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Abstract There is a very effective cross-talk

between signals triggered by reactive oxygen species

and the hormonal response in plants, inducing the

expression of genes or activating proteins/enzymes

likely to be involved in stress tolerance. Although

abiotic stress responses and the role of the antioxidant

system have been well explored in the literature, the

understanding of the interrelationship between hor-

mones and their effects on antioxidant system is not

clear or well investigated. We attempted to scan the

field of hormonal modulation of oxidative stress in

plants. We feel that this topic is one of the most

promising and emerging field in abiotic stress research

because multiple responses can be controlled by

hormones. We are presenting an overview of the more

recent literature on what has been done regarding the

interaction between auxin (AUX), gibberellins (GA),

cytokinins (CK), abscisic acid (ABA), ethylene (ET)

and oxidative molecules and antioxidant compounds.

Even knowing that several stress-responsive genes

respond to hormones, some of which have already

been documented showing that AUX, GA, CK, ABA

and ET are part of stress signaling, a lot more is needed

in order to have a clearer view of how and which

hormones regulate abiotic stress responses.

Keywords Abiotic stress � Antioxidant system �
Hormones � Plant signaling � Reactive oxygen species

1 Introduction

Abiotic stresses can be considered as the most severe

adverse conditions that plants may face. The severity

of any abiotic stress can be intensified in plants

because they are sessile organisms and therefore

cannot move out to avoid the disturbance of plenary

plant metabolism and functioning (Suzuki et al. 2014).

As a consequence of facing abiotic stress situations,

excessive accumulation of reactive oxygen species

(ROS) is triggered, leading to a condition of oxidative

stress (Azevedo et al. 2011). Normally, mitochondrial,

chloroplasts and peroxisomes processes generate ROS

(Mittler et al. 2004), but environmental situations that

enhance accumulation of ROS generate an oxidative

stress condition (Mittler 2002; Noctor et al. 2015). The

uncontrolled oxidation induced or stimulated by any
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environmental stress can be overcome by cellular

defense mechanisms, which comprise a variety of

antioxidant enzymes, including superoxide dismutase

(SOD—EC 1.15.1.1), catalase (CAT—EC 1.11.1.6),

ascorbate peroxidase (APX—EC 1.11.1.11), guaiacol

peroxidase that oxidases phenolic radicals forming

phenoxyl (GPX—EC 1.11.1.7), glutathione peroxi-

dase (GSHPX—EC 1.11.1.9) that uses thioredoxin

and glutathione as electron donor (Herbette et al.

2007), and the glutathione regenerator glutathione

reductase (GR—EC 1.8.1.7), which works together

with APX, monodehydro ascorbate reductase

(MDHR—EC 1.6.5.4) and dehydro ascorbate reduc-

tase (DHR—EC 1.8.5.1) in the Foyer-Halliwell-Asada

cycle (Roychoudhury et al. 2012; Pandey et al. 2017).

In addition, non-enzymatic processes are also impor-

tant when concerning ROS scavenging such as

ascorbic acid, tocopherols, flavonoids and reduced

glutathione (Asada 1999). On the other hand, at low

concentrations, ROS play a role as signaling mole-

cules regulating several biological processes such as

growth, development and response to biotic/abiotic

stimuli in plants (Apel and Hirt 2004; Baxter et al.

2014), and together with a wide range of molecules,

especially hormonal ones, form an orchestrated net-

work of signaling response and action (Wrzaczek et al.

2011; Fraire-Velázquez et al. 2011).

Plant hormones are biochemical compounds

responsible for controlling plant growth and develop-

ment from germination to fruit production and seed

dispersion. Thus, these compounds literally indicate

how and when a plant should behave in response to

environmental factors (Fraire-Velázquez et al. 2011).

The hormonal control of development under abiotic

stress involve a complex signaling cascade from

stimuli perception to gene expression (Azevedo et al.

2012) and it is complex. Several lines of evidence are

in accordance with the existence of cross-talk between

ROS-dependent signaling pathway and hormonal

responses, which working together allow plants to

adjust its performance under biotic and abiotic stresses

(Tognetti et al. 2012). Although it is known that

several stress-responsive genes respond to hormones,

some of which have already been documented show-

ing that auxin (AUX), gibberellins (GA), cytokinins

(CK), abscisic acid (ABA), ethylene (ET), brassinos-

teroids (BRs) and salicylic acid (SA) are part of stress

signaling (Fraire-Velázquez et al. 2011), more infor-

mation is needed in order to have a clearer view of how

and which hormones regulate abiotic stress responses.

Additionally, Table 1 gather most common response

of antioxidant enzymes in plants subjected to different

kinds of abiotic stress and the relationship with

phytohormones.

2 Drought stress

Drought stress is responsible for great amounts of lost

in production and this scenario is expected to be more

frequent as we are facing global temperature changes

(Harrison et al. 2014). Drought is responsible for

major losses in productivity (Farooq et al. 2009; Cia

et al. 2012; Boaretto et al. 2014; Medici et al. 2014),

mainly due to drastic alterations in plant physiology

and biochemistry. Thereby, relevant reports about

several plant hormones influence on the modulation of

drought-induced oxidative stress have been produced

and some are commented next.

Abscisic acid (ABA) acts on several non-stressful

and stressful situations during plant life, and drought

stress is the most known adverse situation that is able

to induce ABA production, consequently triggering its

responses (Huang et al. 2012). It is already known that

the main effect of ABA during drought stress is the

induction of stomatal closure (Daszkowska-Golec and

Szarejko 2013), and some researchers have demon-

strated that it is signaled by ROS under ABA induction

(Huang et al. 2008; Xu 2010) as well as by Reactive

Nitrogen Species (RNS) (Oz et al. 2015).

