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ABSTRACT ARTICLE HISTORY
Zinc (Zn) deficiency and salt stress are well-known soil problems and often Received 13 December 2021
happen parallelly in cultivated soils. In this study, Zn-amino acid complexes Accepted 7 May 2024
(Zn-AAc) were used as a source of Zn to determine their effects on salt-
induced damage in wheat plants. The bread wheat (Triticum aestivum L.
cvs. Kavir) was supplied with Zn-glycine (Zn-Gly), Zn-alanine (Zn-Ala), and — .

e - o salinity; superoxide
ZnSO, as Zn sources at three salinity levels (EC 2, 4 and 6 dS m’). Salinity dismutase; Triticum
caused a significant decrease in shoot dry matter and grain yield of wheat, aestivum; Zn nutrition
but this negative effect was significantly improved by the application of
Zn-AAc. Salt stress decreased shoot and grain Zn concentration, but this
reduction was lower in plants supplied by Zn-AAc. Calcium (Ca) and potas-
sium (K) concentrations were increased in a shoot by salinity stress while
decreased in grain. Sodium (Na) concentration decreased in shoot and
grain by using Zn-AAc. At all of the salinity levels, wheat supplied with Zn-
AAc had lower lipid peroxidation compared to those grown under the
ZnS0O, source. Application of Zn-AAc increased the activities of catalase
(CAT) and superoxide dismutase (SOD) in the roots of wheat plants in
saline conditions. Based on the results, the adverse effects of salinity stress
on wheat plants can moderately improve with Zn-AAc application.

KEYWORDS
Amino acids; catalase;

Introduction

Zinc (Zn) is one of the essential elements for the plant which plays an important role in many
physiological processes such as photosynthesis, respiration, and synthesis of proteins, DNA, RNA,
and plant hormones (Havlin 2014). Zn deficiency is the most common micronutrient deficiency
(Sims and Johnson 1991), especially in arid and semi-arid regions (Cakmak 2000). Common Zn
fertilizers such as ZnSO, and synthetic Zn chelates including Zn-EDTA and Zn-DTPA are widely
used to increase the availability of Zn in the soil and to maintain suitable concentrations of Zn
for plants (Khoshgoftarmanesh et al. 2010; Vadas et al. 2007). Inorganic Zn fertilizers are usually
ineffective in modifying Zn deficiency because of limitations such as the conversion of soluble Zn
forms into unavailable Zn-hydroxide forms in soils (Khoshgoftarmanesh et al. 2010). In contrast,
synthetic Zn chelates are often more appropriate for Zn deficiency in agricultural soils, but they
are usually expensive (Rodriguez-Lucena et al. 2010). The low degradability of synthetic chelates
is also considered an environmental concern (Karthika et al. 2016, Alfosea-Simoén et al. 2020).
Considering the several disadvantages of synthetic chelates and their side effects on plants and
the environment, it is important to find a suitable alternative. Natural metal complexing agents
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such as amino acids have advantages for preserving nutrients in soils compared to synthetic che-
lates (Souri 2015, Kazem Souri et al. 2017, Mirbolook et al. 2020b) and can be used as an effect-
ive source of Zn in calcareous soils for various plants (Souri and Hatamian 2017; Mirbolook et al.
2020a). Amino acids are natural compounds that can bind to metals such as Zn through their
amine (-NH,) and carboxylate (-COO) groups (Ghasemi et al. 2013). The degradability of metal-
amino acid complexes is also lower than that of their free amino acids (Renella et al. 2004,
Ghasemi et al. 2013).

Salinity is one of the most important environmental abiotic stresses that has a significant
impact on the yield and quality of crops. Reports show that about 20% of the irrigated lands (45
million hectares), which provide about a third of the world’s food, are saline (Shrivastava and
Kumar 2015). About 6.8 million hectares of arable land in Iran (about 40%) are affected by salin-
ity. Salinity results in an imbalance of the cellular ions causing ion toxicity, nutrient deficiency
(e.g. Ca™? and K™), and osmotic stress (Munns et al. 2006), thus effect on plant growth and sur-
vival (Rani et al. 2019). High Na™ and CI" concentrations can reduce the absorption of essential
elements such as K (Khoshgoftar et al. 2006). Salinity may affect root uptake, translocation to
shoot, and physiological utilization of Zn in plants (Hussein and Abou-Baker 2018). At the
molecular scale, salinity increases the production of reactive oxygen species (ROS), which leads to
toxicity in plants. (Jiang and Zhang 2001, Alfosea-Simén et al. 2020). ROS are reduced forms of
molecular oxygen that are produced in vital processes such as photosynthesis, photorespiration,
and respiration (Merwad 2020). These can destroy cell membranes and other macromolecules
such as pigments, proteins, DNA, and lipids (Imlay 2003). Plant tissues produce special enzymes
such as superoxide dismutase (SOD) and catalase to control ROS levels and protect cells under
stress conditions (Apel and Heribert 2004). The balance between ROS production and the activity
of antioxidant enzymes determines whether cell destruction has occurred (Moller et al. 2007). An
increase in the activity of antioxidant enzymes under salinity can be a sign of increased ROS pro-
duction under stress.

Studies have shown that Zn plays an important role in increasing the plant’s defense capacity
against abiotic stresses such as salinity (Alloway 2008, Hassanpouraghdam et al. 2020). The
response of plants to salinity and Zn nutrition has been extensively studied (Khoshgoftarmanesh
et al. 2005, Khoshgoftar et al. 2006, Yung et al. 2015, Rani et al. 2019). In addition, Zn is involved
in the structure of enzymes such as CAT and SOD and Zn deficiency can stimulate oxidative
stress in plants by affecting both the production and detoxification of free oxygen radicals and
reducing the activity of oxidative enzymes (Cakmak 2000).

Extensive research has also shown that salinity tolerance of plants such as tomato (Makela
et al. 1998), wheat (Raza et al. 2006) and corn (Thakur and Rai 1982) is directly related to the
concentration of amino acids in the plant. Under salinity conditions, amino acids act as osmolytes
and involve in ion transport, the opening of stomata, protein synthesis, the activity of antioxidant
enzymes, and the integrity of bio-membranes (Rai 2020, Alfosea-Simén et al. 2020). Significant
effects of arginine application have been reported in reducing the adverse effects of NaCl salinity
on rice (Lin and Kao 1995), wheat (Abdul-Qado), and bean (Zeid 2009). Also, Hoque et al.
(2007) reported the positive role of other amino acids in increasing the activity of catalase and
peroxidase enzymes in plants.

Recently, we synthesized complexes of several types of amino acids with Zn and evaluated
their efficiency as a Zn source in the hydroponic cultivation of beans (Mirbolook et al. 2021).
Amino acid complexes (especially Zn-Gly and Zn-Ala) significantly increased the Zn concentra-
tion in bean tissues compared to ZnSO,. These complexes also stimulated the growth and yield
of the bean plant. In the continuation of research, the application of Zn-Gly and Zn-Ala in a cal-
careous soil on the yield and yield components of wheat plants was investigated and it was found
that the application of these complexes had an effective role in increasing wheat yield and grain
enrichment by Zn (Mirbolook et al. 2020a).
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According to the previous findings, we hypothesized Zn-organic complexes (including Zn-Gly
and Zn-Ala) as Zn sources, are effective in alleviating salt-induced damages in wheat plants via
improving antioxidant capacity. This hypothesis was tested by exposing bread wheat, Tritium
aestivum L. cvs. Kavir which is a Zn-inefficient cultivar, is supplied with ZnSO,, Zn-Gly, and
Zn-Ala as Zn sources in three salt levels.

Materials and methods
Plant growth

This experiment was done with three different zinc sources including Zn-Gly, Zn-Ala, and ZnSO,
with a concentration of 8 mg Zn kg soil and three salinity levels including ECe 2, 4, and 6 dS m’
in a completely randomized design with five replications under greenhouse conditions (25°C,
30.5% w/w field capacity). The wheat plants (Triticum aestivum L. cvs. Kavir), most commonly
cultivated in Iran and Zn-inefficient cultivar, were obtained from the breeding program of the
Agricultural and Natural Resources Research Center of Mashhad, Iran. To create the artificial sal-
inity in the soil, solutions were first prepared with different levels of salinity and various concen-
trations of them were added to the soil. After one week, the salinity of the soil was determined
and a curve between the added saline to the soil and the salinity created in the soil was drawn
and the amount of salt needed for the selected salinity was obtained (Moradi et al. 2019).

