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Abstract Drought stress is one of the most important

agricultural problems limiting development and

growth in plants. Therefore, mechanisms to alleviate

drought stress have been one of the major limiting

factors in production. H2O2 pretreatment has emerged

as a method to induce stress acclimation in plants. In

this study, the effects of H2O2 leaf pretreatment on

plant growth, antioxidative enzymes, soluble protein,

and organic solute content in maize plants under

conditions of drought stress were analyzed. Results

demonstrated that drought stress reduced shoot and

root mass compared with the control, and H2O2 leaf

spraying significantly improved the growth of

drought-stressed plants. In general, in drought-

stressed plants, CAT, APX, GPX, and SOD activities

in roots and leaves were increased by H2O2 leaf

spraying relative to water spraying. GPX was the main

H2O2-scavenging enzyme in leaves and roots, and

CAT activity was not detected in the leaves of maize

plants. Increased organic solute contents (proteins,

carbohydrates, soluble proline, and amino acids) were

found in the leaves and mainly in the roots of H2O2-

stressed plants relative to water-stressed plants. In

conclusion, it was found that H2O2 leaf spraying

pretreatment reduced the deleterious effects of

drought stress on maize plant growth. This treatment

proved to be a beneficial health strategy in plants. This

effect could be attributed to the ability of H2O2 to

induce antioxidant defense system activity, particu-

larly GPX, and to increase organic solute (protein,

carbohydrate, proline, and free amino acid) content in

roots and leaves.
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Abbreviations

ROS Reactive oxygen species

SOD Superoxide dismutase

CAT Catalase

GPX Guaiacol peroxidase

APX Ascorbate peroxidase

H2O2 Hydrogen peroxide

FM Fresh mass

NBT Nitrobluetetrazolium

SDM Shoot dry mass

RDM Root dry mass

TDM Total dry mass
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Educação, Av. Parque Central S/N-Distrito Industrial I,
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1 Introduction

Drought stress is one of the most important agricul-

tural problems limiting development and growth in

plants. Water is an important liquid compound which,

when scarce during agricultural development, can

result in decreased crop yields, especially in arid and

semiarid regions of the world (Wang et al. 2003).

Moreover, regions with adequate, but nonuniform

precipitation also challenge plants with limited water

(Lisar et al. 2012). Thus, plants deal with drought

stress either when the water supply becomes limiting

to their roots or when the transpiration rate becomes

intense. Drought stress is mainly caused by a water

deficit such as drought or high soil salinity. Hence,

mechanisms to alleviate drought stress have been one

of the major production-limiting factors. Therefore,

the ability of plants to withstand such stress is of

immense economic importance (Lisar et al. 2012).

Additionally, drought stress in plants leads to the

overproduction of reactive oxygen species (ROS),

which are highly reactive and toxic and cause damage

to proteins, lipids, carbohydrates, and DNA, possibly

resulting in oxidative stress. ROS are free radicals

(�O2- superoxide radicals; �OH hydroxyl radical;

�HO2 perhydroxyl radical, and �RO, alkoxy radicals)

or nonradicals (H2O2, hydrogen peroxide and 1O2,

singlet oxygen) (Gill and Tuteja 2010). The harmful

effects of ROS in plants can be reduced or eliminated

by nonenzymatic and enzymatic defense systems

(Azevedo Neto et al. 2008). The nonenzymatic system

includes hydrophilic and lipophilic compounds. The

enzymatic defense system includes superoxide dis-

mutase (SOD), catalase (CAT), guaiacol peroxidase

(GPX), ascorbate peroxidase (APX) and the enzymes

of the ascorbate and glutathione cycle: glutathione

reductase, monodehydroascorbate reductase and

dehydroascorbate reductase (Azevedo Neto et al.

2008; Munns and Tester 2008).