The capability of ABA to regulate ROS content by

regulating the activity of antioxidant enzymes, has

been demonstrated by Ozfidan et al. (2012), who

showed that exogenous application of ABA decreased

the content of H2O2 in ABA-deficient mutants of

Arabidopsis (Arabidopsis thaliana) (aba2-1) under

osmotic stress, suggesting the possible role of this

hormone during adjustment of ROS content. In the

same way, a single application of ABA showed to be

able to induce the activity of several antioxidant

enzymes during drought stress in tobacco (Nicotiana

tabacum L.) (Mýtinová et al. 2010) and also in

Agrostis stolonifera and Poa pratensis plants (Yang

et al. 2012). Another way of ABA-mediated antiox-

idative stress is by mean of induction of ABI4, a

transcription factor responsible for expression induc-

tion of Zat12 and Zat10which in turn, specially Zat12,

is required for expression of APX1 during oxidative
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Table 1 Main responses of antioxidant enzymes, non-enzymatic antioxidants and reactive oxygen species (ROS) under hormonal

regulation and in response to several abiotic stresses

Stress type Hormone Antioxidant

enzyme

Non-enzymatic

antioxidant

ROS Reference

Drought ABA : APX Mýtinová et al. (2010)

BRs : Tocopherol

: Ascorbic acid

: Glutathione

Bajguz and Hayat (2009)

ET : SOD Wu et al. (2008)

SA : SOD

: CAT

: APX

; Ascorbic acid

; Glutathione

: H2O2 Saruhan et al. (2012)

Osmotic ABA : SOD

: CAT

: APX

; H2O2 Ozfidan et al. (2012)

Salt ABA : CAT

: APX

Zong et al. (2009)

GA ; SOD

; POD

; PPO

: SOD

Tuna et al. (2008) and Khan et al. (2010)

: CAT

: POD

SA ; APX

: GPX

: H2O2 Monteiro et al. (2011)

BRs : SOD

: CAT

: APX

: GR

Carvalho et al. (2013)

: SOD Sharma et al. (2013)

: GR

: APX

:GPX

Metal JA : CAT

: APX

:Ascorbic acid

: Glutathione

Piotrowska et al. (2009)

Temperature ET ; SOD

; CAT

; POD

; O2
-

; H2O2

Djanaguiraman et al. (2011)

BRs : SOD

: POD

: Phenolic acids ; O2
-

; H2O2

Mazorra et al. (2002)

PR : CAT

: SOD

: GPX

: CAT

: APX

: GR

:Ascorbic acid

: Glutathione

: Proline

Janeczko (2012) and Genisel et al. (2013)
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stress and other abiotic stresses (Koussevitzky et al.

2007).

According to Mittler and Blumwald (2015) ABA is

one of the compounds that mediate the systemic

acquired acclimation (SAA) by modulating ROS and

calcium pool. Such a referred concept is extremely

important because it is a way that plants developed to,

literally, transmit to non-stressed tissues that an

adverse situation is about to be established. For

example, Suzuki et al. (2013) demonstrated in Ara-

bidopsis mutants for ABA (aba1-1 and abi1-2) and

ROS accumulation (rbohD) that heat stress signaling

by SA is not transmitted and mortality is increased,

thus, confirming the interdependency of these two

compounds (ABA and SA) in modulating plant

responses to adverse conditions. Therefore, we won-

der whether this kind of response might also be

expected for drought.

Auxin (AUX) is well known for its role in cell

elongation during primary growth and in modulating

gene expression during development (Cohen and Gray

2007). An attempt to improve seedling ability to grow

under adverse condition is seed priming with hor-

mones, which appears to be an efficient method to

improve seedling performance under stressful condi-

tions such as observed by Carvalho et al. (2011a, b)

who primed maize seeds with 10 ppm of CEPA

solution, an ethylene releaser, and observed that such a

treatment conferred salt tolerance to maize seedlings

(Carvalho et al. 2011a, b).

As AUX is closely related to development, this

hormone needs to be tightly regulated when stress

responses are concerned, especially when considering

root architecture under drought stress. For instance,

Passaia et al. (2014) demonstrated in Arabidopsis that

AUX is responsible for the expression induction of

several transcripts of GPX. In addition, these authors

have also reported the relationship between GPX

activity and the induction of lateral root formation. If

we link ROS inducing AUX conjugation with mod-

ulation of root architecture, it is reasonable to consider

such a relationship also on crop root responses under

drought stress and the possible use of this information

for the selection of drought tolerant lines. Considering

growth, cytokinin (CK) is a key plant hormone that

can also contribute to control oxidative stress,

although there is a low amount of studies concerning

it.

The role of CK during drought tolerance was shown

in tobacco plants overexpressing the isopenteniltrans-

ferase (ipt) gene, that were able to develop well under

limited amounts of water (Rivero et al. 2007). Such a

result was attributed to senescence retardation, which

in turn decreased the oxidative damage. Additionally,

Delatorre et al. (2012) demonstrated that the promoter

PSARK (Senescence Associated Receptor Protein

Kinase) fused to the ipt gene, was able to promote

drought tolerance of tobacco cv. SR1 by also retarding

senescence. Therefore, the action of CK to counteract

drought-induced oxidative stress may be related to

senescence retardation leading to decreased oxidative

damage (Bhattacharjee 2005).

Brassinosteroids (BRs) are also related to plant

growth and development and their metabolism can be

changed under abiotic stress situations (Sasse 2003;

Soares et al. 2016). Additionally, BRs can ameliorate

plant response in adverse conditions such as salinity,

drought, heavymetals or mineral deficiency (Khripach

et al. 2000; Alam et al. 2007; Soares et al. 2016).

Exogenous application of BRs was shown to modify

Table 1 continued

Stress type Hormone Antioxidant

enzyme

Non-enzymatic

antioxidant

ROS Reference

High radiation JA : SOD

: CAT

: POD

; CAT

: SOD

: POD

: Polyamines

; Anthocyanins

Fedina et al. (2009), Kondo et al. (2011),

and Liu et al. (2012)

AUX : Flavonoids Hectors et al. (2012)

Upward arrows indicate increase in activity or concentration; downward arrows indicate decrease in activity or concentration
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activities of several antioxidant enzymes as well as to

increase the concentration of non-enzymatic antioxi-

dant such as tocopherols, ascorbic acid and glutathione

in maize plants under water stress (Bajguz and Hayat

2009). On the other hand, the absence of BRs lead to a

constitutive high activity of SOD and accumulation of

a CAT gene transcript, which contributed to a high

tolerance to oxidative stress of a biosynthetic BR-

deficient mutant det2-9 of Arabidopsis (Cao et al.

2005). These authors also suggested that long-term

absence of BRs can cause a constant stress situation

that in turn activates the expression of defence genes

such as those for CAT.