A bulk surface (0-30cm) soil sample was sampled from a field with a pH of 7.8 in the
Ferdowsi University of Mashhad in Northeastern Iran (36°18’36.2" N 59°31°48.1" E). After air-
drying and passing to a 2mm sieve, electrical conductivity (EC) in the saturated extract of the
soil and the pH of 1: 5 ratios (soil: water) were investigated with an EC meter (Metrohm Ohm-
644 model, Switzerland) and pH meter (Metrohm 691, Switzerland). Then, soil texture was deter-
mined using the hydrometric method (Ashworth et al. 2001) and calcium carbonate (CaCO3) by
the titrimetric method with HCI (Keeney and Nelson 1982). Moreover, the organic carbon was
analyzed by wet digestion (Davis et al. 2017) and the amount of available Zn in the soil was also
extracted with DTPA-TEA (Lindsay and Norvell 1978) and determined by atomic absorption
spectrophotometer (AAS) (Perkin Elmer 3030, USA). The related data are shown in Table 1.

To prepare the pots, 4 kilograms of the soil was put into the pots with a height of 40cm and
30 cm in diameter. Before planting the seeds, uniform rates of N and K fertilizers [100 mg kg" N
and K each as (NH,4),SO, and K,SO,, respectively] were added to each pot and mixed with soil.
Wheat seeds were washed with distilled water and planted in the pots, thinned to five plants per
pot after 10 d, and grown for 45 or 60 d. Zn fertilizers were applied with the soil application
method (the best application method of Zn-amino acid complexed based Mirbolook et al. 2020a)
as a solution with the concentration of 8 mg Zn kg the soil was injected at once near the seeds.

Table 1. Physical and chemical properties of the soil.

Properties Unit
EC. (dS m™) 07
pH (H;0) 7.8
SAR 3.2
Sand (%) 76

Clay (%) 12

CaCo; (%) 14

DTPA-extractable Zn (mg kg™) 04
DTPA-extractable Fe (mg kg™ 11
Organic C (g kg™ soil) 21
Total N (g kg™ soil) 06

Note. EC: Electrical conductivity; SAR: Sodium adsorption ratio; CaCOs: Calcium carbonate; DTPA: Diethylene triamine pentaace-
tic acid; Zn: Zing; Fe: Iron.
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All plants were irrigated with deionized water. Salt treatments were applied 18 days after planting
(at 3-4 leaf stage).

Elemental analysis

Wheat plants were sampled at maturity from each pot separately. First, the growth and yield
parameters of the plants were measured. To determine element concentration in the plants, the
shoot and grain were separated and after washing were dried in an oven for 48h at 75°C. The
dried samples were ground to a fine powder to pass through a 20-mesh sieve. Next, 1g of dry
samples was placed in ceramic vessels and combusted in an electric furnace at 550 °C for 8 h. In
addition, the ashed samples were dissolved in HCl 2M and diluted to reach the range require-
ment. Then, based on Chapman and Pratt (1962), the concentration of Zn in the samples was
performed using an AAS. The concentrations of the shoot and grain K, Ca, and Na were analyzed
by a flame photometer (Model 3400, Perkin Elmer, Wellesley, MA) (Cottenie et al. 1982).

Antioxidant enzymes assay

For preparing an enzyme extract, 200 mg of root tissue was mixed with 100 mM TRIS-HCI buffer
(pH 8) containing 2mM EDTA, 5mM dithiothreitol, 10% glycerol, 100 mM sodium borate, 4%
(w/v) insoluble polyvinylpyrrolidone (PVP), and 1 mM phenylmethyl sulfonyl fluoride (PMSF).
The solution was filtered and centrifuged at 12,000 ¢ for 45 min at 4 °C. The supernatant was sep-
arated for enzymatic assays (Bradford 1976).

For the assay of root catalase activity, a 10 mM potassium phosphate buffer (pH 7.0) and
10mM H,0, and 0.1 mL root extract were used. The initial rate of loss of H,O, was determined
at 240 nm for the 70s by spectroscopy (Aebi 1984). Root superoxide dismutase activity was meas-
ured by Nishikimi et al. (1972) and stated as units of SOD g" FW. The mixture was prepared
with a total volume of 3mL containing 1.2 mL sodium pyrophosphate buffer (pH 8.3, 0.052 M),
0.1 mL 186 uM phenazine methosulphate, 0.3 mL 300 uM nitroblue tetrazolium (NBT), 0.2 mL
NADH (780 uM), 100 ug protein, and distilled water. With the addition of NADH, the reaction
was started. The samples were incubated at 30 °C for 90s and then 1.0 mL glacial acetic acid was
added and stirred vigorously. The absorption in samples was evaluated at 560 nm. The negative
control was an enzyme-free system.

Lipid peroxidation

For the determination of lipid peroxidation in the roots of wheat, plant material (0.3g) was
homogenized with 3mL of 0.5% (w/v) the thiobarbituric acid in 20% (w/v) trichloroacetic acid
(TCA), which malondialdehyde was determined as an end product of lipid peroxidation. The
incubation of the solution was down at 95°C for 30 min and the reaction was stopped in an ice
bath. The centrifuging of samples was down at 10,000 ¢ for 5min and the supernatant absorbance
was measured at 532nm. The amount of nonspecific absorption at 600 nm was withdrawn. The
concentration of the MDA-TBA complex was calculated using an absorbance coefficient
(155mM™°cm’) (Jambunathan 2010).

Statistical analysis

Statistical analysis was performed by SPSS software in a completely randomized design; each
treatment contained five replicates. Treatment effects were analyzed via general linear models.
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Finally, the averages were compared using Duncan’s Multiple Range Test at a significant level of
p <0.05.

Results

Analysis of variance on morphological properties and element concentration of wheat treated
with different Zn sources was shown in Tables 2,3.

Shoot dry matter and grain yield

Shoot dry matter was affected by the salinity levels of the soil (Figure 1). Under low electrical
conductivity (EC 2 dS m"), shoot dry matter in the application of Zn-Gly and Zn-Ala was greater
than that of ZnSO,, but decreased with increasing salinity. In EC 4 dS m’, shoot dry matter
increased at 32.78% and 41.17% more than ZnSO4 by Zn-Gly and Zn-Ala, respectively. In EC 6
dS m’, Zn-AAc increased the shoot dry matter by 36.36% more than ZnSO,.

The effect of salinity on the grain yield of wheat depended on the Zn source and levels of sal-
inity (Figure 2). Wheat grain yield decreased as salinity increased. At low salinity conditions, the
grain yield in plants supplied with Zn-AAc was greater than those supplied with ZnSO,.
The increase of salinity from 2 to 6 dS m™ reduced the grain yield by 27.6, 37.63, and 46.57% in
the application of Zn-Gly, Zn-Ala, and ZnSO,.

Yield and yield components of wheat

The yield and yield component of wheat plants under the various Zn sources and salinity levels
was shown in Table 4. Increasing salinity significantly decreased wheat growth parameters, but
the application of Zn-AAc relatively reduced the negative effects of salinity on the growth of
wheat. At the low salinity, Zn-AAc increased the number of grains per spike by about 15 to 18%
compared to ZnSO,. Zn-Gly reduced the effect of salinity on the number of fertile spikelets but
had no significant effect on reducing unfertile spikelets. 1000-grain weight was increased with the
application of Zn-AAc compared to ZnSO, even in high levels of salinity.

Shoot and grain Zn concentration

Wheat plants supplied with Zn-AAc accumulated higher Zn in their shoot and grain compared
with those supplied with ZnSO, (Figure 3). The effectiveness of Zn sources was different regard-
less of salinity level. In the application of Zn-Gly, the reduction of the Zn concentration in the

Table 2. Analysis of variance on morphological properties of wheat treated with different Zn sources.

