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Abstract

Water and nutrients scarcity are the two major factors for yield reduction in many wheat-producing areas of the world.
Drought stress also restricts micronutrient uptake and thus induces micronutrient deficiency. Zinc is the most important
micronutrient for abiotic stress tolerance. A field trial was conducted from 2013 to 2015 to study the effect of foliar applica-
tion of zinc under normal (100% field capacity) and water deficit (60% field capacity) conditions on quantitative and qualita-
tive aspects of wheat (Triticum aestivum L. var. Faisalabad-08). Three Zn levels (0, 0.1%, and 0.2% by using ZnSO,. 7TH,0)
were foliar sprayed at the vegetative and reproductive stages of wheat. Obtained results revealed that the growth, yield traits,
photosynthetic pigments, and WUE were negatively affected by lower water supply. Zinc foliar application did not affect
yield under normal irrigation conditions, however, under water deficit foliar application of 0.2% Zn enhanced grain yield
to 25-40%. Zinc foliar spray at both vegetative and reproductive stages increased the chlorophyll contents and WUE. Zinc
contents of wheat grain were more when 0.1% Zn was sprayed at the reproductive stage or 0.2% Zn at the vegetative stage.
Thus, the foliar application of Zn is a promising short-term approach to improve productivity and grain nutrient content in
wheat under water deficit stress. Furthermore, the timing and rate of Zn application could be helpful for the efficient use of
water for increasing grain yield.
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Introduction

Wheat is one of the most important grain crops produced
and traded globally. Consumption of wheat is increasing in
the world (Shahbandeh, 2021) as a result of the increasing
population (Ma et al. 2017), nutritional quality, and substitu-
tion with other cereals (Ram & Govindan, 2020). Therefore,
increasing grain yield and improving the nutritional qual-
ity of wheat is still the object of numerous investigators.
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Drought and low availability of nutrients often limit the
growth and productivity potential of wheat particularly in
arid and semi-arid regions (Shayanmehr et al. 2020; Xue
et al. 2019). The severity and duration of drought deter-
mine the extent of the yield loss by shortening the life cycle
and duration of grain filling. A meta-analysis showed that
drought caused a 27.5% reduction in wheat yield from 1980
to 2017 (Zhang et al. 2018). The models’ project showed
continued increases in global drought frequency and area
by 50-200% (in a relative sense) in the twenty-first century
(Zhao & Dai, 2017). The future droughts are predicted to
be more severe and frequent with more yield losses due to
changing climate and variation in precipitation (Zhang et al.
2018).

There is extensive wheat yield variability in many semi-
arid regions, which are owed to water limitation and year-
to-year fluctuations in precipitation and temperature. The
productivity of wheat growing in these environments not
only depends on the water available for growth but also the
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water use efficiency (WUE) and amount of plant-available
nutrients (Liang et al. 2019; Xue et al. 2019).

Drought disturbs the mineral-nutrient relations in plants
through their effects on nutrient availability, and partitioning
of transport processes in plants (Hu & Schmidhalter, 2005).
It is extensively assumed that the mineral nutrient status
of plants plays a main role in improving WUE and proper
nutrition could alleviate water shortages and mitigate envi-
ronmental problems (Ma et al. 2017; Waraich et al. 2011).
Zinc fertilization improved the water use efficiency by
increasing the osmolytes, maintaining membrane stability,
and improving stomatal conductance (Hassan et al. 2020).
Obtaining nutrient-enhanced grains requires the considera-
tion of many factors, such as grain quality, bioavailability,
and most importantly, grain yield (Shi et al. 2010). Accord-
ingly, fertilizer management with macro and micronutrients
in plant nutrition is very imperative for crop productivity and
plants’ resistance (Janmohammadi et al. 2016).

Although micronutrients are required in small amounts,
they play crucial roles in plant production at critical growth
stages (Janmohammadi et al. 2016). Zinc fertilizer is widely
used to improve yield, Zn concentration, and quality of edi-
ble parts of crops (Mousavi, 2011). It is well known that
Zn has a great influence on basic plant life processes such
as synthesis of chlorophyll, indole-3-acetic acid, nitrogen
metabolism, protein quality, and enzyme activation (Zeidan
et al. 2010). Zinc has been found useful in improving yield
and yield components of wheat (Daneshbakhsh & Hossein,
2013; Ma et al. 2017; Zeidan et al. 2010) and adequately
applied Zn has been shown to improve the water use effi-
ciency of wheat plants (Bagci et al. 2007).