When drought-induced oxidative stress is con-

cerned, Yuan et al. (2010) observed that application of

24-epibrassinolide (epiBR) on tomato (Solanum

lycopersicum L.) plants increased ABA concentration

and increased the activity of antioxidant enzymes,

conferring tolerance to drought-induced oxidative

stress. So, it is evident that the efficient operation of

this network requires extensive metabolic crosstalk

and multiple points of reciprocal control of hormones

and ROS interaction (Bartoli et al. 2013) and this

combination can converge for improving plant toler-

ance during drought condition (Zhang et al. 2011).

Ethylene (ET) acts in response to a number of

stressful situations. For instance, Wu et al. (2008)

demonstrated that the expression of JERF-3, a type of

ERF (a transcription factor), is induced under redox

unbalance and could increase tolerance of tobacco

plants to drought by enhancing expression of genes

related to counteract oxidative stress as well by

increasing SOD activity.

In a similar manner, Sharma et al. (2010) working

with tomato plants reported that ERF proteins can bind

to DRE elements (region responsible for controlling

expression of drought-induced genes), which are also

induced by the presence of ABA, showing the

interconnection between two hormones that can act

synergistically to improve plant tolerance to adverse

conditions. Additionally, Trujillo et al. (2008) demon-

strated that the overexpression of SodERF3, a tran-

scription factor that promotes expression of ERF

proteins, can confer tolerance to drought stress in

transgenic tobacco plants since this gene is responsive

to ABA.

Furthermore, the induction of genes related to

antioxidant metabolism is another way to confer

tolerance to drought-induced oxidative stress by ET,

which has been confirmed by Wang et al. (2012a, b),

who demonstrated that in rice plants the gene OsWR1,

an ET response factor, is responsive during drought

stress and counteracted the oxidative stress by increas-

ing wax production in leaves, preventing water loss

and consequently oxidative damage.

Therefore, it is clear that the integration of hormone

responses and changes in redox potential acts together

to induce the expression of proteins able to regulate the

level of tolerance to drought.

The role of salicylic acid (SA) in abiotic stress has

also been well documented (Horváth et al. 2007). SA

has been shown to induce H2O2 overproduction and its

exogenous application also shown to increase the

activity of antioxidant enzymes in tomato plants

(Hayat et al. 2008). The H2O2 is known to induce

the activity of several antioxidant enzymes as reported

by Sousa et al. (2016) who found increased maize

tolerance to drought when sprayed with H2O2. In

addition, Noctor et al. (2012) reported the integration

of GSH modulation of SA and JA signaling.

In accordance to Saruhan et al. (2012), maize plants

whose leaves had been subjected to pre-treatment with

SA and then subjected to drought stress, exhibited

reductions in the pool of ascorbic acid and glutathione,

which was explained by the increased activity of SOD,

CAT and APX enzymes. Considering that SA can

induce the increase in H2O2 content and that it is also

able to regulate the expression of genes encoding

antioxidant enzymes, it is believed that SA triggers a

signaling cascade that confers tolerance during envi-

ronmental stimulus. Interestingly, the results reported

by Bandurska and Stroinski (2005) revealed that

exogenous application of SA induced tolerance to

drought by means of inducing plants to accumulate

ABA, whose responses during drought stress is well

known.

Jasmonic acid (JA) is also involved in biotic stress

responses; an example is the effect of wounding

damage caused by herbivory (Wasternack 2007a).

However, in the case of JA, in contrast to SA, the

signal transduction is mediated through mitogen-

activated protein kinase (MAPK) (Wasternack

2007b). Furthermore, GSH interacts with JA trans-

duction signal pathway, whereas SA is known to

negatively regulate its response (Han et al. 2013).

Agrawal et al. (2003) showed that OsBWMK1, a type

of MAPK from rice plants, was induced by JA

treatment and drought imposition, suggesting
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common lines of signal transduction by the hormone

and an abiotic stress perception. Such a result suggests

that the use of JA pre-treatments may promote drought

tolerance. In another study, stimulation of a cucumber

MAPK gene was reported by Xu et al. (2008), who

demonstrated that the gene CsNMAPK, which encodes

a type of MAPK, responded to H2O2 presence.

Keeping in mind that oxidative stress led to an

increase of the H2O2 content, it would be plausible

to suggest that signaling by MAPK could contribute to

drought tolerance as well as drought-induced oxida-

tive stress.

Drought stress is a very important and complex

abiotic stress and, to track all plants’ response and

tolerance mechanism to it is a great challenge. As we

could see above, plant hormones can mediate several

responses related to counter act oxidative stress, which

are triggered by both biotic and abiotic stresses. The

most important consideration is that any of these

hormones act by its own, their signal cascades interact

for a final response. In fact, plant response to a single

environmental stress is sensed by different organs and

then, the signal is transmitted to the whole plant,

changing the balance of every phytohormone, in this

case, drought stress which is very complex due to the

several consequences that drought impose to plants.

3 Salt stress

It is now common knowledge that in addition to the

arid and semi-arid regions of the planet, the intensive

cultivation of irrigated soils gave rise to increased

salinity problems. Salt stress is one of the most serious

abiotic stress factors limiting crop productivity (Mon-

teiro et al. 2011; Zörb et al. 2013; Sharma et al. 2013;

Maurya and Gothandam 2014; Nimir et al. 2015),

which can affect plant-water relationship through

ionic and osmotic phases (Chaves et al. 2009).

Furthermore, salt stress can cause oxidative stress by

favoring the production or enhancing the availability

of ROS, disrupting protein synthesis (Geissler et al.

2009) and photosynthetic efficiency (Mittal et al.

2012), increasing lipid peroxidation in membranes and

decreasing plant productivity and growth (Hafsi et al.

2010; Monteiro et al. 2011). Moreover, salinity is

associated with an increase in some hormones such as

the ABA content, and a decrease in others such as

AUX, CK and GA (Nimir et al. 2015).