Mean square

Number

Number Number of 1000-
Source of Shoot dry Length of  Length of  of grains of fertile unfertile grain
variation df matter Grain yield shoot spike spike™ spikelets spikelets weight
Zinc source 2 0.60** 5.402** 4267™ 0.109™ 2.135%* 1.197%%* 137.504* 1.371%%*

source

Salinity levels 2 0.456** 0.770%* 86.768** 7.603%* 84.957** 7.803** 45.56** 0.537**
Interaction 4 0.770* 0.039%* 9.187** 0.432% 4.637%* 1.029%* 1.280™ 0.263**
Error 18 0.008 0.027 1.833 0.117 0.730 0.458 1.09 0.961

(*0.05, **0.01 significant and ™ no significant correlations with Duncan’s Multiple Range Test).
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Table 3. Analysis of variance on element concentration in wheat treated with different Zn sources.

Mean square

Source of variation df Shoot Zn Co. Grain Zn Co. Shoot Ca Co. Grain Ca Co. Shoot K Co. Grain K Co. Shoot Na Co. Grain Na Co.

Zinc source 2 7.908** 38.072** 4.308%* 0.002** 365.87**  0.001™ 25.46** 0.010**
Salinity levels 2 9.132%* 56.489** 15.321°** 0.009** 161.56** 0.003** 19.63** 0.047**
Interaction 4  0.13** 1525 8.976** — 19.30%* — 0.148** 0.000
Error 18 0.484 1.164 0.113 0.000 0.726 0.000 0.082 0.000

(*0.05, **0.01 significant and ™ no significant correlations with Duncan’s Multiple Range Test).

mEC2 mEC4 @ EC6

12 ¢

Shoot dry matter (g plant’)

Zn-Gly Zn-Ala ZnSO4

Figure 1. The effect of different Zn-amino acids complexes (i.e. Zn-Gly, Zn-ala) on the shoot dry matter of the wheat (Triticum
aestivum, cvs. Kavir) under three salinity levels (ECs: 2, 4 and 6 dS m’) in comparison with ZnSO,.

Note Zn-Gly: Zn-Glycine; Zn-Ala: Zn-Alanine. Values are as the means of three replicates and different letters denote statistical
differences (Duncan’s Multiple Range Test at p < 0.05).

shoot was 17.24% with increasing salinity, however, this decline was 22% in ZnSO, application.
Increasing EC from 2 to 6 dS m™ reduced the grain Zn concentration in plants supplied with Zn-
Gly and Zn-Ala by 14 and 10%, respectively. This decrease was 19.63% for plants supplied with
ZnSO,.

Shoot and grain Ca concentration

Increasing the salinity level in soil significantly increased the Ca concentration in the plant’s
shoot (Figure 4). Suppling Zn-AAc resulted in a higher concentration of Ca in the shoot of wheat
in comparison to ZnSO,. Ca concentration in the wheat grain reduced with increasing salinity.
The addition of Zn-AAc resulted in a higher concentration of Ca in the grain. At saline condi-
tions, the Zn-Gly had a greater effect on grain Ca concentration than the other Zn source.

Shoot and grain K concentration

While salinity increased the K concentration in the shoot of wheat, the concentration of K
decreased in grains (Figure 5). The application of Zn-Gly resulted in higher shoot K concentra-
tion in ECs 4 and 6 dS m’". The addition of Zn-Gly to the soil was effective in reducing the
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mEC2 mEC4  EC6

35 ¢

Grain yield (g plant)

Zn-Gly

Zn-Ala ZnSO4

Figure 2. The effect of different Zn-amino acids complexes (i.e. Zn-Gly, Zn-Ala) on the grain yield of the wheat (Triticum
aestivum, cvs. Kavir) under three salinity levels (ECs: 2, 4 and 6 dS m’) in comparison with ZnSO,.

Note Zn-Gly: Zn-Glycine; Zn-Ala: Zn-Alanine. Values are as the means of three replicates and different letters denote statistical
differences (Duncan’s Multiple Range Test at p < 0.05).

Table 4. The effect of different Zn fertilizers (i.e. Zn-Gly, Zn-Ala, and ZnSO,) on yield and yield components of wheat (Triticum
aestivum, cvs. Kavir) exposed to three levels of salinity (i.e. 2, 4 and 6 dS m).

Number of

Length of Length of Number of Number of unfertile 1000-grain

shoot (cm) spike (cm) grains spike™ fertile spikelets spikelets weight (g)
Zn-Gly
EC=2 34.81+2.03 a 6.16+0.33 a 11.33+0.19 a 10.57+0.25 a 3.50+0.5 bc 3931079 a
EC=4 30.06+1.24 b 4.24+0.04 bcd 6.68+0.63 cd 9.07£023 b 533+033 a 3645+0.7 b
EC=6 27.06+1.41cd 3.76+0.16 d 326+0.27 f 8.16+0.15 ¢ 511+£0.28 a 33.86 + 2.08 ¢
Zn-Ala
EC=2 33.53+0.85a 5.80+0.26 a 10.96 +0.36 a 10.12+0.12 a 337+0.12 ¢ 3642 + 041 b
EC=4 29.47 £2.43 bc 476+0.56 b 7.67£1.96 c 9.07+£067 b 4.78+0.77 ab 3296 + 0.75cd
EC=6 25.04+0.69 d 410044 cd 453142 ef 7.58+041d 4.38+1.7 abc 31.67 = 0.9 de
ZnS04
EC=2 31.1£1.15 b 571+042 a 9.26+0.05 b 9.01+0.17 b 3.58+0.08 bc 3049 + 1.02 e
EC=4 28.85+0.65 bc 4.42+0.07 bc 545+0.2 de 820045 ¢ 4.29 +£0.04 abc 28.64 + 0.74 f
EC=6 28.84+0.82 bc 4.64+0.37 bc 5.58+£0.08 de 8.41+0.08 c 4.40£0.10 abc 2730 £ 017 f

Note. Zn-Gly: Zn-Glycine; Zn-Ala: Zn-Alanine. Different letters in the same column denote statistical differences (Duncan’s
Multiple Range Test test at p < 0.05).

negative effects of salinity on shoot K accumulation. However, at supplying Zn-Gly and Zn-Ala,
no significant difference was found in the grain K concentration.

Shoot and grain Na concentration

Salinity increased Na concentration in the shoot and grain of wheat although the amount of this
increase was different in the application of the type of Zn sources (Figure 6). Wheat plants sup-
plied with the Zn-AAc had lower Na in their shoot and grain compared with those supplied with
ZnSO,. In EC 6 dS m’, decreasing of shoot Na concentration was 32.31% and 18.67% for Zn-Gly
and Zn-Ala compared with ZnSO,. Also, plants supplied with Zn-Gly and Zn-Ala, decreased
grain Na concentration by 19.4% and 7.14% respectively in comparison with ZnSO, in high levels
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mEC2 mEC4  EC6

Shoot Zn concentration (mg kg-)

Zn-Gly Zn-Ala ZnSO4

mEC2 mEC4  EC6

40
35
30
25

20

Grain Zn concentration (mg kg")

Zn-Gly Zn-Ala ZnSO4

Figure 3. The effect of different Zn-amino acids complexes (i.e. Zn-Gly, Zn-Ala) on Zn concentration in shoot and grain of the
wheat (Triticum aestivum, cvs. Kavir) under three salinity levels (ECs: 2, 4 and 6 dS m’) in comparison with ZnSO,.

Note Zn-Gly: Zn-Glycine; Zn-Ala: Zn-Alanine. Values are as the means of three replicates and different letters denote statistical
differences (Duncan’s Multiple Range Tests at P < 0.05).

of salinity. The Zn-Gly was, in general, more effective than Zn-Ala in decreasing the concentra-
tion of Na in the shoot and grain of wheat.

