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Abstract

conditions.

Background: For scavenging reactive oxygen species, plant possess effective system that protect them from
destructive oxidative reaction. Parts of this system as osmoprotectants and antioxidative enzymes are key elements
in the defense mechanisms. A field experiment was conducted to evaluate the potential of foliar treatment of
trehalose (Tre) with different concentrations (0, 0.1 mM, or 0.5 mM) in improving antioxidant defense system of
quinoa plant under normal irrigation and drought stress conditions.

Results: Drought stress caused significant increases in some osmoprotectants as glucose, trehalose, TSS, free amino
acids, and proline. Meanwhile, trehalose foliar treatment with different concentrations significantly decreases in free
amino acids and proline contents. More accumulation of the tested organic solutes of leaves (glucose, sucrose,
trehalose, TSS) of the trehalose-treated plant in both normal irrigated and drought-stressed quinoa plants as
compared with the corresponding controls. Treating quinoa plants with trehalose resulted in significant decrease in
lipid peroxidation, hydrogen peroxide contents, and LOX activity in normal irrigated and drought-stressed plants.
These decreases correlated with significant increases in total phenolic contents as compared with untreated control.
Different concentrations of trehalose resulted in significant increases in antioxidant enzymes. Maximum increase
antioxidant enzymes were observed by treating plants Tre at 0.5 mM either under normal irrigation or drought

Conclusion: It could be concluded that foliar spray of trehalose was effective in improving quinoa performance by
reducing hydrogen peroxide free radical and by enhancing antioxidant compounds (phenolics), compatible
osmolytes, membrane stability, and antioxidant enzymes.
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Introduction

Quinoa as a newly introduced food crop can replen-
ish part of food gap. It is considered as a multipur-
pose crop, and seeds can be utilized for human food,
in flour products, and in animal feedstock because of
its high nutritive value (Bhargava et al. 2007). Quinoa
can grow in sandy soil of arid and semiarid regions
in addition to its tolerance to salinity, drought, and
other abiotic stresses which reduce crop production
(Fuentes et al. 2012). Quinoa seeds was recognized as
high-quality protein seeds, especially rich in essential
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amino acids, minerals, carbohydrates, antioxidant
compounds as a-&y-tocopherol, carotenoids, flavo-
noids, riboflavin, thiamine, vitamin C, folic acid, and
dietary fiber, compared to that of cereals such as
corn, oat, rice, and wheat (Repo-Carrasco-Valencia
and Serna 2011). Quinoa crop was chosen by FAO as
one of the important crops which play major role in
food security assuring in the twenty-first century due
to its high nutritional value and its good tolerance to
adverse climatic conditions. Also, because this crop
can grow in sandy soil of arid and semiarid regions,
it can be used to replenish part of the food gap.
Water deficiency which is often linked with other
major abiotic stress such heat stress, salinity stress, etc.
is considered as one of the primary factors responsible
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for crop productivity reduction (Dawood and Sadak
2014). Water shortage caused adverse effect on plants
via reduced growth, nutrient acquisition reduction, and
modulation, in water status of plants (Sadak 2016b).
Protoplasma dehydration increases cellular electrolytes
concentrations which cause substantial disturbance in a
variety of metabolic reactions in the cell (Mahajan and
Tuteja 2005). The reduction of photosynthetic efficiency
and stomatal conductance, RuBisCo activity inhibition,
and energy balance disruption and distribution during
photosynthesis (Demirevska et al. 2010) cause increased
accumulation of reactive oxygen species (ROS) under
water deficient stress (Hasanuzzaman et al. 2014). Plants
have evolved protective mechanisms to perceive and
respond rapidly to the adverse environmental cues
(Demirevska et al. 2010). These metabolic adaptations
that improve plant tolerance to osmotic or water stress
involve an increased synthesis of osmoprotectants as free
amino acids, proline, and soluble sugars. Compatible
osmolytes not only contribute to osmoregulation but
they may also protect the structure of different biomole-
cules and membranes or act as free-radical scavengers
that protect DNA from damaging effects of ROS (Ashraf
and Foolad 2007). Phenolic compounds accumulation
also plays an important role in scavenging free radicals
and protects plants against the damaging effects of in-
creased ROS levels due to water stress (Petridis et al.
2012). Moreover, to reduce oxidative damage resulting
from water deficiency, plants have developed different
adaptive mechanisms, via the biosynthesis of a cascade of
antioxidants. Antioxidant defense system enhancement is
an important strategy to scavenge ROS by antioxidant en-
zyme such as ascorbate peroxidase (APX), ascorbate re-
ductase (AR), catalase (CAT), glutathione reductase (GR),
glutathione peroxidase (GPX), and superoxide dismutase
(SOD) and with non-enzymatic antioxidants such as as-
corbate (AsA), glutathione (GSH), carotenoids, flavanones,
and anthocyanins (Hasanuzzaman et al. 2014).