Zinc deficiency is more common in developing countries
particularly in South Asia affecting human health and declin-
ing wheat productivity (Joy et al. 2017). Few studies have
examined that the soil and foliar application of Zn increased
the grain quality and yield traits of wheat and mobilization
of Zn from vegetative tissues into the grains play an impor-
tant role in biofortification (Cakmak et al. 2010; Ramzan
et al. 2020). It has been reported that the concentrations of
Zn and other micronutrients in cereal grains are significantly
and positively correlated with those in leaves, suggesting the
importance of foliar application of micronutrients for biofor-
tification in grains (Xia et al. 2019). In addition, seedlings
from Zn-enriched grains have a better ability to withstand
environmental stresses at early growth stages (Mousavi,
2011).

Although Zn fertilizer is widely used, the effect of Zn
application on the crop yield and Zn concentration are
related to the amount and method of Zn fertilizer applica-
tion (Wang et al. 2012). The forms and rates of fertilizer as
well as timings affect the chemical composition of plants
and therefore determine the technological utility and their
feed value. The Zn remobilization from vegetative tissues

@ Springer

into grain can be achieved by foliar applications of Zn
(Cakmak et al. 2010; Xue et al. 2012). Foliar fertiliza-
tion has the advantages of low application rates, uniform
distribution, and quick plant responses to enrich essential
micronutrients in crop grains (Saadati et al. 2013; Zhao
et al. 2014). The time of foliar spray of Zn is the main fac-
tor determining the efficacy of Zn in improving grain Zn
concentration (Nawaz et al. 2015). Foliar spray of Zn at a
late growth stage and an early stage of seed development
could be a useful practice to produce a significant increase
in grain Zn concentration in wheat (Cakmak et al. 2000,
2010). Also, in young wheat, Zn is moved by phloem from
leaves to roots after foliar application (Haslett et al. 2001)
but in maturing wheat, zinc transported from leaves to
developing grains (Riesen & Feller, 2005).

Combining improved tolerance to drought and increased
Zn concentration and content in seeds is a high priority
research topic, especially in Zn-deficient areas. However,
finding a solution to Zn deficiency requires a better under-
standing and evaluation of the effect of foliar application
of Zn and their role to enhance nutritional quality and
yield of wheat. Therefore, this work aimed to evaluate the
effects of different amounts and time of zinc spray on the
quantitative and qualitative aspects of wheat under water
stress conditions.

Materials and Methods
Experimental Conditions

A 2-year field experiment was conducted during 2013-15
in the research area at Faisalabad (31°N, 73.06°E) where
the climate is semi-arid (Fig. 1). Seeds of high-yielding
winter wheat variety (Triticum aestivum L. cv Faisal-
abad-08) were obtained from Ayub Agriculture Research
Institute Faisalabad and sown by dibbling method on 15th
October of the respective study years. The experiment was
arranged in a randomized complete block design having
four replications and each treatment was applied to the
area of 1.5 m X5 m. Physico-chemical properties of soil
were determined before sowing as follows: sand =49.5%,
silt=28.21%, clay =22.29, saturation % =40, EC=1.01
dSm™!, pH="7.06, organic matter =0.25%, available nitro-
gen =30 mg kg~!, available phosphorous =7.04 mg kg~!,
available potassium =8 mg kg~!, and DTPA extractable
Zn=1.01 mg kg~!. Before sowing, basic doses of N (urea,
200 kg ha™"), phosphorous (KH,PO, 60 kg ha™'), and
potassium (K,SO,, 60 kg ha™!) were mixed in the soil.
Additional 100 kg ha™! nitrogen dose was also applied at
tillering.
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Fig. 1 Meteorological condition
of the research area during
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Irrigation

Plants were subjected to two irrigation levels i.e., normal
or fully irrigated (almost>70% FC) and water deficit. The
field capacity (FC) was measured before sowing at 30 cm
soil depth for which the bare soil area was filled with excess
water and coved with a plastic cover, then after 2 days the
soil samples were collected from 30 cm soil depth and moist
soil was weighed, dried in the oven at 105 °C till to constant
weigh (after about 24 h) and then the dry soil was weighed
to calculate soil moisture at 100% field capacity. For water
deficit, the water available to the crop was limited (< 60%
FC) by limiting irrigation.