Shoot and grain K/Na ratio

The effect of Zn sources on the K/Na ratio in the shoot and grain of wheat was different upon
salinity level (Figure 7). The highest K/Na ratio in the shoot belonging to the application of Zn-
Gly at EC 4 dS m’, and then decreased with increasing EC to 6 dS m". At ECs 4 and 6 dS m’,
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mEC2 mEC4 EC6

Shoot Ca concentration (g kg)
(@)}

Zn-Gly Zn-Ala ZnSO4

mEC2 mEC4  EC6
0.5
0.45

0.4

Grain Ca concentration (g kg")

Zn-Gly Zn-Ala ZnSO4

Figure 4. The effect of different Zn-amino acids complexes (i.e. Zn-Gly, Zn-ala) on Ca concentration in shoot and grain of the
wheat (Triticum aestivum, cvs. Kavir) under three salinity levels (ECs: 2, 4 and 6 dS m’) in comparison with ZnSO,.

Note Zn-Gly: Zn-Glycine; Zn-Ala: Zn-Alanine. Values are as the means of three replicates and different letters denote statistical dif-
ferences (Duncan’s Multiple Range Test at P < 0.05).

wheat plants supplied with Zn-Gly and Zn-Ala had a higher K/Na ratio in grains than those sup-
plied with ZnSO,.

The root CAT and SOD activity

Various Zn sources caused significant changes in the activity of the CAT and SOD enzymes of
the root (Figures 8, 9). The salinity stress increased the activity of CAT and SOD in the root of
wheat. At all salinity levels, plants supplied with Zn-AAc had higher root CAT and SOD activity
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mEC2 mEC4 EC6

45 ¢

Shoot K concentration (g kg")

Zn-Gly Zn-Ala ZnSO4

mEC2 mEC4  EC6

441 ¢

44
439
438
437
436
435
434
433
432

Grain K concentration (g kg)

431

43

Zn-Gly Zn-Ala ZnSO4

Figure 5. The effect of different Zn-amino acids complexes (i.e. Zn-Gly, Zn-ala) on K concentration in shoot and grain of the
wheat (Triticum aestivum, cvs. Kavir) under three salinity levels (ECs: 2, 4 and 6 dS m’) in comparison with ZnSO,.
Note Zn-Gly: Zn-Glycine; Zn-Ala: Zn-Alanine. Values are as the means of three replicates and different letters denote statistical

differences (Duncan’s Multiple Range Test at P < 0.05).

in comparison to those supplied with ZnSO,. Among Zn-AAc, Zn-Gly increased the CAT and
SOD activity more than Zn-Ala.

Root MDA concentration (lipid peroxidation)

The root MDA concentration was dependent on salinity level and Zn source (Figure 10). Adding
Zn-AAc reduced the root MDA concentration in comparison to ZnSO,. The lowest root MDA
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Figure 6. The effect of different Zn-amino acids complexes (i.e. Zn-Gly, Zn-Ala) on Na concentration in shoot and grain of the
wheat (Triticum aestivum, cvs. Kavir) under three salinity levels (ECs: 2, 4 and 6 dS m’) in comparison with ZnSO,.
Note Zn-Gly: Zn-Glycine; Zn-Ala: Zn-Alanine. Values are as the means of three replicates and different letters denote statistical

differences (Duncan’s Multiple Range Test at p < 0.05).

concentration was observed in the Zn-Gly application, which decreased by about 36% compared
to ZnSQ,, at EC 6 dS m’". This decrease was 23.75% for Zn-Ala at the same EC.

Discussion

“Kavir” is a Zn-inefficient wheat cultivar (Khoshgoftarmanesh et al. 2006). As expected, by
increasing salinity, the yield and yield components of wheat decreased; although the amount of
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Figure 7. The effect of different Zn-amino acids (i.e. Zn-Gly, Zn-ala) on K/Na ratio in shoot and grain of the wheat (Triticum
aestivum, cvs. Kavir) under three salinity levels (ECs: 2, 4 and 6 dS m’) in comparison with ZnSO,.

Note Zn-Gly: Zn-Glycine; Zn-Ala: Zn-Alanine. Values are as the means of three replicates and different letters denote statistical
differences (Duncan’s Multiple Range Test at p < 0.05).

this reduction was greater in ZnSO, application than Zn-amino acid complexes. The salinity lev-
els used in this experiment were ECs 2, 4, and 6 dS m’". By respecting of sensitivity of wheat to
salinity, about a 50% reduction in growth and yield of wheat was predicted at the EC 6 dS m".
Our results indicated 46% and 51% reductions in shoot dry weight and grain yield of wheat in
the application of ZnSO,. However, in plants supplied with Zn-Gly and Zn-Ala, this decrease was
38% and 40% for shoot dry weight and 27% and 37% for grain yield, respectively.

The most obvious negative effect of salinity stress on plants is growth reduction, which is
caused by the reduction of osmotic potential, the imbalance of nutrients and/or the toxicity of
some specific ions. (Cakmak 2000). Salinity can also decrease grain yield by shortening the grain
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Figure 8. The effect of different Zn-amino acids (i.e. Zn-Gly, Zn-Ala) on root SOD activity of the wheat (Triticum aestivum, cvs.
Kavir) under three salinity levels (ECs: 2, 4 and 6 dS m’) in comparison with ZnSO,.
Note Zn-Gly: Zn-Glycine; Zn-Ala: Zn-Alanine; SOD: super oxide dismutase. Values are as the means of three replicates and differ-
ent letters denote statistical differences (Duncan’s Multiple Range Test at p < 0.05).
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Figure 9. The effect of different Zn-amino acids complexes (i.e. Zn-Gly, Zn-ala) on root CAT activity of the wheat (Triticum
aestivum, cvs. Kavir) under three salinity levels (ECs: 2, 4 and 6 dS m’) in comparison with ZnSO,.

Note Zn-Gly: Zn-Glycine; Zn-Ala: Zn-Alanine; CAT: catalase. Values are as the means of three replicates and different letters
denote statistical differences (Duncan’s Multiple Range Test at p < 0.05).

filling period and disrupting the translocation of assimilates to the grain (Leyva et al. 2011). Rani
et al. (2019) showed that yield and yield components of wheat in saline soils could be increased
by applying Zn fertilizers. They reported that with Zn application, chlorophyll and indole acetic
acid were increased which led to an increase of plant photosynthesis and grain yield.

In the present study, increasing salinity reduced the Zn concentration in the plant. This could
be due to the reduction of root volume and the antagonistic effect of nutrients under saline
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Figure 10. The effect of different Zn-amino acids complexes (i.e. Zn-Gly, Zn-Ala) on root MDA concentration of the wheat
(Triticum aestivum, cvs. Kavir) under three salinity levels (ECs: 2, 4 and 6 dS m’) in comparison with ZnSO,.

Note Zn-Gly: Zn-Glycine; Zn-Ala: Zn-Alanine; MDA: malondialdehyde. Values are as the means of three replicates and different let-
ters denote statistical differences (Duncan’s Multiple Range Test at P < 0.05).

conditions (Cakmak and Marschner 1993). However, the use of Zn-AAc under salinity conditions
resulted in a significant increase in the shoot (8 to 10mg kg) and grain (22 to 35mg kg’) Zn
concentration compared to ZnSO, application. Amino acids improve Nitrogen (N) nutrition sta-
tus in the plant (Mirbolook et al. 2021) that which leads to an increase in the number and activ-
ity of Fe and Zn-transporter proteins on the root cell membranes. Increasing the metal
transporters can increase Zn uptake by plant roots (Murata et al. 2008). On the other hand, Zn-
AAc nutrition could reduce the detrimental effect of salinity. Physiological mechanisms that
explain the role of zinc in reducing salinity stress in plants are still not well understood, but
researchers have shown that zinc plays a vital role in the detoxification of O, free radicals
(Cakmak 2000) and also that this element leads to maintaining the integrity of cell membranes
(Welch 1986).