Egypt presents a typical example of the drought prob-
lem faced in some arid regions. There is a critical need
to balance water availability, water requirements, and
water consumption. Thus, water conserving is becom-
ing a crucial consideration for agriculture. To bridge
the gap between different crop production and con-
sumption, increasing and exploiting production of
crops in these areas are necessary. So, application of
osmoprotectants, as trehalose was found to extent posi-
tive effect of plant growth which overcomes the harm-
ful effect of some environmental stress such as drought.
Trehalose (Tre) is a non-reducing disaccharide of glu-
cose that stabilizes biological structures and macromol-
ecules such as membrane lipids and proteins during
abiotic stresses (Luo et al. 2010). Exogenous treatment
of trehalose is transported by leaf or root cells to
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different cells and displays significant roles as osmopro-
tectant (Luo et al. 2010). Trehalose is distributed widely
among different biological systems: bacteria, fungi, and
lower and higher plants (Elbein et al. 2003). During a
biotic stress, trehalose does not function directly in al-
leviation of stress; it may act as a signal molecule. Thus
the aim of the present work was to improve drought
tolerance of quinoa plants grown under newly
reclaimed sandy soil by exogenous application of differ-
ent concentrations of trehalose.

Materials and methods
Plant material and growth conditions
A field experiment was conducted at the Experimental
Station of National Research Centre, Nubaria district
Beheira Governorate, Egypt, during two successive sea-
sons of 2013/2014 and 2014/2015. The soils of both ex-
perimental sites were reclaimed sandy soil where
mechanical and chemical analysis is reported in Table 1
according to Chapman and Pratt (1978).

Seeds of quinoa (Chenopodium quinoa Willd.) Quinoa
1 cultivar was obtained from Agricultural Research
Centre Giza, Egypt. The experimental design was
split-plot with four replications. The main plots were
devoted to the irrigation treatments, while the trehal-
ose concentrations treatments were randomly occu-
pied the sub-plots. Quinoa seeds were sown on
October in both seasons at the rate of 3 kg/faddan
(one faddan = 0.42 ha) in rows 3.5 m long, and the
distance between rows was 20 cm apart. Plot area
was 10.5 m? (3.0 m in width and 3.5 m in length).
The recommended agricultural practices of growing
quinoa were applied. Pre-sowing 150 kg/feddan of
calcium super-phosphate (15.5% P,Os) was applied to
the soil. Nitrogen was applied after emergence in the
form of ammonium nitrate 33.5% at a rate of 75 kg/
feddan in five equal doses before the 1st, 2nd, 3rd,
4th, and 5th irrigation. Potassium sulfate (48.52%
K,0) was added in two equal doses of 50 kg/feddan,
before the 1st and 3rd irrigations. Irrigation was car-
ried out using the new sprinkler irrigation system
where water was added every 5 days. Trehalose foliar
treatment consisted of three levels of trehalose namely
0 mM (control), 0.1 mM, and 0.5 mM considered as Tre,
Tre;, and Tre, respectively. Drought stress including nor-
mal irrigation (Do) and skipping two irrigation times (D).
Different trehalose treatments were carried out twice,
where plants were sprayed after 30 and 45 days from sow-
ing. Skipping the irrigation at 50 and 60 days after sowing.
Plant samples were taken after 75 days from sowing for
estimation of some biochemical parameters in leaves of
plant such as carbohydrate constituents (glucose, sucrose,
trehalose, total soluble sugars, and starch), proline, total
free amino acid, phenolic contents, as well as hydrogen
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Table 1 Mechanical and chemical analysis of the experimental soil sites
A. Mechanical analysis:
Sand Silt 20-0 p% Clay <2 p% Soil texture
Course 2000-200 u% Fine 200-20 1%
4746 Sandy
36.19 12.86 428

B Chemical analysis:
pH 1:2.5 EC dSm™' CaCOs OM% Soluble Cations megq/! Soluble anions meg/!