Foliar Application of Zinc

Three levels of zinc, 0% (control), 0.1% (0.44 g /100 ml)
and 0.2% (0.88 g/100 ml) were foliarly applied using zinc
sulphate solutions (ZnSO, 7H,0, Sigma-Aldrich, USA) and
adding 0.1% Tween-20. The foliar spraying was applied at
10 am at the vegetative (30 days after sowing) or reproduc-
tive stage (60 days after sowing).

Data Collection

Plants were harvested after 20 days of foliar application of
zinc and at maturity. To record grain yield and yield-related
traits, plants were harvested at maturity from 1 m?. Then
samples were dried and digested with sulphuric acid and
hydrogen peroxide at 350 °C (Lowther, 1980). Iron (Fe),
zinc (Zn), and potassium (K) contents of grains and shoots
were analyzed by atomic absorption (Jenway, PFP).

Jan | Feb | Mar |April| Oct | Nov | Dec
2013/14

Jan | Feb | Mar |April
2014/15

Water use efficiency (kg m™=2) was calculated according
to the method by Hussain and Al-Jaloud (1995) by using
the formula:

WUE = grain yield (kg m~2)/amount of total water use
for irrigation (m).

Data Analysis

The collected data was analyzed by Statistix 8.1 to deter-
mine the significance of treatment with analysis of variance
(ANOVA), whereas, the significant differences between
treatments were tested (P <0.05) with the least significant
difference (LSD). The figures were drawn by using Micro-
soft excel 2010.

Results
Yield and Biomass

The yield and yield-related traits were significantly
affected by the drought and Zn foliar spray but the differ-
ence between the foliar spray at the vegetative and repro-
ductive stage was not significant (Table 1). There was no
significant difference in the yield and yield components
between the control and Zn sprayed plants under full
irrigation. Although, under water deficit, the grain yield
was increased by increasing Zn foliar spray from 0.1 to
0.2%, the difference between 0.1 and 0.2% Zn was non-
significant. The foliar application of 0.1 and 0.2% Zn at
the vegetative stage showed a 10 and 38% increase in the
first year and a 32 and 56% increase in the second year as
compared to drought. Similarly, foliar application of 0.1
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Table 1 Effect of irrigation regimes and foliar application of Zn on grain yield and yield components of two maize varieties

Years Irrigation Zn rate (%) Foliar applica- Grain yield Grain weight (g No. of grains ~ No. of spikes  No. of
tion time (kg m™2) spike™!) (spike™) (plant™) spikelet
(spike™)
2013/14 Control 0 No spray 0.44ab 1.55a 55.7a 1.47a 15.7a
0.1 Veg 0.47a 1.49ab 46.7abc 1.33a 15.0ab
0.2 0.44ab 1.45ab 56.0a 1.47a 16.3a
0.1 Rep 0.46a 1.47ab 47.3abc 1.40a 15.0ab
0.2 0.42ab 1.56a 48.3ab 1.33ab 15.0ab
Drought 0 No spray 0.29¢ 1.01d 34.0c 1.13b 11.3¢
0.1 Veg 0.32bc 1.17abc 40.0bc 1.20ab 12.3bc
0.2 0.40abc 1.25abc 46.3abc 1.33ab 13.7abc
0.1 Rep 0.36abc 1.11bc 36.8bc 1.23ab 12.0bc
0.2 0.39abc 1.23abc 42.3abc 1.23ab 14.3ab
Irrigation * o * * *
Zinc levels wE * wE ns *
Foliar stage ns ns ns ns ns
2014/15 Control 0 No spray 0.42ab 1.42a 60.0a 1.47ab 17.0ab
0.1 Veg 0.44ab 1.42a 62.0a 1.40ab 16.7ab
0.2 0.44ab 1.45a 56.0ab 1.50a 17.7a
0.1 Rep 0.46a 1.39ab 54.7ab 1.40ab 16.3abc
0.2 0.44ab 1.46a 53.0ab 1.47ab 16.7ab
Drought 0 No spray 0.25d 1.00e 42.7b 1.13b 13.7d
0.1 Veg 0.33bcd 1.18d 46.3ab 1.20ab 14.3 cd
0.2 0.39abc 1.27¢ 47.9ab 1.33ab 15.0bcd
0.1 Rep 0.29 cd 1.13d 43.0b 1.27ab 13.7d
0.2 0.34bcd 1.32bc 48.3ab 1.33ab 15.0bcd
Irrigation * * * * K
Zinc levels * ** * ns *
Foliar stages ns ns ns ns ns