In addition to the importance of Zn nutrition on the reduction of the negative effect of salin-
ity, the positive effects of amino acids on increasing plant resistance to salinity were reported
(CGavusoglu et al. 2007). One of the probable reasons for the effect of Zn-AAc on the reduction of
salinity stress on wheat is maintaining hormone balance within plant tissues (Gavusoglu et al.
2007, Hoque et al. 2007, Igbal et al. 2018). Researchers have reported that the reduction of plant
growth in saline conditions is due to hormonal imbalance in plant tissues (Fricke et al. 2004,
Akhiyarova et al. 2005). The results of this study indicated the positive effect of Zn-AAc on the
grain yield and shoot of wheat in saline conditions. Amino acids have motivational effects on
plant growth. The positive effect of complexes of glycine and alanine with Zn on plant growth
and yield of bread wheat has been indicated by Mirbolook et al. (2020a). The stimulating effect
of Zn-AAc on wheat growth parameters may be due to the role of amino acids in cell division
and plant development (Abdul-Qados El Bassiouny and Mostafa 2008). In this study, the stimu-
lating effect of Zn-Gly on grain yield and 1000-grain weight was higher than Zn-Ala and ZnSO,.
This might be due to various uptake rates of the studied Zn-AAc by plant roots. Zn-Gly has a
simple structure and small size of less than one um and it can easily pass-through root pores and
enter into phloem either individually or along with amino acids in the form of a complex
(Mirbolook et al. 2021).
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One of the possible reasons for reduced plant growth under salt stress is excessive production
of reactive oxygen species (ROS) and loss of cell membrane integrity (Khan et al. 2020;
Marschner 2011). In this study, the root MDA concentration was used as an indicator of lipid
peroxidation and the severity of oxidative damage on cell membranes (Naidu et al. 1992).
The MDA is the final product of lipid peroxidation and could be used as an indicator for evaluat-
ing the injurious effects of free radicals including superoxide (O7,), hydroxyl radical (OH®), and
hydrogen peroxide (H,0,) produced under salinity stress on plant tissues (Azevedo et al. 2009).
In this research, salinity increased the root MDA concentration in plants treated with ZnSO,.
Based on the results, with increasing EC up to 6 dS m’, the highest shoot Zn concentration was
observed in plants supplied with Zn-Gly and Zn-Ala, and MDA concentration in the root of
these plants was reduced by 36% and 23% compared to ZnSO,. Tavallali et al. (2010) also
reported that Zn nutrition could play a protective role against oxidative stresses such as salinity.
This process should be done by inhibiting the oxidation of membrane lipids and facilitating the
function of its proteins. In the conditions of salt stress, more sodium absorption and potassium
leakage leads to disturbance in the integrity of the cell membrane (Marschner 2011). But in the
application of Zn-AAc, the result indicated that shoot K concentration was increased by about
37% in plants supplied with Zn-Gly at ECs, 4 and 6 dS m™ in comparison with Zn-Ala and
ZnSO,. This could be due to the role of Zn in cell membrane integrity and glycine in the growth
stimulation of wheat. The result of Mirbolook et al. (2020a) about the effect of Zn-amino com-
plexes on wheat plants showed that there is a positive correlation between plant growth, glycine
application, and Zn uptake. The accumulation of mineral ions such as K in plant cells under
saline conditions can improve osmotic regulation, protein synthesis, and root membrane integrity
(Marschner 2011). Cuin and Sh (2007) reported the role of some amino acids on root K leakage
in barley and show that application of amino acids reduced root K leakage by improving cell
membrane integrity.

In addition to enhancing shoot K concentration, exposure to salinity increased the shoot Na
concentration of wheat; although the magnitude of this increase was less (about 1.8 to 3.72mg
kg) in the plants supplied by Zn-Gly and Zn-Ala in comparison to ZnSO,. The reduction of
shoot Na concentration due to the Zn supply has also been reported by Yahya (1998,
Hassanpouraghdam et al. 2020). According to Alpaslan et al. (1999), Zn can control the entry
and exit of Na and K ions from plasmalemma. The role of amino acids in reducing the damage
caused by salinity is related to their role in increasing the synthesis of proteins and improving
the integrity of the cell membrane. In addition, amino acids might affect the intracellular distri-
bution of Na in cell plants (Ghasemi et al. 2014). The results of Zhang et al. (2009) showed that
amino acid application did not affect Cd absorption while reducing Cd-induced damages by alter-
ing the intracellular distribution of Cd in the plant cells. In this study, increasing salinity level
reduced grain Na concentration in plants supplied via Zn-Gly and Zn-Ala comparison with
ZnSO,. It may be due to changes in the distribution of Na in plant tissues by amino acid applica-
tion (Khan et al. 2020). Contrary to Na, the concentration of K in grain is reduced by increasing
salinity. Perhaps the reduction of K translocation from shoot to grain led to this reduction
because K activity in the phloem is low. Also, Na and K can compete for accumulation in grain
(Ramoliya et al. 2004). In saline conditions, N metabolism and protein synthesis in the leaves can
lead to K and Na imbalance in plant tissues and lead to more Na accumulation than K in the
grain (Ramoliya et al. 2004). Despite the Na increasing and K decreasing in the grain, K/Na ratios
in plants supplied with Zn-Gly and Zn-Ala were 17.5% and 5% higher than those supplied with
ZnSO, at ECs 4 and 6 dS m". This indicates the importance of Zn-AAc in nutrient balance under
salinity stress. The high K/Na ratio is often known as a good parameter under salinity stress
(Francois et al. 1994; Zhu 2003).

Shoot Ca concentration also increased by increasing soil salinity which could be due to the
presence of Ca salts used as salinization ions in the preparation of a salt solution. Similar results
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have been observed in high salinity (>8.4 dS m") in Salvadora persica (Rouphael et al. 2012) and
watermelon species (Khoshgoftar et al. 2006). Studies show that increasing shoot calcium concen-
tration can play an effective role in reducing the effects of salinity. In fact, plants increase calcium
absorption to improve high sodium conditions (Alpaslan et al. 1999). However, Ca mobility in
the xylem is low which reduces Ca translocation from shoot to grain. It may be the reason for
the decrease of Ca concentration in wheat grain by increasing salinity level.

In environmental stresses, also activity of plant antioxidant enzymes changes (Gao et al. 2008)
and these have a vital role in the plant defense system against oxidative stresses induced by salin-
ity. The positive effects of amino acids on increasing plant resistance to salinity might be due to
an increase in the activity of antioxidant enzymes. In this experiment, the application of Zn-Gly
and Zn-Ala increased the activity of root CAT and SOD enzymes and thus reduced MDA con-
centration compared with ZnSO,. On the other hand, Zn-AAc nutrition could protect cell mem-
branes against oxidative stress by increasing the activity of antioxidant enzymes and eliminating
ROS in plant cells.

Higher activity of root CAT and SOD enzymes in wheat supplied with Zn-Gly and Zn-Ala
may also be due to the improvement of nutrient status in the plant. In all salinity levels, Zn-AAc
had higher shoot Zn concentrations than ZnSO,. These results indicate that the activity of these
enzymes depends on the Zn. Glycine and alanine can bind to nucleic acids and membrane phos-
pholipids and improve the activity of enzymes such as CAT (Abdul-Qado). According to the
results, the effect of Zn-AAc on improving salinity-induced damages could be due to the role of
both Zn in activating Zn-containing antioxidant enzymes such as CAT and SOD, and amino
acids in increasing the antioxidant capacity of wheat plants against saline conditions.

Conclusion

The results of this study showed the importance of the Zn nutritional status in increasing the
resistance of wheat to salinity after the use of Zn-AAc (as Zn source). Salinity reduced shoot dry
matter and grain yield of wheat and induced oxidative damage on root cell membranes. Increased
MDA production under salinity stress was evidence of damage caused by oxidative stress in
wheat plants. Adding Zn in the form of a complex with amino acids reduced the destruction of
root cell membranes by increasing shoot and grain Zn concentrations in saline conditions. This
was accompanied by higher concentrations of K and Ca in the shoot and K to Na ratio in the
shoot and grains of wheat. The application of Zn-Gly and Zn-Ala increased the activity of CAT
and SOD enzymes, which could explain the positive influence of Zn-AAc in the reduction of salt-
induced oxidative damage on wheat. Based on the results, it seems that the Zn-AAc can supply
Zn and increase the salt stress tolerance of wheat in the soil.