Na* K* Mg* Ca™* COs™ HCO5™ cr SO4
7.60 0.13 53 0.06 0.57 0.13 0.92 1.0 0.0 1.25 048 0.89
Available nutrients
Macro element ppm Micro element ppm
N p K Zn Fe Mn Cu
52 12.0 75 0.14 14 03 0.00

peroxide content (H,0O,), lipid peroxidation lipoxygenase
(LOX), and antioxidant enzymes (superoxide dismutase
(SOD), catalase (CAT), polyphenol oxidase (POX), and as-
corbate peroxidase (APX)).

Biochemical analysis

Determination of glucose

Glucose estimations were performed using a modifica-
tion of O-toluidine procedure (Feteris 1965). Sugars
were extracted by overnight submersion of dry tissue in
80% (v/v) ethanol at 25 °C with periodic shaking. A
1.0 ml aliquot of the alcoholic extract was heated with
5.0 ml O-toluidine reagent (60 ml O-toluidine and 2.0 g
thiourea made to 1 L with glacial acetic acid) for 15 min
at 97 °C. Absorbance was measured at 630 nm.

Determination of sucrose

Sucrose contents were determined by first degrading re-
active sugars present in 0.1 ml extracts with 0.1 ml
5.4 N KOH at 97 °C for 10 min (Handel 1968). Three
milliliters of freshly prepared anthrone reagent were
then added to the cooled reaction product, and the mix-
ture was heated at 97 °C for 5 min, cooled, and read at
620 nm.

Determination of trehalose

Trehalose content in the quinoa leaves was determined
following the method described by Li et al. (2014) with
some modifications. The leaves (1.0 g) were homoge-
nized in 5 ml of 80% (v/v) hot ethanol and centrifuged
at 11,500xg for 20 min. The supernatants were dried at
80 °C followed by resuspension in 5 ml distilled water.
The solution (100 pl) was mixed with 150 ul 0.2 N
H,SO, and boiled at 100 °C for 10 min to hydrolyze any
sucrose or glucose-1-phosphate, etc., and then chilled on
ice. NaOH (0.6 N, 150 pl) was added to the above mix-
ture and boiled for 10 min to destroy reducing sugars,

and then chilled again. To the above mixture, 2.0 ml of
anthrone reagent (0.2 g anthrone per 100 ml of 95%
H,SO,4) was added and boiled for 10 min to develop a
color, and then chilled again. The absorbance was re-
corded at 630 nm, and trehalose concentration was cal-
culated as micromoles per gram FW using a standard
curve developed with commercial trehalose.

Determination of total soluble sugars

Total soluble sugars (TSS) were extracted by overnight
submersion of dry tissue in 10 ml of 80% (v/v) ethanol at
25 °C with periodic shaking, and centrifuged at 600xg.
The supernatant was evaporated till completely dried
then dissolved in a known volume of distilled water to
be ready for determination of soluble carbohydrates
(Homme et al. 1992). TSS were analyzed by reacting of
0.1 ml of ethanolic extract with 3.0 ml freshly prepared
anthrone (150 mg anthrone + 100 ml 72% H,SO,) in
boiling water bath for 10 min and reading the cooled
samples at 625 nm using Spekol Spectrocololourimeter-
VEB Carl Zeiss (Yemm and Willis 1954).

Determination of starch

For starch measurement, the insoluble fraction
remaining after ethanolic extraction of soluble sugars
was resuspended in 2 ml of 2.5 M NaOH and boiled for
5 min. After cooling the solution, pH was adjusted to
pH 4.5 with 2 M HCI, and the resulting gelatinized
starch was hydrolyzed 10 min at 50 °C with buffered
(0.1 M sodium acetate buffer, pH 4.5). After this process,
starch was measured as reducing sugars by Nelson’s
method (Nelson, 1944) and expressed in maltose
equivalents.