ns = non-significant; *, and ** indicate significance at 0.001 and 0.01 probability levels, respectively. Values in the same column followed by
same lowercase letters are not significantly different among various irrigation and foliar treatments according to Fisher’s LSD test (p <0.05)

Veg vegetative stage; Rep reproductive stage

and 0.2% Zn at the reproductive stage caused a 24 and 34%
increase in the first year and a 16 and 36% increase in the
second year as compared to drought.

The grain weight, number of grains per spike, spikes per
plant, and spikelets per spikes were significantly reduced
under water deficit stress which showed 34%, 39%, 23%,
and 28% reduction as compared to control (Table 1). Under
drought, the foliar application of 0.2% Zn at the vegetative
stage showed maximum increase in grains weight i.e., 24
and 27% increase in the first and second year respectively,
but the effect was significantly similar to 0.1% Zn.

In the first year, a higher number of grains were obtained
by foliar spray of 0.2% Zn at the vegetative stage both under
full irrigation and drought conditions. Although, in the sec-
ond year, the maximum number of grains were produced
by 0.2% Zn foliar spray at the reproductive stage but it was
statistically similar to 0.1% Zn. The number of spikes was
not significantly affected by the Zn foliar spray. The number
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of spikelets was highest at 0.2% Zn at the vegetative stage
both under control and drought conditions.

The aboveground dry biomass was significantly decreased
under drought (Table 2). Under drought stress, shoot dry
biomass was reduced to 3.3-fold and fourfold as compared
to control in the first year and second year. In both years,
shoot dry weight was not significantly increased with Zn
foliar spray under fully irrigated conditions. Under drought
stress, the shoot dry weight was significantly increased by
the application of 0.1% Zn at the vegetative stage. The Zn
spray at the vegetative stage showed more increase in shoot
dry biomass than at the reproductive stage.

Water Use Efficiency
Water use efficiency was significantly reduced under drought

conditions and was 27% and 33% less as compared to con-
trol in the first and second studied years. The effect of foliar
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Tab.le 2 Effect 9f irriga.tior} Years Irrigation Zn rate (%) Foliar applica- SDW (g plant™") WUE (kg m~?)
regimes and foliar application tion time
of Zn on dry biomass and WUE
of two maize varieties 2013/14 Control 0 No spray 0.40a 1.10a
0.1 Veg 0.30ab 1.06ab
0.2 0.40a 1.02ab
0.1 Rep 0.30ab 1.08ab
0.2 0.30ab 1.01ab
Drought 0 No spray 0.12b 0.80b
0.1 Veg 0.10b 0.99ab
0.2 0.35a 1.10a
0.1 Rep 0.13b 1.05ab
0.2 0.17b l.11a
Irrigation * *
Zinc levels wE *
Foliar stage * ns
2014/15 Control 0 No spray 0.53a 1.12a
0.1 Veg 0.55a 1.16a
0.2 0.61a 1.21a
0.1 Rep 0.51a 1.10a
0.2 0.53a 1.11a
Drought 0 No spray 0.13¢c 0.81b
0.1 Veg 0.20c 1.14a
0.2 0.33b 1.12a
0.1 Rep 0.13¢c 1.24a
0.2 0.23bc 1.17a
Irrigation * *

Zinc levels

Foliar stages

ns

ns

ns = non-significant; *, and ** indicate significance at 0.001 and 0.01 probability levels, respectively. Val-
ues in the same column followed by same lowercase letters are not significantly different among various
irrigation and foliar treatments according to Fisher’s LSD test (p <0.05)

SDW shoot dry weight, WUE water use efficiency; Veg vegetative stage; Rep reproductive stage

application of Zn was significant in the first year, while non-
significant in the second year. There was a 37% increase in
WUE by the foliar application of 0.2% Zn at the vegetative
stage and a 39% increase by 0.2% Zn at the reproductive
stage as compared to drought.