Acknowledgments

The authors duly acknowledged Urmia University and Peoples’ Friendship Ferdowsi University of Mashhad for
providing the facility regarding publishing the research findings.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The present study was financially supported by the Vice-president for Research and Technology of Urmia
University of Iran.



JOURNAL OF PLANT NUTRITION 17

References

Aebi, H. 1984. Catalase in vitro. Methods in Enzymology 105:121-6. doi: 10.1016/s0076-6879(84)05016-3.

Akhiyarova, G. R., I. B. Sabirzhanova, D. S. Veselov, and J. V. Frike. 2005. Participation of plant hormones in
growth resumption of wheat shoots following short-term NaCl treatment. Russian Journal of Plant Physiology 52
(6):788-92. doi: 10.1007/s11183-005-0116-4.

Alfosea-Simén, M., E. A. Zavala-Gonzalez, J. M. Camara-Zapata, J. J. Martinez-Nicolds, I. Simén, S. Simén-Grao,
and F. Garcia-Sanchez. 2020. Effect of foliar application of amino acids on the salinity tolerance of tomato
plants cultivated under hydroponic system. Scientia Horticultural 272:283.

Alloway, B. J. 2008. Zinc in soils and crop nutrition. 2d edn. Brussels: Iternal Zinc Association and International
Fertilizer Industry Association.

Alpaslan, M., A. Inal, G. Aydin, G. Yakup, and J. Hesna. 1999. Effect of zinc treatment on the alleviation of
sodium and chloride injury in tomato (Lycopersicum esculentum (L.) Mill. cv. Lale) grown under salinity.
Turkish Journal of Botany 23:1-6.

Apel, K., and H. Heribert. 2004. Reactive oxygen species: Metabolism, oxidative stress, and signal transduction.
Annual Review of Plant Biology 55 (1):373-99. doi: 10.1146/annurev.arplant.55.031903.141701.

Ashworth, J., K. Doug, K. Rhonda, and L. Robert. 2001. Standard procedure in the hydrometer method for particle
size analysis. Communications in Soil Science and Plant Analysis 32 (5-6):633-42. doi: 10.1081/CSS-100103897.
Azevedo, H., A. S. Vitor, and M. T. Rui. 2009. Effect of salt on ROS homeostasis, lipid peroxidation and antioxidant
mechanisms in Pinus pinaster suspension cells. Annals of Forest Science 66 (2):211. doi: 10.1051/forest/2008093.
Bradford, M. 1976. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Analytical Biochemistry 72 (1-2):248-54. doi: 10.1016/0003-2697(76)90527-3.
Cakmak, I, and H. Marschner. 1993. Effect of zinc nutritional status on activities of superoxide radical and
hydrogen peroxide scavenging enzymes in bean leaves. In Plant Nutrition-From Genetic Engineering to Field
Practice: Proceedings of the Twelfth International Plant Nutrition Colloquium, 21-26 September 1993, ed. N. J.

Barrow, 133-6. Perth, Western Australia: Springer Netherlands. https://doi.org/10.1007/978-94-011-1880-4_21

Cakmak, I. 2000. Possible roles of zinc in protecting plant cells from damage by reactive oxygen species. The New
Phytologist 146 (2):185-205. doi: 10.1046/j.1469-8137.2000.00630.x.

Gavusoglu, K., K. Semra, and K. Kudret. 2007. Some morphological and anatomical observations during alleviation
of salinity (NaCI) stress on seed germination and seedling growth of barley by polyamines. Acta Physiologiae
Plantarum 29 (6):551-7. doi: 10.1007/s11738-007-0066-x.

Chapman, H., and D. F. Pratt. 1962. Methods of analysis for soils, plants, and waters. Soil Science 93 (1):68.

Cottenie, A., M. Verloo, L. Kickens, B. Velghe, and R. Camerlynck. 1982. Chemical analysis for plant and soils.
Ghent, Belgium: Laboratory of analytical and Agrochemistry, State University.

Cuin, T. A, and S. Sh. 2007. Amino acids regulate salinity-induced potassium efflux in the barley root epidermis.
Planta 225 (3):753-61. doi: 10.1007/s00425-006-0386-x.

Davis, M., R. Bruno, J. R. Alves, L. Douglas, L. Karlen Keith, G. Marcelo, and H. Dana. 2017. Review of soil
organic carbon measurement protocols: A US and Brazil comparison and recommendation. Sustainability 10
(2):53. doi: 10.3390/su10010053.

El Bassiouny, H. M. S, and H. A. Mostafa. 2008. Physiological responses of wheat plant to foliar treatments with
arginine or putrescine. Australian Journal of Basic and Applied Science 2:1390-403.

Francois, L. E., M. G. Catherine, V. M. Eugene, and M. Scott. 1994. Time of salt stress affects growth and yield
components of irrigated wheat. Agronomy Journal 86 (1):100-7. doi: 10.2134/agronj1994.00021962008600010019x.

Fricke, W., A. Gulya, V. Dima, and K. Guzel. 2004. Rapid and tissue-specific changes in ABA and in growth rate in
response to salinity in barley leaves. Journal of Experimental Botany 55 (399):1115-23. doi: 10.1093/jxb/erh117.

Gao, S., C. Ouyang, S. Wang, Y. Xu, L. Tang, and F. Chen. 2008. Effects of salt stress on growth, antioxidant
enzyme and phenylalanine ammonia-lyase activities in Jatropha curcas L. seedlings. Plant, Soil and Environment
54 (9):374-81. doi: 10.17221/410-PSE.

Ghasemi, S., A. H. Khoshgoftarmanesh, M. Afyuni, H. Hadadzadeh, and R. Schulin. 2013. Zinc-amino acid com-
plexes are more stable than free amino acids in saline and washed soils. Soil Biology and Biochemistry 63:73-9.
doi: 10.1016/j.s0ilbio.2013.03.025.

Ghasemi, S., A. H. Khoshgoftarmanesh, M. Afyuni, and H. Hadadzadeh. 2014. Iron (II)-amino acid chelates allevi-
ate salt-stress induced oxidative damages on tomato grown in nutrient solution culture. Scientia Horticulturae
165:91-8. doi: 10.1016/j.scienta.2013.10.037.

Hassanpouraghdam, M. B., L. V. Mehrabani, and N. Tzortzakis. 2020. Foliar application of nano-zinc and iron
affects physiological attributes of Rosmarinus officinalis and quietens NaCl salinity depression. Journal of Soil
Science and Plant Nutrition 20 (2):335-45. doi: 10.1007/s42729-019-00111-1.

Havlin, J. 2014. Soil: Fertility and nutrient management. In Landscape and land capacity, 251-265. CRC Press.

Hoque, M., M. Anamul, N. Akhter Banu, E. Okuma, K. Amako, Y. Nakamura, Y. Shimoishi, and Y. Murata. 2007.
Exogenous proline and glycine betaine increase NaCl-induced ascorbate-glutathione cycle enzyme activities, and


https://doi.org/10.1016/s0076-6879(84)05016-3
https://doi.org/10.1007/s11183-005-0116-4
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1081/CSS-100103897
https://doi.org/10.1051/forest/2008093
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1007/978-94-011-1880-4_21
https://doi.org/10.1046/j.1469-8137.2000.00630.x
https://doi.org/10.1007/s11738-007-0066-x
https://doi.org/10.1007/s00425-006-0386-x
https://doi.org/10.3390/su10010053
https://doi.org/10.2134/agronj1994.00021962008600010019x
https://doi.org/10.1093/jxb/erh117
https://doi.org/10.17221/410-PSE
https://doi.org/10.1016/j.soilbio.2013.03.025
https://doi.org/10.1016/j.scienta.2013.10.037
https://doi.org/10.1007/s42729-019-00111-1

18 A. MIRBOLOOK ET AL.

proline improves salt tolerance more than glycinebetaine in tobacco bright yellow-2 suspension-cultured cells.
Journal of Plant Physiology 164 (11):1457-68. doi: 10.1016/j.jplph.2006.10.004.

Hussein, M. M., and N. H. Abou-Baker. 2018. The contribution of nano-zinc to alleviate salinity stress on cotton
plants. Royal Society Open Science 5 (8):171809. doi: 10.1098/rs0s.171809.