Not surprisingly, a number of studies have shown

that hormones are involved in the mediation of salt

stress signaling responses. Since the 1980s, studies on

the relationship between plant hormones and salinity

have been more intensively conducted. An example of

the early work is the one by Bozcuk (1981), who

studying the seed response of tomato, barley and

cotton exposed to increasing concentrations of NaCl

(25, 50, 75, 100 and 150 mM), observed that CK

(kinetin at concentrations of 10 ppm) application was

not only able to alleviate the osmotic stress, but also to

increase germination. A few years later, Khan and

Ungar (1985) observed that exogenous applications of

GA (GA3 at concentrations of 29 lM, 0.29 mM and

2.9 mM) and CK (kinetin at concentrations of 4.7 lM,

47 lM and 0.47 mM), whether individually or com-

bined, were able to break salt-induced dormancy in

Atriplex triangularis. Until then, a few papers essen-

tially reported such types of responses, but none

clearly explained or discussed the mechanisms

involved or how these hormones were showing

positive effects in reducing the negative effect of salt

stress. For example, Chrominski et al. (1986) working

with hypocotyl segments of mung bean (Vigna

radiata) exposed to different salt solutions (0–1 M

NaCl and 0–1 M KCl), observed that Et production

decreased with increasing concentrations of salt.

Therefore, the authors suggested that changes in ET

production could be an indicator of salt stress.

Kabar (1987) exposed Hordeum distichum seeds

pre-treated with aqueous solutions of CK (kinetin at

concentrations of 50 ppm), GA (GA3 at 100 ppm

concentration) and both combination, to a salt medium

(1.0, 1.25, 1.5 and 1.75% NaCl) and allowed to

germinate. The results revealed that GA not only

stimulated the germination of the seeds under salt

stress but also shortened the time for germination

under salt conditions.

With the advances in analytical methods in the

physiology, biochemistry and molecular biology

fields, more aspects and a better understanding of the

roles of hormones on salt stress responses were made

possible and some key aspects elucidated. For

instance, the study of Malibari (1993) revealed that

exogenous application of ABA and CK (kinetin) in

wheat under salt stress resulted in increased chloro-

phyll content and dry mass production as well as

decreased transpiration. Another study with barley and

wheat demonstrated that the expression of genes
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involved in the germination of seeds is regulated in a

tissue-specific manner and it was regulated by treat-

ments with 200 mMNaCl and plant hormones (treated

with AUX—IAA/indole acetic acid, ABA, SA and

MeJA/methyl jasmonate) (Hurkman and Tanaka

1996). In this study, oxalate oxidase activity, an

enzyme that catalyses the conversion of oxalate to

CO2 and H2O2, was higher during germination.

Subsequent work carried out with Citrus plants

revealed that ABA (at 10 lM) signaling is very

important for both drought and salt stress (100 mM

NaCl), because of the reduced leaf chloride concen-

tration, Et production and leaf abscission (Arbona

et al. 2006). Yan et al. (2012) who studied tobacco

plants transformed with the maize ZmABI5 gene,

which is homologous to the ABA-insensitive gene

(ABI), observed that the over-expression of the gene

resulted in more sensitive plants to abiotic stresses,

including to high salinity (250 mM NaCl). Yan et al.

(2012) suggested that the over-expression of ZmABI5

gene induced the expression of stress-related genes

encoding ROS scavenging enzymes such as CAT and

APX. On the other hand, the activities of other

antioxidant enzymes such as SOD and peroxidase

(POD—EC 1.11.1) decreased, whereas the content of

malondialdehyde (MDA) was higher in the transgenic

plants when compared to the wild-type plants, a clear

indication that the transgenic plants were suffering

from the stress produced by excess salt. These results

clearly demonstrated that over-expressing ZmABI5

plays a negative regulatory role in salt stress because

the ABA signal transduction is affected. The increase

in ABA activates MAPK, which in turn induces

expression of antioxidant genes, such as APX and

CAT (Zong et al. 2009).

Pons et al. (2013) studied the implication of ABA

on the control of salt-induced cellular mechanisms

leading to Na? extrusion from the cytoplasm in rice

cell lines differing in salinity tolerance, by measuring

the response of H?-pumps and Na?/H?-antiporters

associated with the plasma membrane and the tono-

plast to ABA (at concentration of 2 lM for 5 days).

These authors showed that H?-pumps and Na?/H?

antiporters are differently affected by ABA in rice

under salt stress but not under control conditions. In

general, under saline conditions ABA seems to affect

synergistically H? pumping and antagonistically Na?

extrusion, which suggests that it may be involved in

the restoration of cellular homeostasis under salt

stress. ABA can contribute to maintain cytosolic K?

because of an enhanced activity of the H?-ATPase,

since K? transport is affected by the electrical

component of the proton motive force (Türkan and

Demiral 2009). In addition, K?/Na? homeostasis can

be achieved if the ABA signaling can induce Na?/H?

antiport activity (Pons et al. 2013).

GA is another hormone involved in salt tolerance.

Ashraf et al. (2002) applied a foliar treatment of GA

(100 mg L-1 GA3 spray) to spring wheat cultivars

under salt stress and observed an increase in vegetative

growth and also an enhanced accumulation of Na? and

Cl- in both shoots and roots, whilst it caused an

increase in photosynthetic capacity due to the

increased chlorophyll content. As a conclusion, the

application of GA3 enhanced water use efficiency and

decreased stomatal conductance (Ashraf et al. 2002).

Tuna et al. (2008) working with maize plants

observed that foliar application of GA3 (at concentra-

tion of 100 ppm) improved seedling growth and its

establishment in saline soil conditions, which was

followed by a decrease in activity of some enzymes

such SOD, POD and polyphenol oxidase (PPO—EC

1.10.3.1). However, under salt stress, linseed plants

(Linum usitatissimum L.) subjected to combined

application of CaCl2 (10 mg Ca kg-1) and GA3

(10-6M) exhibited reversed effect of salt stress and

adjusted the plants to perform normally because of

increased SOD, CAT, POD activities (Khan et al.

2010).

In addition, SA participates in the regulation of

physiological processes in plants such as stomatal

closure, inhibition of Et biosynthesis, transpiration

and photosynthesis (Khan et al. 2012). Moreover,

another indirect effect of SA appears to be on the

activity of antioxidant enzymes such as SOD, POD

and CAT (Noreen et al. 2009). For example, in studies

with tomato exposed to 100 mM NaCl, Wasti et al.

(2012) observed that the plants treated with 0.01 mM

SA exhibited an attenuation effect on the negative

impact of salinity on plant growth. Although these

authors showed that during salt stress SA induced the

accumulation of proline in roots and leaves, the

interaction between SA and related osmolytes is still

poorly explored and it should receive more attention in

future studies. Abedini and Daie-Hassani (2015)

reported that two wheat cultivars tolerate high salinity

(150 mM) when SA is applied at a physiological

concentration (250 lM SA) because of the induction
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of the activity of antioxidant enzymes (SOD, POD and

CAT). Horváth et al. (2015) showed that with 10-4 M

SA the root length of tomato plants was not reduced

when grown in a saline environment (100 mM NaCl)

to the same extent as the control, which was correlated

with a reduced Et production in root tissues in these

plants in addition to the induced expression of the

genes involved in ABA biosynthesis, promoting the

ABA transport to the shoot.