Plants accumulate compatible solutes, such as

proline, carbohydrates and amino acids in response

to drought and salinity to facilitate water uptake

(Ashraf and Foolad 2013a, b). These osmolytes were

suggested to be important for protecting cells against

increases in ROS accumulation under stress conditions

(Miller et al. 2010). High contents of protective solutes

such as proline and soluble sugars in the leaf are a

unique plant response to environmental stresses,

specifically to drought stress (Sakamoto and Murata

2002). Proline may act as an antioxidant (Heuer and

Nadler 1998) and along with soluble sugars (Yua-

nyuan et al. 2009) act as an osmoprotectants during

stress (Ahmed et al. 2010). Organic solutes not only

contribute to osmoregulation in stressed plants, but

also provide protection to many enzymes, which are

active in the cytosol (Ashraf and Foolad 2013a, b).

Moreover, soluble sugars are also involved in the

metabolism and protection of both ROS-producing

and ROS-scavenging pathways, such as mitochondrial

respiration, photosynthesis, and the oxidative pentose

phosphate pathway (Couée et al. 2006).

Maize is a cereal produced on almost every

continent, and its economic importance is character-

ized by various forms of use, ranging from animal feed

to the high-tech industry as well as the production of

films and biodegradable packaging (Paes 2006).

Acclimation is a process by which previous exposure

of an individual to a particular type of stress causes

metabolic changes, which are responsible for its

increased tolerance to a new exposure to stress (Neill

et al. 2002; Petrov and Van Breusegem 2012). Among

the processes of acclimation to stress, the pretreatment

of plants with small amounts of H2O2 (hydrogen

peroxide) by spraying or in nutrient solution induced

acclimation of plants to salt stress (Uchida et al. 2002;

Azevedo Neto et al. 2005; Gondim et al. 2012).

There is no information on whether the pretreat-

ment of maize plants by H2O2 leaf spraying is able to

induce acclimation of plants to drought stress. It is

believed that the use of drought-tolerant genotypes or

the use of strategies, such as H2O2 leaf spraying, to

improve production in areas under drought challenge

could be an effective option for reducing the risks of

grain production in drought areas.

H2O2 can act as a signal molecule in regulation of

plant growth, morphogenesis and development and has

also been considered an essential molecule of signal

transduction in abiotic stresses (Sofo et al. 2015). For

this purpose, we tested the hypothesis that H2O2 leaf

spraying changes the H2O2 level and can act as a signal

molecule. This fact may impact metabolism (enhance

in soluble protein, organic solute contents and antiox-

idantive enzyme activities) in favor of plant growth and

development and inducing drought tolerance in maize

plants. Therefore, this study investigated the enzymatic

defense system, soluble protein contents and organic

solute contents and their relationship with plant growth.
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2 Materials and methods

2.1 Plant material and experimental conditions

The experiment was conducted in a greenhouse at

Instituto Federal de Educação Ciência e Tecnologia do

Ceará—IFCE, Maracanaú, Ceará, Brazil. Maize seeds

(Zea mays L.), cultivar AG1051 were cleaned with

sodium hypochlorite solution (0.7 %) and sown in

plastic pots (6 L) containing vermiculite and earth-

worm castings in a proportion of 1:1, and subjected to

field capacity daily watering in a greenhouse. After 6

days of sowing, seedlings were sprayed with distilled

water (control) or 15 mM H2O2 aqueous solution,

which also contained the detergent Tween 20 at

0.025 %, in order to break the surface tension and

facilitate penetration. Preliminary experiments using

different H2O2 concentrations and volumes were

carried out in order to find optimal conditions. Then,

it was observed that the better conditions were: plants

sprayed with 15 ml H2O2 or distilled water per plant at

6:00 am and again after 24 h. After spraying, half of

the seedlings were subjected to watering suspension.

Four treatments were applied to the plants: 1. Plants

were sprayed with distilled water and irrigated daily

(water/control); 2. Plants were sprayed with a solution

of H2O2 and irrigated daily (H2O2/control); 3. Plants

were sprayed with distilled water and not irrigated for

8 days (water/drought stressed); and 4. Plants were

sprayed with a solution of H2O2 and not irrigated for 8

days (H2O2/drought stressed).

After withholding of water for 8 days, the plants

were harvested and separated in two groups: the first

was used for the determination of fresh and dry mass

and the second, for biochemical analysis. Initially, the

fresh mass of shoots (leaves?stems) and roots was

determined. Afterwards, the material was placed in an

oven at 60 �C for 3 days to determine the dry mass of

shoots (leaves?stems) and roots.