Igbal, M. N., R. Rasheed, M. Y. Ashraf, M. A. Ashraf, and I. Hussain. 2018. Exogenously applied zinc and copper
mitigate salinity effect in maize (Zea mays L.) by improving key physiological and biochemical attributes.
Environmental Science and Pollution Research International 25 (24):23883-96. doi: 10.1007/s11356-018-2383-6.

Imlay, J. 2003. Pathways of oxidative damage. Annual Review of Microbiology 57 (1):395-418. doi: 10.1146/
annurev.micro.57.030502.090938.

Jambunathan, N. 2010. Determination and detection of reactive oxygen species (ROS), lipid peroxidation, and elec-
trolyte leakage in plants. Plant Stress Tolerance: Methods and Protocols, 291-7.

Jiang, M., and J. Zhang. 2001. Effect of abscisic acid on active oxygen species, antioxidative defense system and oxidative
damage in leaves of maize seedlings. Journal of Plant & Cell Physiology 42 (11):1265-73. doi: 10.1093/pcp/pcel62.

Karthika, N., K. Jananee, and V. Murugaiyan. 2016. Remediation of contaminated soil using soil washing-a review.
Journal of Engineering Research and Applications 6:13-8.

Keeney, D., and R. Nelson. 1982. Methods of soil analysis. Part 2. Chemical, and microbiological properties. 1982.
Nitrogen-Inorganic Forms 1 (methods of soil 2) 643-98.

Khan, N., S. Ali, P. Zandi, A. Mehmood, S. Ullah, M. Ikram, I. Ismail, M. A. Shahid, and M. A. Babar. 2020. Role
of sugars, amino acids, and organic acids in improving plant abiotic stress tolerance. Pakistan Journal of Botany
52 (2):355-63. doi: 10.30848/PJB2020-2(24).

Khoshgoftar, A. H., H. Shariatmadari, N. Karimian, and M. R. Khajehpour. 2006. Responses of wheat genotypes to zinc
fertilization under saline soil conditions. Journal of Plant Nutrition 29 (9):1543-56. doi: 10.1080/01904160600848771.

Khoshgoftarmanesh, A. H., H. Shariatmadari, N. Karimian, M. Kalbasi, and S. E. A. T. M. van der Zee. 2006.
Cadmium and zinc in saline soil solutions and their concentrations in wheat. Soil Science Society of America
Journal 70 (2):582-9. doi: 10.2136/ss5aj2005.0136.

Khoshgoftarmanesh, A. H., H. Shariatmadari, N. Karimian, M. Kalbasi, and M. R. Khajehpour. 2005. Zinc effi-
ciency of wheat cultivars grown on saline calcareous soil. Journal of Plant Nutrition 27 (11):1953-62. doi: 10.
1081/PLN-200030068.

Khoshgoftarmanesh, A. H., R. Schulin, R. L. Chaney, B. Daneshbakhsh, and M. Afyuni. 2010. Micronutrient-
efficient genotypes for crop yield and nutritional quality in sustainable agriculture. A review. Agronomy for
Sustainable Development 30 (1):83-107. doi: 10.1051/agro/2009017.

Leyva, R., E. Sdnchez-Rodriguez, J. J. Rios, M. M. Rubio-Wilhelmi, L. Romero, J. M. Ruiz, and B. Blasco. 2011.
Beneficial effects of exogenous iodine in lettuce plants subjected to salinity stress. Plant Science: An
International Journal of Experimental Plant Biology 181 (2):195-202. doi: 10.1016/j.plantsci.2011.05.007.

Lin, C. C, and C. H. Kao. 1995. NaCl stress in rice seedlings: Starch mobilization and the influence of gibberellic
acid on seedling growth. Botanical Bulletin of Academia Sinica 36:169-73.

Lindsay, W., and L. Norvell. 1978. Development of a DTPA soil test for zinc, iron, manganese, and copper 1. Soil
Science Society of America Journal 42 (3):421-8. doi: 10.2136/sss2j1978.03615995004200030009x.

Mikela, P., K. Jokinen, M. Kontturi, P. Peltonen-Sainio, E. Pehu, and S. Somersalo. 1998. Foliar application of
glycinebetaine—a novel product from sugar beet—as an approach to increase tomato yield. Industrial Crops and
Products 7 (2-3):139-48.

Marschner, H. 2011. Marschner’s mineral nutrition of higher plants. Academic Press.

Mirbolook, A., A. Lakzian, M. H. Rasouli Sadaghiani, E. Sepehr, and M. Hakimi. 2020a. Fortification of bread
wheat using synthesized Zn-Glycine and Zn-Alanine chelates in comparison with ZnSO, in a calcareous Soil.
Communications in Soil Science and Plant Analysis 51 (8):1048-64. doi: 10.1080/00103624.2020.1744635.

Mirbolook, A., M. Rasouli-Sadaghiani, E. Sepehr, A. Lakzian, and M. Hakimi. 2020b. Fortification of bread wheat
with iron through the soil and foliar application of iron-organic-complexes. Journal of Plant Nutrition 44 (10):
1386-403. doi: 10.1080/01904167.2020.1862206.

Mirbolook, A., Rasouli, Sadaghiani, M. H. Sepehr, E., Lakzian, A, and Hakimi, M. 2021. Synthesized Zn (II)-
Amino Acid and-Chitosan Chelates to Increase Zn Uptake by Bean (Phaseolus vulgaris) Plants. Journal of Plant
Growth Regulation 40 (2):831-47. doi: 10.1007/s00344-020-10151-y.

Merwad, A. R. M. 2020. Mitigation of salinity stress effects on growth, yield, and nutrient uptake of wheat by
application of organic extracts. Communication in Soil Science and Plant Analysis 51 (9):1150-60. doi: 10.1080/
00103624.2020.1751188.

Moller, I. M., E. Jensen, and A. Hansson. 2007. Oxidative modifications to cellular components in plants. Annual
Review of Plant Biology 58 (1):459-81. doi: 10.1146/annurev.arplant.58.032806.103946.

Moradi, S., M. H. Rasouli-Sadaghiani, E. Sepehr, H. Khodaverdiloo, and M. Barin. 2019. Soil nutrients status
affected by simple and enriched biochar application under salinity conditions. Environmental Monitoring and
Assessment 191 (4):257. doi: 10.1007/s10661-019-7393-4.


https://doi.org/10.1016/j.jplph.2006.10.004
https://doi.org/10.1098/rsos.171809
https://doi.org/10.1007/s11356-018-2383-6
https://doi.org/10.1146/annurev.micro.57.030502.090938
https://doi.org/10.1146/annurev.micro.57.030502.090938
https://doi.org/10.1093/pcp/pce162
https://doi.org/10.30848/PJB2020-2(24)
https://doi.org/10.1080/01904160600848771
https://doi.org/10.2136/sssaj2005.0136
https://doi.org/10.1081/PLN-200030068
https://doi.org/10.1081/PLN-200030068
https://doi.org/10.1051/agro/2009017
https://doi.org/10.1016/j.plantsci.2011.05.007
https://doi.org/10.2136/sssaj1978.03615995004200030009x
https://doi.org/10.1080/00103624.2020.1744635
https://doi.org/10.1080/01904167.2020.1862206
https://doi.org/10.1007/s00344-020-10151-y
https://doi.org/10.1080/00103624.2020.1751188
https://doi.org/10.1080/00103624.2020.1751188
https://doi.org/10.1146/annurev.arplant.58.032806.103946
https://doi.org/10.1007/s10661-019-7393-4

JOURNAL OF PLANT NUTRITION 19

Munns, R, R. A. James, and A. Liuchli. 2006. Approaches to increasing the salt tolerance of wheat and other cere-
als. Journal of Experimental Botany 57 (5):1025-43. doi: 10.1093/jxb/erj100.

Murata, Y., E. Harada, K. Sugase, K. Namba, M. Horikawa, J. F. Ma, N. Yamaji, D. Ueno, K. Nomoto, T. Iwashita,
et al. 2008. Specific transporter for iron (III): Phytosiderophore complex involved in iron uptake by barley roots.
Pure and Applied Chemistry 80 (12):2689-97. doi: 10.1351/pac200880122689.