Determination of proline
Proline was assayed according to the method described
by Bates et al. (1973). Then, 2.0 ml of proline extract,
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2.0 ml of acid ninhydrin, and 2.0 ml of glacial acetic acid
were added and incubated for 1 h in a boiling water bath
followed by an ice bath. The absorbance was measured
at 520 nm using Spekol Spectrocololourimeter VEB Carl
Zeiss. A standard curve was obtained using a known
concentration of authentic proline.

Determination of free amino acids

Free amino acid content was extracted according to the
method described by Vartainan et al. (1992). Free amino
acid was determined with the ninhydrin reagent method
(Yemm and Cocking 1955). Further, 1.0 ml acetate buf-
fer (pH 5.4) and 1.0 ml chromogenic agent were added
to 1.0 ml free amino acid extraction. The mixture was
heated in boiling water bath for 15 min. After cooled in
tap water, 3 ml ethanol (60% v/v) was added. The ab-
sorbance at 570 nm was then monitored using Spekol
Spectrocololourimeter VEB Carl Zeiss.

Determination of phenolic contents

A known weight of the fresh samples was taken and ex-
tracted with 85% cold methanol (v/v) for three times at
0 °C. The combined extracts were collected and made
up to a known volume with cold methanol. And then
0.5 ml of the extraction was added to 0.5 ml Folin re-
agent, shaked, and allowed to stand for 3 min. Then
1 ml of saturated sodium carbonate was added to each
tube followed by distilled water shaken and allowed to
stand for 60 min. The optical density was determined at
wave length of 725 nm using spectrophotometer as de-
scribed by Danil and George (1972).

Determination of lipid peroxidation

The level of lipid peroxidation was measured by determin-
ing the levels of malondialdehyde (MDA) content using the
method of Hodges et al. (1999). A sample (200 mg) was ho-
mogenized in 10 ml of 5% trichloroacetic acid (TCA). The
homogenate was centrifuged at 15,000xg for 10 min to
2.0 ml aliquot of the supernatant 4.0 ml of 0.5% thiobarbi-
turic acid (TBA) in 20% TCA was added. The mixture was
heated at 95 °C for 30 min and then quickly cooled in an
ice bath and centrifuged at 10,000xg for 10 min, then the
absorbance of supernatant was recorded at 532 nm by
spectrophotometer (Shimadzu). The value for non-specific
absorption at 600 nm was subtracted. The MDA content
was calculated wusing its absorption coefficient of
155 nmol™ em™ and expressed as nmol (MDA) g* fresh
weight.

Assay of enzymes activities

Enzyme extracts were collected following the method
described by Chen and Wang (2006). Leaf tissues were
homogenized in ice-cold phosphate buffer (50 mM, pH
7.8), followed by centrifugation at 8000 rpm and 4-C for
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15 min. The supernatant was used immediately to deter-
mine the activities of enzymes.

Lipoxygenase activity Lipoxygenase (LOX) (EC
1.13.11.12) activity was estimated according to the
method of Doderer et al. (1992) by monitoring the in-
crease in absorbance at 234 nm using linoleic acid as a
substrate. The activity was calculated using the extinc-
tion coefficient (25 mM ™' cm™) and express as units
(1 nmol of substrate oxidized per minute) per mg
protein.

Peroxidase activity Peroxidase (POX) (EC 1.11.1.7) ac-
tivity was assayed by the method of Kumar and Khan
(1982). The reaction mixture used for estimating the
peroxidase enzyme (POX) contained 2 ml of 0.1 M
phosphate buffer (pH 6.8), 1 ml of 0.01 M pyrogallol,
1 ml of 0.005M H,O,, and 0.5 ml of the enzyme extract.
The solution was incubated for 5 min at 25 °C after
which the reaction was terminated by adding 1 ml of
2.5N H,SO,4. The amount of purpurogallin formed was
determined by measuring the absorbance at 420 nm
against a reagent blank prepared by adding the extract
after the addition of 2.5 N H,SO, at the zero time.

