand its role during 
berry ripening in cv. Cabernet Sauvignon. The VvABF2 expression increased during véraison 
and remains high during ripening until harvesting stage [55]. Interestingly, the overexpression 
of VvABF2 in grape cells increased the content of the stilbenes resveratrol and piceid [55]. Berry 
softening is a process associated with ripening that initiates at stage II of berry development, and 
it depends on cell wall-modifying enzymes, including expansins, pectin methylesterase, pectate 
lyase, and xyloglucan endotransglycosylase/hydrolase ([56] and references therein). An early 
increase in ABA content during softening occurs and seems to be associated with a decrease in 
catabolism more than an increase in biosynthesis [56]. On the other hand, sugar unloading is a 
key process during berry development in which source organs, as leaves, deliver sugars to sink 
organs, as fruits [57]. The distribution of photoassimilates determines if the plant will go to veg-
etative or reproductive growth or it will accumulate starch as carbon reserve [58]. Foliar spray-
ing of ABA in grapevines cv. Malbec demonstrated that this hormone increases glucose and 
fructose levels in berries and roots, probably functioning as a stress signal and enhancing sugar 
transport [58]. These changes in ABA-mediated sugar allocation could be an essential process 
favoring berry development. Just before véraison in Kyoho grapes, sucrose is transported into 
apoplast through specific carriers from apoplastic path [57]. The unloading process is possible 
by acid invertase enzymes. There are two types of acid invertases: the cell wall-bound invertase 
(CWI) that favors sucrose transport from source to sink cells and the soluble acid invertase (SAI) 
that has a role in storage and metabolism of sucrose in the vacuole [59]. An ABA-induced acti-
vation mechanism for these invertase regulations where ABA could regulate acid invertases at 
transcriptional, translational, and posttranslational levels, activating both the cell wall-bound 
and the soluble enzymes, has been proposed [59].
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2.3. Brassinosteroids

Brassinosteroids (BRs) are a family of polyhydroxilated sterol derivatives that regulate several 
physiological processes in plants, such as cell elongation, biotic and abiotic stress responses, 
flowering, photomorphogenesis in darkness, and stomata development, among others [60, 61]. 
This phytohormone is the most recent being implicated in ripening of non-climacteric fruits 
[37, 62]. Transcriptomic analysis in cv. Merlot has suggested that BRs act as an early and key 
signal for ripening processes, perhaps by modulation of ethylene levels [36]. It has been shown 
that levels of castasterone, the bioactive BR, and its precursor 6-deoxo-castasterone increase at 
véraison and remain high during ripening in cv. Cabernet Sauvignon berries [37]. Moreover, 
the expression of VvBR6OX that encodes for brassinosteroid 6-oxidase that transform 6-deoxo-
castasterone into bioactive castasterone increases until véraison suggesting that the high levels 
of castasterone and its precursor 6-deoxo-castasterone, detected at ripening, could be in part 
due to the increase in BR6OX enzyme [37]. Transcriptomic analysis of cv. Cabernet Sauvignon 
and Trincadeira has shown that the gene coding for VvBRI1, the putative brassinosteroid recep-
tor insensitive BRI1, peaks at lag phase and then decreases, while VvBR6OX1 peaks just prior 
to véraison and decreases thereafter [16, 63]. Moreover, putative gene coding for steroid 5 alpha 
reductase (VvDET2) was downregulated pre- and at véraison [63]. All the evidence suggests 
that the biosynthesis of brassinosteroid increases prior to véraison and is regulated by a feed-
back inhibition dependent on BR production. It has been reported that exogenous application 
of brassinosteroids promotes coloration of the berry skin in cv. Cabernet Sauvignon, suggest-
ing an earlier ripening [37]. In agreement with this, application of brassinazole, an inhibitor 
of BR biosynthesis, delayed ripening [37]. Also, the application of exogenous brassinosteroid 
increases the total anthocyanin content in two cultivars, Yan73 and Cabernet Sauvignon [64, 65], 
and the full coloration of grapes occurred 7 days earlier in BR-treated samples [64]. BR has a 
major effect over genes of anthocyanin synthesis pathway, including flavonoid-3′-hydroxylase 
(F3′H), flavanone-3β-hydroxylase (F3H), flavonoid- 3′,5′-hydroxylase (F3′5′H), dihydroflavo-
nol-4-reductase (DFR), anthocyanidin synthase (ANS), and UDP-Glc-flavonoid-3-O-glucosyl 
transferase (UFGT), and their expression peaks come ahead in about 14 days [64]. In addi-
tion to the previously described ABA role in sugar unloading in grape berries, the involve-
ment of BR in this process has been recently reported [66]. Exogenous treatment of Cabernet 
Sauvignon berries with BR (24-epibrassinolide) increases the soluble sugar content; increases 
the activities of enzymes related to sugar unloading, neutral and acidic invertases, and sucrose 
synthase during ripening; and upregulates the expression of sucrose transporter genes [66]. In 
conclusion, BR has a role in promoting berry ripening, but more research is required to eluci-
date the role of BRs in berry development and its interaction network.