In another report with tomato under salt stress

(Monteiro et al. 2011), different tissue-dependent

responses by the antioxidant system were observed

during plant development. In fruits, increased H2O2

accumulation, reduced APX activity and enhanced

GPX activity in the Et Never ripe (Nr) tomato mutant

subject to NaCl treatment were observed. More

recently, Lin et al. (2012) studied the germination of

Et sensitive and insensitive mutants in Arabidopsis

under high salt conditions and showed that Et is

involved in the regulation of germination as an

initiator of the process rather than a consequence. Et

was shown to promote germination by modulating the

endogenous concentration of H2O2 in germinating

seeds under salinity.

The germination and seedling development of

mutants overexpressing the EIN3 gene under high

salinity (up to 200 mM NaCl) exhibited better

responses when compared to the wild genotype (Lin

et al. 2013). The EIN3 gene encodes the transcriptional

activator EIN3, which is activated by Et, and thus,

follows the signaling of Et responses in cells. Its

overexpression showed better cell signaling indicating

an important role in preventing photo-oxidation to

promote greening of Arabidopsis seedlings (Lin et al.

2013).

A comprehensive study on the changing levels of

plant hormones during leaf senescence induced by salt

stress in tomato provided important clues to the

sequence of physiological events involved in this

process (Ghanem et al. 2008). Initially, there is an

imbalance in osmotic adjustment in cells that promote

early leaf senescence, even before the massive accu-

mulation of toxic ions. The indirect effects of ABA,

due to an initial ABA accumulation and decrease in

AUX (IAA), followed by a strong and continuous

decrease in CK content, certainly favor the progres-

sion of leaf senescence under salinity conditions.

Furthermore, the Et precursor 1-aminocyclopropane-

1-carboxylic acid (ACC) may favor the accumulation

of Na? at the onset of oxidative damage and the

decrease in fluorescence. In another recent work with

hybrid maize plants resistant and susceptible to

salinity, Zörb et al. (2013) demonstrated the differ-

ences in hormone concentrations in the expansion of

leaves and roots. In response to salinity (100 mM

NaCl), the salt-resistant maize line used increased

significantly AUX (indole-3-butyric acid—IBA) con-

centrations in growing leaves and maintained IAA

concentrations in roots. The authors suggested that

these hormonal adaptations might have created favor-

able conditions for growth-promoting expansins, a

group of cell wall proteins (Geilfus et al. 2011).

Furthermore, the significant increase in the concen-

trations of ABA in the leaves of the maize resistant

line under salt stress may contribute to the acidifica-

tion of the apoplast, which is a prerequisite for growth.

In addition to the classical hormones, others small

molecules have been studied in the transduction of

signals from cell to cell when some stressful condi-

tions occur, such as BRs. Sharma et al. (2013)

conducted a study with rice seeds subjected to

treatment with BR (24-epibrassinolide—EBL at con-

centrations of 10-11, 10-9 and 10-7 M), whose

seedlings were then further exposed to different

concentrations of NaCl (0, 75, 100, and 125 mM), a

condition that resulted in improved growth. When

other analyses involving the antioxidant system were

performed, these authors observed increased activities

of SOD, CAT, GR, APX and GPX, and also an

increase in proline content in rice seedlings, whereas

the rate of membrane lipid peroxidation was

decreased. Carvalho et al. (2013) were also able to

show that the application of exogenous BRs positively

regulated the expression of Cu/Zn-SOD, CAT, APX

and GR in tomato. However, during leaf senescence,

the BR-deficient mutant of tomato did not induce

antioxidant enzyme activities (Carvalho et al. 2013).

Several stresses can induce JA biosynthesis, which

can affect negatively plant adaptation to salinity

conditions (Kurotani et al. 2015). Kurotani et al.

(2015) demonstrated that inactivated JA responses

through the increased gene expression of CYP94C2b

enhanced salt tolerance in rice. Although the number

of reports published is large and only a fraction has

been used in this section of the review, there is still

plenty of room for research on several aspects.
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4 Metal stress

Toxic metals are among the main classes of abiotic

stress agents for living organisms especially due to

their increasing use in anthropogenic activities (Souza

et al. 2014). Consequently, their release into the

environment has a real potential to cause serious

damage to animals and humans if they enter the food

chain (Gratão et al. 2005, 2015). Such potential

accumulation of a toxic metal is therefore an aspect

that has to be taken always into consideration and their

distribution in plant tissues/organs and during the

different stages of development never neglected,

especially when food crop are concerned. Their

general effects on plant cells are not the subject of

this review, but they can drastically affect cellular

signaling and cause irreversible damage to biological

systems (Gill et al. 2012), specially iron (Fe).

Iron, in its oxidized form (Fe3?) can react with

superoxide (O2
�-) and therefore induces the formation

of hydroxyl radical (OH�-) by Fenton’s reaction; the

hydroxyl radical is very reactive and as there are no

mechanism to direct conteract hydroxyl radicals, cells

evolved to keep under tight control the formation of

superoxide and hydrogen peroxide as well as free iron

concentration inside the cell (Apel and Hirt 2004; Das

and Roychoudhury 2014).

All hormonal classes have shown to include

components of stress response induced by toxic

metals, such as ABA (Hsu and Kao 2008), CK

(Munzuroglu and Zengin 2006), BR (Hayat et al.

2007), GA (Celik et al. 2008), AUX (Zhao et al. 2011;

Gratão et al. 2012), Et (Monteiro et al. 2011; Gratão

et al. 2012) and JA (Noriega et al. 2012; Yu et al.

2012). According to Piotrowska et al. (2009), JA can

act in a concentration-dependent manner. For

instance, a low JA concentration (0.1 lM) exoge-

nously applied to Wolffiaarrhiza (Lemnaceae) plants

subjected to lead (Pb) stress activated not only CAT

and APX, but also the non-enzymatic antioxidants

ascorbate and glutathione, which apparently were

responsible for suppressing the state of oxidative

damage induced by Pb.