To carry out biochemical analysis (enzymatic

activities and organic solute contents), the fully

expanded leaf (counting from the apex) and the final

third of the root end of the first group of plants were

used. This material was frozen in liquid nitrogen and

stored at -25 �C until use.

The experimental design was completely random-

ized in a 2 9 2 factorial design (sprayed with distilled

water or H2O2 and irrigated or non-irrigated) with five

replications. Data were subjected to analysis of

variance (ANOVA) and means were compared by

Tukey’s test (P B 0.05). The graphics were created

using the Sigma Plot 11.0 program.

2.2 Extract preparation and enzyme assays

For the determination of antioxidative enzyme activ-

ities and the contents of soluble proteins, soluble

carbohydrates, proline, and free amino acids, extracts

of leaves and roots were obtained by maceration in a

mortar of 1 g of fresh leaf or root in 4.0 ml of 100 mM

potassium phosphate buffer (pH 7.0) containing

0.1 mM EDTA. The macerate was filtered through a

muslin cloth and centrifuged at 12,0009g for 15 min.

The supernatant was used for analysis. All operations

were performed at 4 �C.
The activities of catalase (CAT, EC 1.11.1.6),

guaiacol peroxidase (GPX, EC 1.11.1.7), ascorbate

peroxidase (APX, EC 1.11.1.11), and superoxide

dismutase (SOD, EC 1.15.1.1) were determined.

CAT activity was determined according Beers and

Sizer (1952), by the decrease in absorbance at 240 nm

due to the consumption of H2O2; GPX by the method

of Urbanek et al. (1991), and the reactionmonitored by

increase in absorbance at 470 nm due to the formation

of tetraguaiacol. APX was determined by the method

of Nakano and Asada (1981), the oxidation of

ascorbate measured by the decrease in absorbance at

290 nm. For APX estimation, 2 mM ascorbic acid was

added to the extraction buffer. The activities of CAT,

APX, and GPX enzymes were expressed in lmol

H2O2 min-1 g-1 FM, where FM is fresh material.

SOD was determined by the method of Giannop-

olitis and Ries (1977), and the reaction measured by

the increase in absorbance 560 nm due to the produc-

tion of blue formazan, the photoreduction product of

the p-nitrobluetetrazolium (NBT). SOD decreases

photoreduction and one SOD activity unit (U) was

defined as the amount of enzyme required to cause

50 % inhibition of the NBT photoreduction rate, and

the results were expressed as U g-1 of fresh mass

(FM). Each extract was assayed in duplicate.

2.3 Organic solutes contents

Soluble carbohydrate contents were determined by the

method of Dubois et al. (1956), using the phenol–

sulfuric acid method followed by absorbance readings
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at 490 nm using as standard D-glucose reagent and

proline by the method of Bates et al. (1973), using

acidic ninhydrin reagent, followed by reading absor-

bance at 520 nm using proline as a standard. Free

amino acids were determined by the method of Yemm

and Cocking (1955), using ninhydrin, followed by

absorbance readings at 570 nm using glycine as a

standard.

Soluble protein contents were determined by the

method of Bradford (1976) using the reagent Coo-

massie Brilliant Blue G-250, followed by absorbance

readings at 595 nm using bovine serum albumin as

standard. Each extract used for determination of

organic solutes and protein contents was assayed in

duplicate. Organic solute concentrations were

expressed as lmol g-1 FM and the protein as lg
protein g-1 FM.

3 Results

The suspension of irrigation caused reductions in the

shoot fresh mass of maize plants (Fig. 1a). Average

values in treatments subjected to water stress (wa-

ter/drought-stressed and H2O2/drought-stressed) were

27 % lower than in irrigated plants. However, the

shoot fresh mass in the H2O2/drought stress treatment

group was 33 % higher than in the water/drought

stressed group. There were no significant differences

in root fresh mass between the two groups of stressed

plants (Fig. 2a). The results for total fresh mass

(Fig. 1c) were similar to those seen in shoot fresh

mass. The total fresh mass of H2O2/drought-stressed

plants was 39 % higher than that of water/drought-

stressed plants.