2.4. Ethylene

Ethylene is a gaseous hormone that can regulate several processes in plants, including carbon 
assimilation, flower and leaf senescence, germination, responses to abiotic and biotic stresses, 
organ abscission, and fruit ripening in climacteric species like apples, bananas, and tomatoes [67]. 
Classically, grapevine has been classified as a non-climacteric fruit due to the low levels of eth-
ylene observed around véraison, suggesting that this hormone is not responsible for triggering 
ripening [46]. However, recent evidence showed that ethylene is present in high concentrations 
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at anthesis and declines thereafter but clearly displayed a transient increase just prior véraison, 
suggesting now a role for this hormone in ripening initiation [25]. During early berry develop-
ment, an increase in ethylene levels has been correlated with the onset of fruitlet abscission in cv. 
Chardonnay, which is consistent with a gain in ACC oxidase activity and high levels of ethylene 
precursor 1-aminocyclopropane-1-carboxylic acid (ACC) [68]. The positive effect of ethylene over 
berry abscission was previously reported in cv. Pinot Noir [69]. Transcriptomic analysis has shown 
that the gene coding for ACC synthase, from ethylene biosynthetic pathway, was repressed post-
véraison [39]. Moreover, the ACC oxidase gene, involved in the last step of ethylene biosynthesis, 
showed an increased expression at lag phase with a peak around véraison [16, 39]. Treatments with 
low doses of ethylene stimulated grape berry expansion in Cabernet Sauvignon, and there is an 
increased expression of auxin-responsive factor 8 (ARF8) near to véraison in ethylene-treated ber-
ries that could suggest an interaction between ethylene and auxin signaling to control berry expan-
sion process [70]. A possible function for ethylene signaling post-véraison has been suggested since 
some ethylene response factors (ERFs) were induced in ripening stage. However, other members 
of AP2/EREBP transcription factors were downregulated, indicating a complex regulation mecha-
nism of ethylene signaling during ripening [39]. Ethylene has also been associated with anthocy-
anin production, since there is an increased expression of genes such as CHS, F3H, and UFGT, 
when cv. Cabernet Sauvignon berries were treated with 2-chloro-ethylphosphonic acid (2-CEPA), 
an ethylene-releasing compound [71]. Recently, a role of ethylene in cv. Cabernet Sauvignon fruit 
senescence has been postulated, since changes in expression of biosynthetic and signaling genes 
have been found at late ripening [49]. Taken together, this evidence suggests that ethylene has a 
more important role for berry development in non-climacteric species than the one though a few 
years ago.

2.5. Gibberellins

Gibberellins (GAs) are hormones that participate in leaf expansion, pollen maturation, seed ger-
mination, and induction of flowering, among others [72]. GAs increase early in the first phase of 
berry development but decrease to very low levels before véraison [18, 19, 37, 73], while a second 
peak of GAs has been reported at lag phase [74]. A role of this hormone in berry enlargement 
in cv. Centennial Seedless during stage I has been suggested, since GA3-treated berries showed 
an increased expression of xyloglucan endotransglycosylase (XET) genes, which participate 
in cell wall expansion [75]. A cross talk between GA3-ABA and GA3-ethylene during berry 
enlargement period has been reported [75]. An RNA-sequencing analysis of cv. Centennial 
seedless berries after GA3 application showed a decrease in negative regulators of ABA content 
and signaling, suggesting that GA3 promotes ABA signaling, while there is an upregulation 
of ethylene response factors (ERFs) at 1 and 3 days post GA3 treatment with a downregula-
tion observed 7 days post treatment [75]. Moreover, GAs have been involved in mesocarp cell 
expansion, and treatment with paclobutrazol (PAC), an inhibitor of GA biosynthesis, reduces 
fruit set [31]. An analysis of different GA3-oxidases revealed that VvGA3ox1, involved in GA 
biosynthesis, increases its expression at fruit set [76]. It has been reported that GA3 increases 
glucose and fructose content in berries of cv. Malbec at véraison, therefore affecting sugar distri-
bution [58]. Also, experimental results proposed that fruitlet abscission could be coregulated by 
levels of auxin and GA, since both reduce the polar transport of auxin [35]. On the other hand, 
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there is not much information implicating GAs in ripening process. However, GA3 soaking of 
cv. Kyoho clusters strongly accelerates berry coloration compared with non-treated ones [77]. 
Thus, it is possible that GAs could participate in anthocyanin biosynthesis regulation, prob-
ably in a complex interaction with other hormones. A transcriptomic analysis of cv. Cabernet 
Sauvignon berries showed that GA β-hydroxylase gene, involved in GA biosynthesis, has its 
highest expression at phase I and then decreases in phases II and III [16]. Also, there is a gradual 
increase in gibberellin receptor GIDL1 expression, which is more marked for GIDL2, as phases 
II and III progress [16]. These results are consistent with an increase in GILD2 expression at 
véraison in cv. Trincadeira berries [63]. Nevertheless, more studies are needed to determine the 
precise function of this hormone during berry development, especially during ripening stage.