Superoxide dismutase activity Superoxide dismutase
(SOD) (EC 1.12.1.1) activity was spectrophotometrically
assayed at 560 nm by nitro-blue-tetrazolium (NBT) re-
duction method (Chen and Wang 2006). The reaction
mixture (3 ml) contained 150 p riboflavin (13 uM),
2.5 ml methionine (13 pM), 250 u NBT (63 uM), 50 p
phosphate buffer (50 mM, pH 7.8), and 50 u enzyme ex-
tract. One unit of SOD activity was defined as the
amount of enzyme protein required for inhibition of the
50% reduction of NBT.

Catalase activity Catalase (CAT) (EC 1.11.1.6) activity
was determined spectrophotometrically by following the
decrease in absorbance at 240 nm (Chen and Wang
2006). The mixture (3 ml) contained 1.9 ml phosphate
buffer (50 mM, pH 7.0), 100 ul enzyme extract, and 1 ml
0.3% H,0O,. The reaction was initiated by adding enzyme
extract. One unit of CAT activity was defined as the 0.01
deduction in absorbance at 240 nm per minute. The en-
zyme activities were calculated by Kong et al. (1999).

Ascorbate peroxidase activity Ascorbate peroxidase
(EC 1.11.1.11) activity was determined as described by
Nakano and Asada (1987). The reaction mixture (1 ml)
contained 50 mM potassium phosphate (pH 7.0), 1.2% su-
crose, 1 mM hydrogen peroxide, 0.5 mM ascorbate, and
10 mM 3-aminotriazole (an inhibitor of catalase). The
hydrogen peroxide-dependent oxidation of ascorbate was
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followed by monitoring the decrease in absorbance at

290 nm, using the extinction coefficient of 2.8 mM cm™".

Statistical analysis

The analysis of variance procedure of split-plot design
according to Snedecor and Cochran (1990), treatments
means were compared using Duncan (1955) test at 5%
of probability. Combined analysis of the two growing
seasons was carried out.

Results

Carbohydrate constituents

Glucose, sucrose, trehalose, TSS, and starch contents of
quinoa leaves in response to treatment of quinoa plants
with different concentrations of trehalose under drought
stress are presented in Fig. 1. Data clearly show that skip-
ping irrigation at 50 and 60 days after sowing increased sig-
nificantly glucose, trehalose, total soluble sugars, and starch
contents of quinoa leaves as compared with those irrigated
normally (control plants); meanwhile, sucrose contents de-
creased. More accumulation of the tested organic solutes of
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leaves of the trehalose-treated plant in both normal irri-
gated and drought stressed quinoa plants.

Changes in proline and free amino acid contents

Data clearly show that treatments with different concen-
trations of trehalose on quinoa plant under normal and
drought stress are presented in Fig. 2. Skipping two irri-
gation times at 50 and 60 days after sowing caused sig-
nificant increases in proline and free amino acids of
quinoa leaves as compared with normal irrigated plants
(control). Meanwhile, foliar treatment of different con-
centrations of trehalose 0.1 mM and 0.5 mM (Tre; or
Tre,) decreased significantly and gradually proline and
free amino acid contents.

Changes in phenolic contents

Data presented in Fig. 2 showed the effect of different
concentrations of trehalose treatment on quinoa plant
under drought stress. Drought stress (D1) caused sig-
nificant increases in phenolic contents relative to con-
trol plant (DO Tre0). Trehalose foliar treatment with
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Fig. 1 Effect of trehalose (Tre1, 0.1 mM and Tre2, 0.5 mM) on carbohydrates constituents (TSS, glucose, sucrose, starch mg/g DW and trehalose
ug/g FW) of quinoa plant under drought stress (at 75 days from sowing). Each value represents the mean + standard error (n = 3). Means with
different letters above bars were significantly different at the 0.05 level according to Duncan’s multiple range test
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Fig. 2 Effect of trehalose (Tre1, 0.1 mM and Tre2, 0.5 mM) on proline, free amino acids and phenolic contents (mg/100 g DW) of quinoa plant
under drought stress (at 75 days from sowing). Each value represents the mean + standard error (n = 4). Means with different letters above bars
were significantly different at the 0.05 level according to Duncan’s multiple range test

different concentrations (Trel and Tre2) in normal ir-
rigation caused more significant increases in phenolic
content as compared with control plant (DO Tre0).
Then, 0.5 mM trehalose was more effective than
0.1 mM trehalose in improving phenolic contents.