It was observed that drought stress reduced the

shoot dry mass (SDM) of water/drought-stressed

plants in relation to water/control plants. However,

in the H2O2/drought-stressed plants, the values did not

differ from those of H2O2/control plants (Fig. 2a). The

root dry mass (RDM) was reduced by 16 % in water/

stressed plants relative to water/control plants

(Fig. 2b). However, similar to SDM, the RDM values

of H2O2/drought-stressed plants did not differ from

those of control plants. In total dry mass (TDM), the

behavior was similar to that of SDM. The TDM of

water/drought-stressed plants was reduced in 16 %

relative to water/control plants. Additionally, this

effect was not observed in H2O2/drought-stress plants,

which did not differ from control plants in this respect

(Fig. 3c).

CAT activity was not detected in the leaves of

maize plants in the present study. Therefore, GPX was

the most elevated H2O2 scavenging enzyme in the

leaves. GPX activity was found to be higher in the

Fig. 1 Shoot (a), root (b), and total (c) fresh mass of maize

seedlings under control (white bars) or water stress (grey bars)

conditions, sprayed with distilled water (not hatched) or 15 mM

H2O2 solution (hatched). The plants were harvested 8 days after

withholding of water. different capital letters indicate significant

differences due to water stress (comparisons between water/con-

trol 9 water/drought stressed or H2O2/control 9 H2O2/drought

stressed), while different lowercase letters indicate differences

due to the H2O2 leaf spraying (water/control 9 H2O2/control or

water/drought stressed 9 H2O2/drought stressed), according to

Tukey’s test (P B 0.05)
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H2O2/drought-stressed treatment: 19 % higher than in

the water/drought-stressed plants (Fig. 3a). Figure 3b

demonstrates the beneficial effect of H2O2 leaf

spraying, which increased APX activity in the leaves

under both control and water stress conditions. APX

activity was 18 % higher in the H2O2/control com-

pared with water/control plants. Under stress condi-

tions, APX activity in the H2O2/drought-stressed

treatment proved to be 76 % higher than in the

water/drought-stressed treatment. For SOD activity

under stress conditions (Fig. 3c), H2O2 leaf spraying

also proved beneficial in bringing about an incremen-

tal change. The SOD activity of H2O2/drought-

stressed plants was 10 % higher than that of the

water/drought-stressed plants. No relevant signifi-

cant differences were detected between the other

treatments.

Figure 4 depicts the activity of antioxidative

enzymes in the root system. CAT activity (Fig. 4a),

was increased by H2O2 leaf spraying under stress

conditions. CAT activity in the H2O2/drought-stressed

Fig. 2 Shoot (a), roots (b) and total (c) dry masses of maize

plants under control (white bars) or water stress (grey bars)

conditions sprayed with distilled water (no hatched) or 15 mM

H2O2 solution (hatched). The plants were harvested 8 days after

withholding of water. Additional details in the legend of Fig. 1

Fig. 3 GPX (a), APX (b) and SOD (c) activities in leaves of

maize plants under control (white bars) or water stress

conditions (grey bars) sprayed with distilled (no hatched) water

or 15 mM H2O2 solution (hatched). The plants were harvested

8 days after withholding of water. Additional details in the

legend of Fig. 1
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treatment was 69 % higher than the water/drought-

stressed treatment and 49 % higher than in the

water/control. Some small differences were observed

among treatments for GPX activity in roots (Fig. 4b).

The H2O2/control treatment showed a small reduction

relative to the water/control treatment. In the root

system, H2O2 leaf spraying did not impact the activity

of APX under either control or drought stress condi-

tions (Fig. 4c). However, there was an average 33 %

reduction in stress treatments in comparison with their

respective controls. In the SOD activity in roots

(Fig. 4d), there was a small reduction in plants

sprayed with H2O2 under control conditions relative

to those sprayed with distilled water. However, under

water-stress conditions, root SOD activity in the

H2O2/drought stressed treatment was 36 % higher than

in the water/drought-stressed treatment and neither were

significantly different from their respective controls.