2.6. Cytokinins

Cytokinins are involved in seed germination, cell proliferation and differentiation, light 
responses, delayed of senescence, and others [78]. During early grapevine development, cyto-
kinin 6-benzyladenine (6-BA) treatment induces seedless berry formation through partheno-
carpy [31]. The levels of zeatin and zeatin riboside, the more active forms of cytokinins, were 
high in early phase I and then decrease in berry flesh to undetectable levels post- véraison [27]. 
This suggests that cytokinins do not participate in ripening stage. This is consistent with 
reports that exogenous application of cytokinins in cv. Delaware did not affect fructose con-
tent in berries, a key characteristic of ripening [79]. Furthermore, the expression of genes 
encoding for dehydrogenases, putatively involved in cytokinin degradation, decreased 
around  véraison in cv. Trincadeira berries [63]. However, recent evidence indicates that cyto-
kinins could have a role in ripening. For instance, isopentenyladenine (iP), a biological active 
cytokinin, increases in cv. Shiraz berries during ripening, while, during late ripening, there is 
a higher amount of t-ZOG, a glycosylated form of inactive cytokinin [80]. Recently, an analy-
sis of cytokinin levels was performed in grape cultivars Cabernet Sauvignon, Riesling, and 
Pinot Noir, as well as in strawberry and tomato. The results indicated a markedly increase in 
iP concentration in red firm tomato, red ripe strawberry, and post-véraison grapes, based on 
which the hypothesis of a common role for cytokinin signaling during ripening in climacteric 
and non-climacteric fruits was postulated [81]. Throughout berry development, genes related 
to biosynthesis, catabolism, perception, and signaling of cytokinins are expressed [81]. Also, 
the repression of the gene encoding for cytokinin-repressed 9 protein (CR9) has been reported 
in ripening, supporting the activation of cytokinin signaling during this stage [39, 63]. The 
gene expression of nuclear regulators of cytokinin signaling (ARR) had different patterns 
around véraison in cv. Trincadeira grapes, complicating the interpretation [63]. So, it is still 
needed to clarify cytokinins’ exact participation in phase III of berry development.

3. Conclusions

The role of the different hormones during grapevine ripening seems to be complex. Currently, 
some technical difficulties limit a better understanding of physiological processes occurring 
during grapevine berry development and the hormonal control. There is no availability 

Phytohormonal Control over the Grapevine Berry Development
http://dx.doi.org/10.5772/intechopen.68453

151



of a mutant collection of V. vinifera that could support the study of hormonal signaling or 
 biosynthetic pathways to clearly understand hormone control of berry formation and matu-
rity allowing to establish direct cause-effect relationships. Transgenesis in grapevine is not an 
easygoing procedure, and the generation of overexpressing or silencing lines in genes of inter-
est is a difficult task. At the moment, correlations between hormone levels and gene expres-
sion at different phases of berry development are the best approach to unravel hormonal 
regulation of berry development. So far, a successful approach has been exogenous treat-
ments with hormones, which have allowed to suggest conclusions and discern the complex 
interaction network. In addition, global analyses including genomics, transcriptomics, and 
proteomics have improved our knowledge about this process. It is expected that the progress 
of new technologies could help to overcome technical limitations and give more insight into 
control of berry development mediated by plant hormones.
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