Total Chlorophyll and Carotenoid Content

The water deficit caused a 24% and 26% reduction in total
chlorophyll content of wheat flag leaves in the first and
second year of study as compared to full irrigated plants
(Fig. 2a). The total chlorophyll content was significantly
increased by 0.2% Zn foliar application at the reproduc-
tive stage in the first year, while no significant increase was
observed in the second year. While at water deficit stress, all
applications of Zn increased the chlorophyll content and a
maximum increase was observed at 0.2% Zn at the reproduc-
tive stage which showed 34% in the first year and 25% in the
second year as compared to drought alone. The carotenoid

content was significantly affected by drought and more
reduction was observed in 2014—15 (Fig. 2b). Under normal
irrigation, no significant effect of Zn spray was observed.
While under drought, the carotenoid content was increased
by the Zn spray, and a maximum increase was observed at
0.2% Zn at the reproductive stage in both years.

Zinc Content in Shoot and Grain

The concentration of Zn in shoot and grains of wheat was
increased by foliar application of Zn especially at the vegeta-
tive stage (Fig. 3). A notably higher Zn content in shoot and
grains was found at 0.2% Zn at the vegetative stage in both
fully irrigated and water deficit conditions. Under drought,
the application of 0.2% Zn increased the Zn content in the
shoot by 2.2-fold and 1.8-fold in the first year and 1.71-fold
and 1.5-fold in the second year at the vegetative and repro-
ductive stage, respectively (Fig. 3a). Under full irrigation,
the Zn content in wheat grain was improved by increasing
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Fig.2 Effect of zinc foliar spray at the vegetative and reproductive
stages of wheat on the a total chlorophyll and b carotenoid content
after under drought stress. Each bar is a mean (n=4) + standard error

the Zn rate from 0.1 to 0.2% at the vegetative and reproduc-
tive stages (Fig. 3b). Under drought conditions, increasing
Zn rate had increased the Zn content in grains at the vegeta-
tive stage while reduced at the reproductive stage. Under
drought stress, the foliar application of 0.1% and 0.2% Zn at
the vegetative stage caused a 17% and 19% increase in the
first year and 35% and 44% increase in the second year and
foliar application of 0.1% and 0.2% Zn at the reproductive
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and different lowercase letters on bars indicate significant differences
among various irrigation and foliar treatments according to Fisher’s
LSD test (p<0.05)

stage caused 56% and 22% increase in the first year and 25%
and 23% increase in the second year.

Potassium Content in Shoot and Grain
Potassium (K) concentration in the shoot of fully irri-

gated plants was not affected by Zn spray at the vegetative
spray, but 0.1% Zn at the reproductive stage in the first
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Fig.3 Effect of zinc foliar spray at the vegetative and reproductive
stages on the zinc content in shoot and grain of wheat under drought.
Each bar is a mean (n=4)4+standard error and different lowercase

year and 0.2% Zn at the reproductive stage in the sec-
ond year had significantly reduced the shoot potassium
(Fig. 4a). Potassium content in shoot showed a 1.5-fold
and 1.25-fold decrease under water deficit conditions as
compared to control. The potassium content in grains was
not significantly affected by Zn spray and drought stress
(Fig. 4b). Under drought stress, only the application of
0.1% Zn spray at the reproductive stage in the second year
showed a significant increase in the potassium content of

0.1% Zn 0.2% Zn

Reproductive

0%Zn [0.1%Zn 02%Zn [ 0.1%Zn 0.2% Zn

No spray Vegetative

2014/15

Reproductive

letters on bars indicate significant differences among various irriga-
tion and foliar treatments according to Fisher’s LSD test (p <0.05)

the grains while other treatments showed a non-significant
effect.

Iron Content in Shoot and Grain
The shoot and grain iron (Fe) content were statistically
similar for fully irrigated and drought stress (Fig. 5).