Soluble protein and organic solute contents were

analyzed in the leaves of maize plants and can be

observed in Fig. 5. H2O2 leaf spraying caused an

increase in soluble protein content of leaves under both

control and water stress conditions. The leaf soluble

protein content in the water/control group was 41 %

higher than in the H2O2/control, while in the

H2O2/drought-stressed group it was 21 % higher than

in the water/drought-stressed condition (Fig. 5a). For

the soluble carbohydrate contents (Fig. 5b), the only

difference was between control and stress conditions

and was not influenced by H2O2 leaf spraying.

Therefore, the highest values were found under water

stress. The proline content in the leaves (Fig. 5c) of

H2O2/drought-stressed plantswas 19 %higher than that

of the water/drought-stressed plants, and did not differ

significantly from those of the other treatments. Water

stress did not affect free amino acid content (Fig. 5d).

However, leaf spraying promoted an increase in this

solute. The free amino acid content of the H2O2/control

was 12 %higher than that of thewater/control and in the

H2O2/drought-stressed condition, it was 9 % higher

than in the water/drought-stressed group.

The soluble protein and organic solute contents

were analyzed in the roots of maize plants and can be

observed in Fig. 6. The soluble protein content of

roots (Fig. 6a) was higher in H2O2/drought-stressed

plants, being 27 % higher than in the water/control and

25 % higher than in the water/drought-stressed plants.

The values of soluble carbohydrates in the leaves

(Fig. 5b) and roots (Fig. 6b) increased as a result of

water stress. This was more apparent in H2O2/drought-

stressed plants, being 135 % higher than in the

water/control and 50 % higher than in water/-

drought-stressed plants. The behavior of the proline

content of roots (Fig. 6c) was similar to that of protein

(Fig. 6b). The root proline content of H2O2/drought-

stressed plants was 21 % higher than that of the

control/water treated plants and 27 % higher than in

water/drought-stressed plants. For the free amino acid

content of roots (Fig. 6d), the treatments water/control

and H2O2/control did not differ significantly from

Fig. 4 CAT (a), GPX (b),
APX (c) and SOD

(d) activities in roots of

maize plants under control

(white bars) or water stress

(grey bars) conditions

sprayed with distilled (no

hatched) water or 15 mM

H2O2 solution (hatched).

The plants were harvested

8 days after withholding of

water. Additional details in

the legend of Fig. 1
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each other, while the root free amino acids in

H2O2/drought-stressed plants were 29 % higher than

in water/drought-stressed plants. Additionally, the

H2O2/drought-stressed plants did not differ from

control plants in this parameter.

4 Discussion

The experiment was effective in showing that drought

stress is able to reduce the growth of maize plants.

However, it may be observed that in plants under

drought stress that received H2O2 leaf spraying, this

effect was less pronounced.

The suspension of irrigation reduced plant growth

relative to control growth conditions, mainly in water/

stressed plants, while H2O2 leaf spraying effectively

minimized this effect in H2O2/drought-stressed plants

(Figs. 1, 2). This effect was more evident in the dry

matter of plants (Fig. 2). The data also revealed that

the H2O2/drought-stressed treatment managed to pro-

duce dry matter similar to plants growing under

Fig. 5 Soluble proteins (a),
carbohydrates (b), proline
(c) and free amino acids

(d) contents in leaves of

maize plants under control

(white bars) or water stress

(grey bars) conditions

sprayed with distilled water

(no hatched) or 15 mM

H2O2 solution (hatched).

The plants were harvested

8 days after withholding of

water. Additional details in

the legend of Fig. 1

Fig. 6 Soluble proteins (a),
carbohydrates (b), proline
(c) and free amino acids

(d) contents in roots of

maize plants under control

(white bars) or water stress

(grey bars) conditions

sprayed with distilled water

(no hatched) or 15 mM

H2O2 solution (hatched).

The plants were harvested

8 days after withholding of

water. Additional details in

the legend of Fig. 1
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control conditions. Therefore, the present work sug-

gests that the fresh mass parameter was more sensitive

than the dry mass parameter to the suspension of

irrigation.

The production of ROS are generated during

normal cellular metabolism, and its production can

be increased by water stress (Møller et al. 2007;

Noctor et al. 2014). However, in order to combat

oxidative stress, plants have developed an elaborate

system to control cellular ROS level (Hossain et al.