Hydrogen peroxide

The level of hydrogen peroxide (H,O,) upon drought
stress is presented in (Fig. 3), HoO, level sharply in-
creased in quinoa leaves. The H,O, level increased by
43% in the D1 drought stress plants compared with the

control plants (D0). Trehalose foliar treatment decreased
significantly the level of H,O, in the normal irrigated
plants and drought compared with the corresponding
control.

Lipid peroxidation

The effect of trehalose foliar treatment on quinoa plants
grown under drought stress are presented in (Fig. 3).
Drought stress induced oxidative damage, assessed by
increasing in lipid peroxidation in the tested quinoa
plant (Fig. 3) as compared with unstressed control
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plants. Moreover, gradual decreases in lipid peroxidation
by trehalose foliar treatment with different concentra-
tions (Trel and Tre2) as compared with the correspond-
ing control in normal and stressed plants.

Enzyme activities

Lipoxygenase activity

Lipoxygenase activities in quinoa leaves were increased
by 141% under drought stress (D1) compared to
non-stress control (DO) Fig. 4. In non-stressed plants,
trehalose treatment had no significant effect on LOX ac-
tivity. Regarding to trehalose treatment combined with
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drought treatment (Fig. 4), LOX enzyme activity de-
creased gradually and significantly as compared with
their corresponding control.

Antioxidant enzymes

Activities of various antioxidant enzymes in drought-
stressed and trehalose foliar-treated plants are presented
in (Fig. 4). Drought stress by skipping irrigation caused
significant increases in SOD, POX, and APX, but CAT
activity significant decreased. Trehalose foliar treatment
with different concentrations Trel and Tre2 increased
plant tolerance to stress via significant increases in SOD,
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Fig. 4 Effect of trehalose (Tre1, 0.1 mM and Tre2, 0.5 mM) on LOX activity (nmol/g FW) and antioxidant enzyme activities (SOD, CAT, POX, and
APX) (U/min/gFW) of quinoa plant under drought stress (at 75 days from sowing); each value represents the mean + standard error (n = 3). Means
with different letters above bars were significantly different at the 0.05 level according to Duncan’s multiple range test
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CAT, POX, and APX activities as compared with DO and
D1. Further, 0.5 mM trehalose was more effective than
0.1 mM in increasing enzyme activities of quinoa plants.

Discussion

Carbohydrates constituents

Regarding carbohydrates constituents of quinoa leaves
treated with trehalose different concentrations and
grown under drought stress (Fig. 1). Data show accumu-
lation of different carbohydrates constituents as glucose
sucrose, trehalose, TSS, and starch contents. Although
accumulation of high soluble sugar levels have also been
demonstrated in shoots of different plant species under
drought stress conditions (Bakry et al. 2012 and Dawood
and Sadak 2014). Increased levels of soluble sugars in
drought-stressed plants may help in turgor upkeeping
and cellular membrane stabilization (Hosseini et al.,
2014). This increases of soluble sugars is a response of
plants to drought stress that has been widely reported
despite the decrease in net CO, assimilation rate (Mura-
keozy et al. 2003). In addition, soluble sugars may act as
ROS scavengers to improve membrane stabilization
(Hosseini et al. 2014).

During plant development, trehalose could play an
important role in regulating carbohydrate allocation,
as Tre acting as soluble sugars in quinoa leaves and
its function is an osmoprotectant under water
deficit-induced stresses. The present study show that
in quinoa leaves, trehalose accumulation is concomi-
tant with increasing sucrose level under normal and
skipped irrigation (Fig. 1). Garg et al. (2007) con-
firmed these obtained results. The indirect effect of
Tre on carbohydrate metabolism may be via conver-
sion and utilization of other sugars and interfering
with photosynthetic capacity (Ranwala and Miller
2009). Application of trehalose induced an additive
stimulatory effect on the accumulation of trehalose
contents in the drought plants. These results are in
good agreements with those obtained by Ma et al
(2013). The improving effect of trehalose may be due
to its physicochemical properties that stabilize dehy-
drated enzymes, proteins, and lipid membranes, as
well as protect structures from damage during desic-
cation (Fernandez et al. 2010). Also, Tre involved in
gene detoxification and response to stress as it acts
as gene elicitor (Bae et al. 2005).