In recent years, significant new information about

the interaction between protective mechanisms and

plant hormones during abiotic stress has been acquired

through the use of the omics technologies, such as

genomics and proteomics. For instance, gene expres-

sion data from the Genevestigator Arabidopsis

database in response to BR treatments were compared

with published microarray analysis performed on

plants treated with cadmium (Cd), showing a consis-

tent regulation of the hormone on the modulation of

plant to Cd-sensitivity (Villiers et al. 2012). The effect

of BRs against stress is not well understood, but it may

be possible that this hormonal class might maintain the

altered redox status of cells through the regulation of

antioxidant activities and accumulation of osmopro-

tectants, such as shown in the case of Arabidopsis

exposed to chromium (Cr) (Sharma et al. 2011).

Recent work by Soares et al. (2016) evaluated the

effects of exogenous application of 24-epibrassinolide

(24-EBL) in the physiological and biochemical

responses of Solanum nigrum exposed to nickel (Ni),

which revealed that Ni did not induce a severe

oxidative stress in S. nigrum, yet the exogenous

application of the 24-EBL enhanced the plant toler-

ance to Ni, which involved distinct responses by the

antioxidant system.

The use of single mutants and transgenic plants has

helped in elucidating a wide range of complex

responses involved with plant hormones. The use of

the tomato mutants Nr, diageotropica (dgt), Et and

AUX insensitive, revealed that these mutants might

withstand or avoid stress imposed by Cd by the

enhanced response of the antioxidant system (Mon-

teiro et al. 2011; Gratão et al. 2012). Furthermore, Et

can act through mechanisms which appear to be

stressful and tissue-dependent (Monteiro et al. 2011),

interacting with other hormones (Divi et al. 2010). On

the other hand, ABA-deficient (aba-1, aba-3 and aba-

4) and ABA-insensitive (abi2-1 and abi3-1) mutants

of Arabidopsis exhibited greater Cd-induced inhibi-

tion of seed germination as opposed to the wild type

(Landsberg erecta), a result that could be explained by

increased sensitivity to the metal ion and higher metal

uptake rates by the mutant seeds (Sharma and Kumar

2002).

The damage caused by toxic metals to the agricul-

tural ecosystem could be solved by using plants to

clean up the metal contaminated areas (Singh and

Prasad 2011; Souza et al. 2013, 2015). In this context,

it has been shown that plant growth regulators (PGRs)

based on CK can be used to increase the metal uptake

by crop plants during the phytoextraction process

(Tassi et al. 2008). Moreover, according to the same

authors, the increase in Pb and Zn accumulation in the

upper parts of Helianthus annuus plants could be
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related to the role of PGRs based on CKs in the

enhancement of plant resistance to stress. In another

study the biosorption and the content of essential

metabolites (proteins, monosaccharides and total

carotenoids) in Chlorella vulgaris treated with Pb

and Cd were higher in the presence of GA showing the

protective effect of this phytohormone against heavy

metal stress (Falkowska et al. 2011).

When protective responses to metal toxic stress are

analyzed, the tolerance to toxic metal toxicity can also

be related to the activation of GSH synthesis,

suggesting that some other SH-compounds are possi-

bly involved in toxic metal detoxification (Tian et al.

2012). In this context, Masood et al. (2012) verified in

mustard (Brassica juncea) that Et can alleviate

photosynthetic inhibition by maintaining high GSH

synthesis and redox state (GSH/GSSG), inducing

tolerance to Cd stress. The role of ABA was shown

to contribute to the higher demand of cysteine for

adaptation and protection during the early stress

responses to Cd in Typha latifolia L. and Phragmites

australis (Cav.) Trin. ex Steudel plants (Fediuc et al.

2005).

As already commented, there is vast literature on

metal stress response and only in the last few years has

more attention been dedicated to understand the role of

hormones in metal stress response. Nevertheless,

future research must necessarily try different

approaches and invest more heavily on the under-

standing of the mechanisms connecting phytohor-

mones and toxic metals particularly if there is to be

further progress towards breeding for stress tolerance.

For instance, the increasing industrial production of

nanomaterials is an important issue to deal with,

especially due to the interaction between nanoparticles

(NPs) and the environment (Arruda et al. 2015). Yet,

the use of these NPs may be of tremendous value in

future studies on the interaction of the NPs with plants

and the consequences of this interaction, including as a

tool to better understand the roles of hormones on

metal-induced stress. The recent report by Gratão et al.

(2015) on the use of grafting to study Cd-induced

stress signaling and root-to-shoot communication is

another example of powerful strategies to better

understand stress responses. This system appears to

be particularly useful to investigate the relationship

between metals and hormones in a system in which

different plant parts (for instance, the scion and the

rootstock) can be subjected to distinct conditions and

yet, one integrated plant system evaluated together

with a number of variables including the effects of the

different plant hormones in the signaling process.

5 Temperature stress

One of the most natural common stress factor faced by

plants is the effect of temperature. On Earth, the

temperature can vary from several degrees below zero

to over 508 C. In addition to these natural differences

in temperature between the regions of the globe,

increasing industrialization since the mid nineteenth

century has lead to an increase in carbon dioxide

concentration, and therefore an increase in tempera-

ture. The recent discussions and climatological data

are clearly indicating that the average temperature on

earth is rising, which must be a major cause of concern

also for agriculture in general. It is not the objective of

this review to discuss climate change, although it is a

subject that is extremely important, relevant and

linked to this sub-section, but it is a subject that is

directly linked to plant survival and performance in a

changing environment. Low temperatures can reduce

enzyme activity by a number of ways, including

reduced metabolic rates and operation not in the

optimum temperature, hardening of membranes and

destabilization of protein complexes, besides the

accumulation of ROS, which combined or individu-

ally, and depending on the intensity and duration of the

stress, may even cause cell death (Gratão et al. 2005;

Ruelland et al. 2009; Yang et al. 2015). On the other

hand, high temperatures can cause water deficiency in

plants by enhancing transpiration and evaporation and

change the level and balance of hormone regulation

(Nimir et al. 2015).

To protect cells under high temperature stress,

plants need to change developmental, physiological

and biochemical processes (Nimir et al. 2015), such as

membrane fluidity and cytoskeleton rearrangement,

increasing ROS production in cells (Ruelland and

Zachowski 2010; Qu et al. 2013). For instance,

Djanaguiraman et al. (2011) observed in soybean

plants that high temperature increased the Et produc-

tion rate and decreased SOD, CAT and POD activities.