2015). In the present study, the enzymes including

CAT, APX, GPX, and SOD were likely able to

promote a satisfactory elimination of ROS, such as

superoxide radicals and H2O2, which cause damage to

cells, especially in stressed plants receiving H2O2 leaf

spraying (Figs. 3, 4).

Presently, it has been suggested that, rather than a

negative influence that must be overcome, ROS are a

major mechanism for acclimation in plants (Foyer and

Noctor 2016). Genetic and biochemical studies have

confirmed the presence of a H2O2 signaling molecule

in plants under conditions of biotic and abiotic

stresses, which is also involved in stomatal closure,

root gravitropism, and tolerance to oxygen deficiency

(Neill et al. 2002). According to Niu and Liao (2016),

H2O2 may be involved in cellular signaling transduc-

tion pathways and gene expression modulations in

plants. Moreover, studies conducted under other stress

conditions found increases in the activities of enzymes

and stress tolerance (Uchida et al. 2002; Azevedo Neto

et al. 2005; Gondim et al. 2012). Recently, Talbi et al.

(2015), in Oudneya africana plants, showed that

drought tolerance is involved in the ability to activate a

complex antioxidative defense regulatory system,

likely involving H2O2-dependent signals. For this

reason, the increase in antioxidative enzyme activities

found in this study in H2O2/stressed plants when

compared with water/stressed plants (Figs. 3, 4) likely

contributed to the observed improvement in plant

growth (Figs. 1, 2).

Many other species, when exposed to water or salt

stress, are able to maintain the water potential gradient

between the root environment and the plant due to the

absorption of ions and the accumulation of organic

solutes of low molecular mass. Inorganic and organic

acid ions tend to accumulate in the vacuole, while

organic solutes or osmolytes, which include amino

acid compounds, carbohydrates and soluble quater-

nary ammonium compounds, accumulate in the

cytosol. This particular phenomenon is referred to as

osmotic adjustment (Chinnusamy et al. 2005; Türkan

and Demiral 2009). In addition to their osmoprotective

roles, compatible solutes may increase antioxidant

defense mechanisms against stress damage (Ashraf

and Foolad 2013a, b) and improve salt tolerance in

plants (Khedr et al. 2003).

Osmotic adjustment not only maintains the water

potential gradient in the soil-system plant, but is

considered responsible for the maintenance of cell

turgor to enable cell growth (Smirnoff 1998). Further, it

was found that osmotic adjustment in leaves, butmainly

in roots, (Figs. 5, 6) of H2O2/drought-stressed plants

resulted in increased organic solute contents (proteins,

carbohydrates, soluble proline, and amino acids) com-

pared with water/drought-stressed plants. Notably, this

buildup may have contributed to osmotic adjustment,

which resulted in higher plant growth (Figs. 1, 2) of

H2O2/drought-stressed plants when compared with

water/drought-stressed plants. Ishibashi et al. (2011),

found that H2O2 leaf spraying enabled soybean plants to

avoid drought stress by helping them to maintain leaf

water levels, and that leaf water retention was likely due

to increased oligosaccharide biosynthesis, rather than to

rapid stomatal closure. On the other hand, Zhao et al.

(2014) found that the concentrations of soluble sugar

and proline in the roots of maize plants under salt stress

and manganese deprivation were not high enough to

adjust the osmotic potential in maize seedlings under

stress conditions.

According to Hossain et al. (2015), these findings

demonstrate that H2O2 pretreatment can induce toler-

ance to salinity and drought stresses in plants by

modulating physiological and metabolic processes,

such as photosynthesis, proline accumulation, and

ROS detoxification, and that this ultimately leads to

better growth and development. Additionally, ROS

metabolism also plays a pivotal role in the develop-

ment of stress and cross-stress tolerance.

According to our hypothesis, in the present study,

we showed that H2O2 can act as a signal molecule in

regulation of maize plant growth and development

under drought stress. It may be that H2O2 had changed

the activities or expression of the antioxidative

enzymes, and/or enzymes involved in organic solutes

synthesis. Taken together, it contributed to enhance

plant growth.

In conclusion, it was found that H2O2 leaf spraying

pretreatment reduced the deleterious effects of
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drought stress on maize plant growth. This treatment

proved to be a beneficial defense strategy in plants.