In the present study, the starch content increased in
quinoa plant normal irrigated and drought stressed in
response to trehalose corresponding control and conse-
quence of trehalose accumulation (Fig. 1). Bae et al.
(2005) reported that in Arabidopsis thaliana seedlings,
starch was threefold greater in trehalose-treated plants
than in the control. The increase in the level of sucrose,
trehalose, and total soluble sugar (Fig. 1) may be linked
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to the changes in starch content. Accumulation of starch
in quinoa leaves may be a protective mechanism as it is an
important component of plant cells and its increases in
leaves as a reserve form of carbon (Mishra and Prakash
2010). The increases in starch by trehalose treatment
might be due to increased activity of ADP-glucose
pyrophosphorylase (AGPase), a major enzyme controlling
starch synthesis in Arabidopsis (Bae et al. 2005).

Changes in proline and free amino acids

In the present work, water-deficient stress caused signifi-
cant increases of proline and free amino acids, whereas
decreased by trehalose application (Fig. 2). Accumula-
tion of compatible osmolytes high concentrations caus-
ing the osmotic adjustment in plants under drought
stress. Proline has vital roles in osmotic adjustment,
stabilization, and protection of enzymes, proteins, and
membranes (Ashraf and Foolad 2007) from damaging ef-
fects of drought-osmotic stresses. Also, reducing oxida-
tion of lipid membranes (Demiral and Tirkan 2004).
Trehalose addition with drought stress reduced proline
and free amino acids levels in quinoa plant (Fig. 2). Pre-
vention of extra proline biosynthesis due to exogenous
trehalose addition under drought stress suggests that
trehalose prevented quinoa seedlings from adverse ef-
fects of drought stress by other means so that the stud-
ied quinoa seedlings did not need to increase the proline
levels further. These results are corroborated to previous
studies (Alam et al. 2014 and Abdallah et al. 2016).

Phenolic contents

Figure 2 shows that drought stress and/or trehalose fo-
liar treatments enhanced the phenolic content of quinoa
leaves. Increase in phenol contents in different tissues
under osmotic stress have been reported in many plants
(Rady et al. 2011, Dawood and Sadak 2014 and Sadak
2016a, b). These increases may be due to total phenols
role that play a significant mechanism in regulation of
plant metabolic processes and consequently overall plant
growth (Abdallah et al. 2015). Moreover, phenols act as
a substrate for many antioxidant enzymes; so, it miti-
gates the drought stress injuries (Bakry et al. 2012).
Another mechanism underlying the antioxidative prop-
erties of phenolic compounds is the ability of phenols to
decrease membrane fluidity (Sadak 2016b). In addition,
the antioxidant role of phenolic compounds as free rad-
ical scavenger through their reactivity as electron or
hydrogen donor, to stabilize and delocalize the unpaired
electron, and from their role as transition metal ions
chelater (Huang et al. 2005). The improvement in the
role of trehalose might be due to its signaling function,
via different metabolic pathways induction and induce
the production of various substances, preferably operat-
ing under stress (Alam et al. 2014).
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H,0, content and lipid peroxidation

As shown in Fig. 3, quinoa plants responded to drought
stress by inducing marked increases in H,O, and MDA
contents. Under stress, accumulation of ROS including
H,0, caused oxidative damage in plants and produced
MDA, the potential biomarker of membrane lipid perox-
idation in the cellular environment (Abdelhamid et al.
2013; Orabi and Sadak 2015; El Bassiouny et al. 2015).
Drought stress caused changes in physical membrane
organization and modification in the lipid matrix of the
plasma membrane. In addition, it caused marked in-
creases in MDA and H,0, levels in different plant spe-
cies including rapeseed and mustard may be due to
inadequate induction of antioxidant system as men-
tioned by Hossain et al. (2013). Similar results of in-
creased H,O, and MDA contents under stress were
obtained by El Bassiouny et al. (2015) on wheat, Dawood
and Sadak (2014) on canola, and Mostafa et al. 2015) on
rice plant. However, trehalose foliar treatment prior to
drought stress resulted in lower H,O, production, and
reduced MDA content, which may be achieved via
trehalose-mediated direct ROS scavenging, antioxidative
mechanism involved in eliminating ROS, or stabilizing
of membrane. Exogenous trehalose also reduced the
levels of H,O, and MDA in rice seedlings under salt
stress, respectively (Mostafa et al. 2015).