On the other hand, these authors also observed that the

application of the Et perception inhibitor 1-methyl

cyclopropene or 1-MCP (1 lg L-1 in the form of

SmartFeeshTM tablets), lowered ROS accumulation,
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whereas the activity of a number of antioxidant

enzymes (CAT, SOD and POD) was enhanced. The

authors suggested that Et can regulate the inhibition of

membrane lipid peroxidation by decreasing O2
-

content and H2O2 by increasing the activity of

enzymes of the antioxidant system such as SOD,

CAT and POD, and delayed leaf senescence,

decreased flower abscission and increased pod set

percentage. Another interesting result was found by

Zinta et al. (2014) who, although it is not related to

hormonal responses, demonstrated that under a rich

CO2 atmosphere the high temperature stress is miti-

gated in Arabidopsis specially due to the higher level

of antioxidants found in tissues. However, it is not

reasonable to consider that hormones are part of an

interplay between CO2, temperature and oxidative

stress responses because it has been evident that stress-

related hormones, such as ABA and SA, interact with

antioxidant molecules in the protection of photosyn-

thesis under temperature stress conditions (see review

by Gururani et al. 2015; Kurepin et al. 2015).

The exogenous application of CK can also alleviate

injuries caused by high temperatures in plants because

it may delay leaf senescence, reducing lipid peroxi-

dation and increasing antioxidant activity (Zhang and

Ervin 2008). However, Wang et al. (2012b) working

with creeping bentgrass (A. stolonifera L.), a cool-

season perennial grass species of the Poaceae family,

that was maintained in a 38/28 �C (day/night) growth

chamber for 28 days, did not observe any effect of CK

(trans-zeatin riboside in foliar spray treatments at

concentration of 0, 10 and 100 lM) on the antioxidant

system. These results demonstrated that the effect of

phytohormones on the antioxidant system may be

related to plant species or time-length of exposure to

the stress. Zhang et al. (2015) working with a chitosan-

g-salicylic acid complex (chitosan is a linear polysac-

charide consisting of b-(1-4)-2-amino-2-deoxy-D-

glucan) revealed that exogenous application of this

complex alleviated chilling injury and maintained

better quality cucumber plants, reducing MDA con-

tent and inducing antioxidant enzymes activities such

as SOD and CAT. The fruit quality parameters such as

firmness, were better. Moreover, fruit treated with the

chitosan-g-salicylic acid complex was bigger than the

control, and exhibited higher levels of ascorbic acid

and chlorophyll.

In another interesting work at temperatures above

40�C, tomato plants subjected to exogenous

application of BR (24-epibrassinolide at concentration

2.12 and 10.60 nM) exhibited higher activity of SOD

and POD in leaves (Mazorra et al. 2002). Moreover,

application of exogenous BRs plays an important role

in the protection of the photosynthetic apparatus

against damage caused by high temperature (Dhaub-

hadel et al. 1999). BRs can be a stimulus to increase

the synthesis of photosynthetic pigments, a help

against the PSII over - excitation and perhaps from a

loss of integrity in the thylakoid membrane. So, it is

possible to say that BRs maintain high efficiency of

energy use of photons absorbed by maintaining the

balance of excitation distribution between PSII and

PSI (Zhang et al. 2013). In another study El-Bassiony

et al. (2012) working with snap beans (Phaseolus

vulgaris) treated with the BR analogue b-sitosterol (at
a concentration of 25 ppm) and under high tempera-

ture (over 30 �C), observed an increase in the total

soluble amino acid content in leaves and total phenolic

acids in comparison to the control treatment. In fact,

exogenous steroids have also been shown to be one

more group of compounds, which can be involved in

the control of the responses to stresses suffered by

plants, which can increase the ability to regenerate

Rubisco under high temperature stress (Ogweno et al.

2008).

Among the group of steroids, progesterone (PR) has

been studied in plants and shown to promote or inhibit

growth of roots and leaves, effects that appear to be

dependent upon concentration. Moreover, PR has been

reported as a steroid that stimulates the activity of

antioxidant enzymes such as CAT, and may be

connected with the metabolism of the GA (Janeczko

2012). For instance, Genisel et al. (2013) studied the

influence of foliar PR application (10-7mol L-1) on

chilling tolerance of chickpea seedlings. The results

revealed that the chilling stress induced increased

activities of the antioxidant enzymes studied (SOD,

GPX, CAT, APX and GR), as well as the level of some

non-enzymatic antioxidant compounds (ascorbic acid,

glutathione and proline), and also affected the oxida-

tive stress indicators, such as O2
- production, elec-

trolyte leakage, H2O2 and MDA contents. The

application of PR has also been shown to enhance

chilling tolerance in chickpea seedlings because of the

increase in activity of antioxidant enzymes as well the

elevation of the level of antioxidant compounds, and

the decrease in leaf relative water content (RLWC)

(Genisel et al. 2013).
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Analysis of the transcriptional profile of Populus

simonii in response to cold stress revealed that some

genes were up-regulated in response to temperature

stimulus, ROS, and hormone stimulus in leaves. On

the other hand, cold stress also repressed a number of

genes including some involved in cellular nitrogen

compounds from metabolic processes, such as photo-

synthesis and generation of precursor metabolites and

energy. Several genes involved in photosynthesis,

calcium/calmodulin-mediated signal transduction,

ABA homeostasis and transport, and antioxidant

defense systems were also differentially expressed

(Song et al. 2013). These results indicated that the

increase in transcripts related to signal transduction

and antioxidant defense systems through its complex

signaling cascade and removal of ROSmay play a role

in the protection of Pinus simonii under conditions of

low temperature stress (Song et al. 2013).

JA and Et can act together to regulate plant defense

against cold and freezing stress, and heat tolerance

(Kazan 2015). Plants exposed to low and high

temperatures exhibited elevated endogenous JA

levels, whereas the Et overproducing mutant eto1

exhibited reduced freezing tolerance, indicating a

negative effect of Et on cold tolerance (Kazan 2015).