This effect could be attributed to the ability of H2O2 to

induce antioxidant defense system activity, especially

that of GPX, and higher organic solute content

(protein, carbohydrate, proline, and free amino acids)

in roots and leaves.
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Gomes Filho E (2005) Hydrogen peroxide pre-treatment

induces salt-stress acclimation in maize plants. J Plant

Physiol 162:1114–1122. doi:10.1016/j.jplph.2005.01.007

Azevedo Neto AD, Gomes Filho E, Prisco JT (2008) Salinity

and oxidative Stress. In: Khan NA, Singh S (eds) Abiotic

stress and plant responses, 1st edn. IK International, New

Delhi, pp 58–82

Bates LS, Waldren RP, Teare ID (1973) Rapid determination of

free proline for water-stress studies. Plant Soil 39:205–207.

doi:10.1007/BF00018060

Beers RF Jr, Sizer IW (1952) A spectrophotometric method for

measuring the breakdown of hydrogen peroxide by cata-

lase. J Biol Chem 195:133–140

Bradford MM (1976) A rapid and sensitive method for the

quantification of microgram quantities of protein utilizing

the principle of protein-dye binding. Anal Biochem

72:248–254. doi:10.1016/0003-2697(76)90527-3

Cartwright J (2007) Big stars have weather too. IOP Publishing

PhysicsWeb. http://physicsweb.org/articles/news/11/6/16/

1. Accessed 26 June 2007

Chinnusamy V, Jagendorf A, Zhu JK (2005) Understanding and

improving salt tolerance in plants. Crop Sci 45:437–448.

doi:10.2135/cropsci2005.0437

Couée I, Sulmon C, Gouesbet G, El Amrani A (2006)

Involvement of soluble sugars in reactive oxygen species

balance and responses to oxidative stress in plants. J Exp

Bot 57:449–459. doi:10.1093/jxb/erj027

Demiral T, Türkan I (2005) Comparative lipid peroxidation,

antioxidant defense systems and proline content in roots of

two rice cultivars differing in salt tolerance. Environ Exp

Bot 53:247–257. doi:10.1016/j.envexpbot.2004.03.017

DuBoisM, Gilles KA, Hamilton JK (1956) Colorimetric method

for determination of sugars and related substances. Anal

Chem 28:350–356. doi:10.1021/ac60111a017

Foyer CH, Noctor G (2016) Stress-triggered redox signalling:

What’s in pROSpect? Plant Cell Environ 39(2):951–64.

doi:10.1111/pce.12621

Giannopolitis CN, Ries SK (1977) Superoxide dismutases.

Occurrence higher plants. Plant Physiol 59:309-314.

Gill SS, Tuteja N (2010) Reactive oxygen species and antioxi-

dant machinery in abiotic stress tolerance in crop plants.

Plant Physiol Bioch 48:909–930. doi:10.1016/j.plaphy.

2010.08.016

Gondim FA, Gomes-Filho E, Costa JHE, Alencar NLM, Prisco

JT (2012) Catalase plays a key role in salt stress acclima-

tion induced by hydrogen peroxide pretreatment in maize.

Plant Physiol Bioch 56:62–71. doi:10.1016/j.plaphy.2012.

04.012

Heuer B, Nadler A (1998) Physiological response of potato

plants to soil salinity and water deficit. Plant Sci

137:43–51. doi:10.1016/S0168-9452(98)00133-2

HongBo S, ZongSuoa L, MingAna S (2005) Changes of some

anti-oxidative enzymes under soil water deficits among 10

wheat genotypes at maturation stage. Colloid Surf B

45:7–13. doi:10.1016/j.colsurfb.2005.06.016

Hossain MA, Bhattacharjee, Armin S-M, Qian P, Xin W, Li

H-Y, Burritt DJ, Fujita M, Tran LP (2015) Hydrogen per-

oxide priming modulates abiotic oxidative stress tolerance:

insights from ROS detoxification and scavenging. Front

Plant Sci. 6:420–439. doi:10.3389/fpls.2015.00420

Ishibashi Y, Yamaguchi H, Yuasa T, Inwaya-Inoue M, Arima S,

Zheng S (2011) Hydrogen peroxide spraying alleviates

drought stress in soybean plants. J Plant Physiol

168:1562–1567. doi:10.1016/j.jplph.2011.02.003

Khedr AHA, Abbas MA, Wahid AAA, Quick WP, Abogadallah

GM (2003) Proline induces the expression of salt-stress

responsive proteins and may improve the adaptation of

Pancratium maritimum L. to salt-stress. J Exp Bot

54:2553–2562. doi:10.1093/jxb/erg277

Lisar SYS, Motafakkerazad R, Hossain MM, Rahman IMM

(2012)Water stress in plants: causes, effects and responses,

water stress. In: Rahman MMI (ed) Water stress, 1st edn.