Lipoxygenase activity

Lipoxygenase (LOX) activities increased in quinoa plants
subjected to water deficiency (Fig. 4), which concomitant
with higher MDA levels (Fig. 3). In addition, increased
LOX activity might have contributed to the lipid peroxida-
tion of membrane lipids and thereby significantly partici-
pate to the oxidative damage in water-deficient plant.
Increased LOX activity is responsible for oxidation of
polyunsaturated fatty acids and thus enhances lipid perox-
idation under stress conditions (Sinchez-Rodriguez et al.
2012). The beneficial roles of Tre in drought-affected
quinoa plants were observed as those treatments reduced
oxidative stress (decreased H;O, reduced LOX and
lowered MDA levels; Figs. 3 and 4), compared to
Tre-untreated drought-affected plants. These results are
in agreement with Nounjan and Theerakulpisut (2012),
Ma et al. (2013), and Liu et al. (2013); they confirmed that
exogenous application of Tre was effective in reducing
oxidative stress of different plants in different abiotic
stresses.

Antioxidant enzymes activities

Plant posses’ efficient system for scavenging ROS. Anti-
oxidative enzymes are not part of this system but are
key elements in the defense mechanisms. Activities of
antioxidant enzymes of plants under stress show many
changes (Abdelhamid et al. 2013). Superoxide dismutase,
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catalase, ascorbate peroxidase, and peroxidase are of en-
zymes that are responsible for ROS-scavenging. Drought
exhibited increased SOD or POX and APX activities in
quinoa leaves as compared to normal irrigated plants
(Fig. 4). These results are in agreement with (Abdelga-
wad et al. 2014). Higher levels of enzyme activities in the
quinoa plant under water deficiency may be due to its
resistance. NAD™ recovering and CO, fixation at the
Calvin cycle decrease under drought stress cause damage
to cell membrane due to the increases of free radicals.
Adverse environmental stresses increase catalase and as-
corbate peroxidase activities in several cycles of physio-
logical processes. At stress conditions, higher content of
hydrogen peroxide is detoxified by catalase and glutathi-
one peroxidase (Dat et al. 2000). Plant tolerance to
harmful free radicals increase by ascorbate peroxidase
and catalase activities increases (Jin et al. 2006). Super-
oxide dismutase (SOD) is the first defense enzyme that
converts superoxide to H,O,, which can be scavenged
by catalase (CAT) and different classes of peroxidases
(POX) and ascorbate peroxidase. These results are in
agreement with the results observed by El-Bassiouny
and Sadak (2015), Sadak and Orabi (2015), and Sadak
and Abdelhamid (2015).

Foliar treatment of trehalose increased tolerance to
stress by the increase in CAT, SOD, POX, and APX ac-
tivities. Abdallah et al. (2016) confirmed these results.
Under drought stress, Tre treatment improve SOD activ-
ity (Nounjan and Theerakulpisut 2012). However,
Nounjan et al. (2012) also confirmed Tre major role in
O,” scavenging directly than modulating SOD activity.
Although, CAT is one of the most important enzyme of
antioxidant system having the highest turnover rates
among all enzymes (Garg and Manchanda 2009). How-
ever, enhanced CAT activity in Tre-pretreated plants
represents an efficient H,O, scavenging mechanism con-
tributing to tolerance to water stress-induced oxidative
stress (Mostafa et al. 2015). CAT, a peroxisomal enzyme,
has a lower affinity for H,O, and, therefore, is regarded
as a bulk remover of excess H,O, produced under stress
conditions.

Conclusion

Osmolytes as Tre improved drought tolerance of quinoa
plant via increasing formation of osmoprotectant com-
pounds as glucose, trehalose, total soluble sugars, pro-
line, and free amino acids. In addition to enhancing
antioxidant enzyme activities. On the other hand, MDA
and H,O, contents decrease.
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