However, JA signaling appears to involve a more

complex hormonal interaction since JA stimulated the

expression of crucial enzymes for ABA biosynthesis,

as well as alleviated injury by cold because it also

induced cellular alkalinization, which occured through

increase in intracellular pH in stomatal guard cells and

preceded stomatal closure (Hossain et al. 2011).

Moreover, in a comparative transcriptome analysis

of rice seedlings under cold stress, Yang et al. (2015)

observed increases in the expression of ABA and JA

genes and polyamines, which suggested that a coor-

dinated action established the state of rice cold stress

tolerance.

It is not yet possible to say how plant hormones act

on the antioxidant system of plants in order to provide

a concerted action against the oxidative effects caused

by high or low temperature. This complexity can be

enhanced if high or low temperature is associated with

another abiotic stress, specifically high radiation

which is the subject discussed below. Thus, further

studies are necessary to better understand the mech-

anisms involved and how to change the regulation of

pathways in order to obtain plants more resistant to

adverse weather variations like temperature.

6 High UV-B stress

Due to the high energy content, ultraviolet (UV), such

as UV-B (290–315 nm) radiation, can induce a range

of photo-oxidation and photo-modification reactions,

including DNA damage (Britt 2004). Many of these

adverse effects of UV-B on plant cells are triggered by

the generation of ROS, which in turn affects nega-

tively several physiological responses (Cakirlar et al.

2011). For example, the most known physiological

process involving the production of ROS by UV-B

radiation is the inhibition of photosynthesis (Albert

et al. 2011; Foyer and Shigeoka 2011). Plants have

evolved efficient mechanisms to protect themselves

against UV-B-induced stress and in a very similar way

to other types of stresses, with the most evident

protective mechanisms being the enhancement of

enzymatic and non-enzymatic ROS scavenger

enzymes and molecules. More specifically in the case

of radiation, the accumulation of non-enzymatic

compounds, such as UV-absorbing phenolic mole-

cules (e.g. anthocyanins) in epidermal tissues

(Chalker-Scott 1999), which can act as antioxidants

and/or sunscreen, decreasing penetration of UV-B into

the tissues (Jenkins 2009), has been reported.

Although it is not surprising that hormones partic-

ipate in stress signaling induced by UV-B, this topic is

still very scarce and elusive despite some efforts which

showed that hormones can alleviate the high radiation

stress through the modulation of antioxidant com-

pounds. For example, in Hordeum vulgare JA was

shown to act as a mediator in plant defense through the

induction of SOD and POD activities after UV-B

treatment (Fedina et al. 2009). In accordance with this,

UV-C treated leaves of Malus domestica exhibited

increased JA and polyamines contents, well-known

effective antioxidants (Kondo et al. 2011). However,

the hormonal control of antioxidants profile induced

by UV-B seems to be complex since virtually all other

hormones can be involved in this response, such as Et

and ABA, which were shown to control polyamines

accumulation, as observed in Arabidopsis rosettes

(Rakitin et al. 2009). Moreover, during UV-B irradi-

ation the expression of defence genes, such as for

chalcone synthase (CHS), which is a key enzyme for

phenolic compounds biosynthesis (Alokam et al.

2002; Lozovaya et al. 2007), were decreased in

Arabidopsis mutants deficient in the biosynthetic

pathway of BR (det2, dim1 and cpd) and the BR
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insensitive mutant (bri1) (Savenstrand et al. 2004),

indicating the need for a complete BR pathway in UV-

B stress signaling. However, the control of CHS

expression triggered by UV-B seems to involve other

hormones. For instance, the ein2-1 mutant of Ara-

bidopsis, which is insensitive to Et, lead to constitutive

activation of CHS under UV-B and consequently

enhanced UV-B tolerance (Sun et al. 2011), indicating

that Et can mediate the UV-B response through the

modulation of CHS gene expression. More recently

AUX was also shown to control UV-mediated accu-

mulation of flavonoids. Hectors et al. (2012) verified

that the axr4-1 influx mutant of Arabidopsis contained

low levels of UV-screening flavonoids, displaying

stronger stress morphological responses, such as

decreased leaf expansion.

These reports point towards a puzzling network of

hormonal regulation of protective molecules accumu-

lation/activity induced by UV-B radiation. In fact, it

was recently shown in wheat (Triticum aestivum)

seedlings that during UV-B treatment, exogenous JA

reduced CAT activity and anthocyanin content, but

increased SOD and POD activities (Liu et al. 2012).

This complexity is even higher if one considers that a

wide range of molecules participate in UV signaling,

which were shown to interact with hormones, such as

H2O2 (He et al. 2011), nitric oxide (Tossi et al. 2009)

and photoreceptors (Carvalho et al. 2011b). In fact, the

last ones seem to be fundamental factors in the UV-B

stress signaling. For example, Gavassi et al. (2017)

recently showed that phyB1 and phyB2 mutants of

tomato are more tolerant to UV-B stress. Thus, in

order to better understand hormonal modulation of UV

stress many efforts are still needed.

7 Epilogue

The elucidation of mechanisms by which hormones

regulate oxidative abiotic stress is very complex due to

four main issues: (1) it has been assumed that

hormones act as secondary messengers for the induc-

tion of an antioxidant defense system in stressed plants

and thereby could effectively scavenge ROS in plants

under stress leading to reduced levels (Ogweno et al.

2008; Zhang and Xing 2008); (2) although there are

enhanced activities of antioxidant enzymes in plants

treated with exogenous hormones, high ROS levels

can still be produced and maintained (Hung and Kao

2004; Cao et al. 2009; Parra-Lobato et al. 2009); (3) a

wide range of stress-associated genes can be induced

by hormones (O’Donnell et al. 2003; Uquillas et al.

2004; Blanco et al. 2005), primarily because the

activation of these genes can result in the induction of

ROS, which can induce stress genes resulting in a

complex biochemical network (Torres et al. 2002;

Moon et al. 2003; Seo et al. 2007); (4) signaling stress

can be accompanied by different forms of biochemical

regulation due to exogenous hormones. Thus, when

applied at physiological concentrations, these sub-

stances may cause a temporary low level of oxidative

stress in plants, which acts as a hardening process.

This low stress condition can improve the antioxidant

capacity of plants and help to induce the synthesis of

protective compounds. On the other hand, overdose,

repeated or prolonged application can cause irre-

versible disturbance of plant metabolism. Certainly,

these issues fall into the multifaceted responses which

are behind the hormonal control of oxidative stress.
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