InTech, Rijeka, pp 1–14

Miller G, Suzuki N, Ciftci-Yilmaz S, Mittler R (2010) Reactive

oxygen species homeostasis and signalling during drought

and salinity stresses. Plant Cell Environ 33:453–467.

doi:10.1111/j.1365-3040.2009.02041.x

Møller IM, Jensen PE, Hansson A (2007) Oxidative modifica-

tions to cellular components in plants. Annu Rev Plant

Biol 58:459–481. doi:10.1146/annurev.arplant.58.032806.

103946

Munns R, Tester M (2008) Mechanisms of salinity tolerance.

Annu Rev Plant Biol 59:651–681. doi:10.1146/annurev.

arplant.59.032607.092911

Nakano Y, Asada K (1981) Hydrogen peroxide is scavenged by

ascorbate-specific peroxidase in spinash chloroplasts. Plant

Cell Physiol 22:867–880

Theor. Exp. Plant Physiol. (2016) 28:297–306 305

123

http://dx.doi.org/10.1021/jf9041479
http://dx.doi.org/10.1021/jf9041479
http://dx.doi.org/10.1111/pbr.12000
http://dx.doi.org/10.1111/pbr.12000
http://dx.doi.org/10.1111/pbr.12000
http://dx.doi.org/10.1111/pbr.12000
http://dx.doi.org/10.1016/j.jplph.2005.01.007
http://dx.doi.org/10.1007/BF00018060
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://physicsweb.org/articles/news/11/6/16/1
http://physicsweb.org/articles/news/11/6/16/1
http://dx.doi.org/10.2135/cropsci2005.0437
http://dx.doi.org/10.1093/jxb/erj027
http://dx.doi.org/10.1016/j.envexpbot.2004.03.017
http://dx.doi.org/10.1021/ac60111a017
http://dx.doi.org/10.1111/pce.12621
http://dx.doi.org/10.1016/j.plaphy.2010.08.016
http://dx.doi.org/10.1016/j.plaphy.2010.08.016
http://dx.doi.org/10.1016/j.plaphy.2012.04.012
http://dx.doi.org/10.1016/j.plaphy.2012.04.012
http://dx.doi.org/10.1016/S0168-9452(98)00133-2
http://dx.doi.org/10.1016/j.colsurfb.2005.06.016
http://dx.doi.org/10.3389/fpls.2015.00420
http://dx.doi.org/10.1016/j.jplph.2011.02.003
http://dx.doi.org/10.1093/jxb/erg277
http://dx.doi.org/10.1111/j.1365-3040.2009.02041.x
http://dx.doi.org/10.1146/annurev.arplant.58.032806.103946
http://dx.doi.org/10.1146/annurev.arplant.58.032806.103946
http://dx.doi.org/10.1146/annurev.arplant.59.032607.092911
http://dx.doi.org/10.1146/annurev.arplant.59.032607.092911


Neill S, Desikan R, Hancock J (2002) Hydrogen peroxide sig-

naling. Curr Opin Plant Biol 5:388–395. doi:10.1016/

S1369-5266(02)00282-0

Niu L, Liao W (2016) Hydrogen peroxide signaling in plant

development and abiotic responses: crosstalk with nitric

oxide and calcium. Front Plant Sci 7:230. doi:10.3389/fpls.

2016.00230

Noctor G, Mhamdi A, Foyer CH (2014) The roles of reactive

oxygen metabolism in drought: not so cut and dried. Plant

Physiol 164(4):1636–1648

Paes MCD (2006) Aspectos Fı́sicos, Quı́micos e Tecnológicos
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