Naidu, B., P. Leslie, G. Paleg, and G. Jones. 1992. Nitrogenous compatible solutes in drought-stressed Medicago
spp. Phytochemistry 31 (4):1195-7. doi: 10.1016/0031-9422(92)80259-H.

Nishikimi, M., N. Appaji, and K. Yagi. 1972. The occurrence of superoxide anion in the reaction of reduced phe-
nazine methosulfate and molecular oxygen. Biochemical and Biophysical Research Communications 46 (2):849-
54. doi: 10.1016/s0006-291x(72)80218-3.

Rai, V. K. 2020. Role of amino acids in plant responses to stresses. Biologia Plantarum 45 (4):481-7. doi: 10.1023/
A:1022308229759.

Ramoliya, P. J., H. M. Patel, and A. N. Pandey. 2004. Effect of salinization of soil on growth and macro-and
micro-nutrient accumulation in seedlings of Salvadora persica (Salvadoraceae). Forest Ecology and Management
202 (1-3):181-93. doi: 10.1016/j.foreco.2004.07.020.

Rani, S., M. K. Sharma, and N., Kumar. 2019. Impact of salinity and zinc application on growth, physiological and
yield traits in wheat. Current Science 116 (8):1324-30. doi: 10.18520/cs/v116/i8/1324-1330.

Raza, S. H., H. Rehman Athar, and M. Ashraf. 2006. Influence of exogenously applied glycine betaine on the photosyn-
thetic capacity of two differently adapted wheat cultivars under salt stress. Pakistan Journal of Botany 38:341-51.

Renella, G., L. Landi, and P. Nannipieri. 2004. Degradation of low molecular weight organic acids complexed with
heavy metals in soil. Geoderma 122 (2-4):311-5. doi: 10.1016/j.geoderma.2004.01.018.

Rodriguez-Lucena, P., L. Herndndez-Apaolaza, and J. J. Lucena. 2010. Comparison of iron chelates and complexes
supplied as foliar sprays and in nutrient solution to correct iron chlorosis of soybean. Journal of Plant Nutrition
173:120-6.

Rouphael, Y., M. Cardarelli, L. Rea, and G. Colla. 2012. Improving melon and cucumber photosynthetic activity,
mineral composition, and growth performance under salinity stress by grafting onto Cucurbita hybrid root-
stocks. Photosynthetica 50 (2):180-8. doi: 10.1007/s11099-012-0002-1.

Shrivastava, P., and R. Kumar. 2015. Soil salinity: A serious environmental issue and plant growth promoting bac-
teria as one of the tools for its alleviation. Saudi Journal of Biological Sciences 22 (2):123-31. doi: 10.1016/j.sjbs.
2014.12.001.

Sims, J. T., and G. V. Johnson. 1991. Micronutrient soil tests. Micronutrients in Agriculture 4:427-76.

Souri, M. K. 2015. Chelates and amino chelates and their role in plant nutrition. Agriculture Education and
Extension Press Tehran, Iran, 172.

Souri, M. K,, F. Y. Sooraki, and M. Moghadamyar. 2017. M. Growth and quality of cucumber, tomato, and green
bean under foliar and soil applications of an amino chelate fertilizer. Horticulture, Environment, and
Biotechnology 58 (6):530-6. doi: 10.1007/s13580-017-0349-0.

Souri, M. K., and M. Hatamian. 2017. Aminochelates in plant nutrition: A review. Journal of Plant Nutrition 42
(1):67-78. doi: 10.1080/01904167.2018.1549671.

Tavallali, V., M. Rahemi, S. Eshghi, B. Kholdebarin, and A. Ramezanian. 2010. Zinc alleviates salt stress and
increases antioxidant enzyme activity in the leaves of pistachio (Pistacia vera L.Badami’) seedlings. Turkish
Journal of Agriculture and Forestry 34:349-59.

Thakur, P. S., and V. K. Rai. 1982. Dynamics of amino acid accumulation of two differentially drought-resistant
Zea mays cultivars in response to osmotic stress. Environmental and Experimental Botany 22 (2):221-6. doi: 10.
1016/0098-8472(82)90042-9.

Vadas, T. M., X. Zhang, A. M. Curran, and B. A. Ahner. 2007. Fate of DTPA, EDTA, and EDDS in hydroponic
media and effects on plant mineral nutrition. Journal of Plant Nutrition 30 (8):1229-46. doi: 10.1080/
01904160701555119.

Welch, R. M. 1986. Effects of nutrient deficiencies on seed production and quality. Advance Plant Nutrition 2:205-47.

Yahya, A. 1998. Salinity affects the growth and uptake and distribution of sodium and some essential mineral
nutrients in sesame. Journal of Plant Nutrition 21 (7):1439-51. doi: 10.1080/01904169809365494.

Yung, M., M. N. Stella, W. Y. Wong, W. H. Kwok, F. Z. Liu, Y. H. Leung, W. T. Chan, X. Y. Li, A. B. Djurisi¢,
and K. Leung. 2015. Salinity-dependent toxicities of zinc oxide nanoparticles to the marine diatom Thalassiosira
pseudonana. Aquatic Toxicology (Amsterdam, Netherlands) 165:31-40. doi: 10.1016/j.aquatox.2015.05.015.

Zeid, 1. M. 2009. Effect of arginine and urea on polyamines content and growth of bean under salinity stress. Acta
Physiologiae Plantarum 31 (1):65-70. doi: 10.1007/s11738-008-0201-3.

Zhang, S. H., F. Hu, H. Li, and X. Li. 2009. Influence of earthworm mucus and amino acids on tomato seedling
growth and cadmium accumulation. Environmental Pollution (Barking, Essex: 1987) 157 (10):2737-42. doi: 10.
1016/j.envpol.2009.04.027.

Zhu, J. K. 2003. Regulation of ion homeostasis under salt stress. Current Opinion in Plant Biology 6 (5):441-5. doi:
10.1016/s1369-5266(03)00085-2.


https://doi.org/10.1093/jxb/erj100
https://doi.org/10.1351/pac200880122689
https://doi.org/10.1016/0031-9422(92)80259-H
https://doi.org/10.1016/s0006-291x(72)80218-3
https://doi.org/10.1023/A:1022308229759
https://doi.org/10.1023/A:1022308229759
https://doi.org/10.1016/j.foreco.2004.07.020
https://doi.org/10.18520/cs/v116/i8/1324-1330
https://doi.org/10.1016/j.geoderma.2004.01.018
https://doi.org/10.1007/s11099-012-0002-1
https://doi.org/10.1016/j.sjbs.2014.12.001
https://doi.org/10.1016/j.sjbs.2014.12.001
https://doi.org/10.1007/s13580-017-0349-0
https://doi.org/10.1080/01904167.2018.1549671
https://doi.org/10.1016/0098-8472(82)90042-9
https://doi.org/10.1016/0098-8472(82)90042-9
https://doi.org/10.1080/01904160701555119
https://doi.org/10.1080/01904160701555119
https://doi.org/10.1080/01904169809365494
https://doi.org/10.1016/j.aquatox.2015.05.015
https://doi.org/10.1007/s11738-008-0201-3
https://doi.org/10.1016/j.envpol.2009.04.027
https://doi.org/10.1016/j.envpol.2009.04.027
https://doi.org/10.1016/s1369-5266(03)00085-2

	Responses of bread wheat to Zn-Glycine and Zn-Alanine fertilizers under saline soil condition
	Abstract
	Introduction
	Materials and methods
	Plant growth
	Elemental analysis
	Antioxidant enzymes assay
	Lipid peroxidation
	Statistical analysis

	Results
	Shoot dry matter and grain yield
	Yield and yield components of wheat
	Shoot and grain Zn concentration
	Shoot and grain Ca concentration
	Shoot and grain K concentration
	Shoot and grain Na concentration
	Shoot and grain K/Na ratio
	The root CAT and SOD activity
	Root MDA concentration (lipid peroxidation)

	Discussion
	Conclusion
	Acknowledgments
	Disclosure statement
	Funding
	References