There was no significant difference in shoot Fe content
by Zn foliar application in the first year (Fig. 5a). While
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Fig.4 Effect of zinc foliar spray at the vegetative and reproductive
stages on the potassium content in shoot and grain of wheat under
drought. Each bar is a mean (n=4)+standard error and different

during the second year, 0.2% Zn sprayed at the reproduc-
tive stage had significantly increased the Fe content in
shoot under drought stress. Under full irrigation, the Fe
content in grains was significantly enhanced by the foliar
spray of 0.1% and 0.2% Zn at the reproductive stage in first
year, while not affected in the second year (Fig. 5b). Under
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No spray Vegetative

2014/15
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lowercase letters on bars indicate significant differences among vari-
ous irrigation and foliar treatments according to Fisher’s LSD test
(p<0.05)

drought, the application of 0.2% Zn at the reproductive
stage caused a 33% increase in Fe content of grain in the
first year, and 0.1% and 0.2% Zn at the reproductive stage
caused a 32% and 55% increase in grain Zn content in the
second year.
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Fig.5 Effect of zinc foliar spray at the vegetative and reproductive
stages on the iron content in shoot and grain of wheat under drought.
Each bar is a mean (n=4)+standard error and different lowercase

Discussion

Nutrient deficiencies are a worldwide nutritional problem
for cereal production and the nutritional quality of the grains
in many types of soil in many arid and semi-arid countries
(Alloway, 2008). In this study, we observed drought caused
a marked reduction in grain yields of wheat mainly due to
less grain weight and number of grains. The zinc (Zn) foliar
spray significantly increased the grain yield under drought

letters on bars indicate significant differences among various irriga-
tion and foliar treatments according to Fisher’s LSD test (p <0.05)

stress particularly by increasing the number of grains under
drought conditions. The increase in grain yield was 10-56%
by 0.1% Zn spray, and 16-36% by 0.2% Zn under drought
stress as compared to drought alone. This indicates that the
Zn foliar application enhanced drought tolerance by main-
taining leaf water status or by higher expression of aquapor-
ins by Zn foliar spray (Fatemi et al. 2020). Previous stud-
ies also showed that Zn foliar application improved yield
(Farooq et al. 2014; Karim et al. 2012). Since Zn is known
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as a critical micronutrient in plant growth and production,
wheat dry weight may be improved through the Zn applica-
tion under water stress and normal conditions (Saeidnejad
et al. 2016; Xue et al. 2012). The effect of Zn treatment on
shoot dry matter production (Table 2) was very similar to
the effect on total chlorophyll (Fig. 2a). It seems that the
availability of Zn resulted in higher photosynthetic activity,
which in turn improved plant growth and ultimately produc-
tion. Carbonic anhydrase, a Zn-containing metalloenzyme,
is an essential enzyme for photosynthesis. The increase in
carbonic anhydrase activity due to Zn application may be a
factor contributing to higher photosynthesis, biomass, and
yield (Bhat et al. 2017; Cakmak et al. 2000).

These findings are supported by Singh et al. (2012) who
observed significantly higher plant growth by the application
of Zn. Arough et al. (2016) reported that Zn could enhance
the chlorophyll content and photosynthetic activity along
with improved the growth of plants. It seems that a decrease
in wheat yield under drought conditions related to increas-
ing grain Zn and Fe concentration in the second year. These
findings are reported by Peleg et al. (2008) who observed
a negative association between wheat yield and grain min-
eral concentrations. The present study has also shown that
the timing of the foliar application is an important factor in
achieving the highest increases in shoot dry matter and grain
Zn, Fe, and K through foliar Zn spray.

The need to improve agricultural water use efficiency
(WUE) is rising due to the demand for enhanced grain pro-
duction with using fewer resources (Waraich et al. 2011).
The foliar application of Zn improved the WUE of the
plants under water deficit conditions. Similar results have
been made by Khan et al. (2003) in chickpea and Bagci
et al. (2007) in wheat plants. It has been noticed that the
foliar application of Zn alleviated the negative effects of
water stress and significantly increased the WUE by acti-
vating the metabolic processes (Waraich et al. 2011) and by
the osmotic adjustment in the plants (Hu & Schmidhalter,
2005). It seems that improvement of K content helps in sto-
matal regulation (Hu & Schmidhalter, 2005) and improves
the chlorophyll and carotenoid content and lead to increase
WUE under water deficit condition (Karim et al. 2012).

The reduction in chlorophyll and carotenoid content
under water deficit is the most important anabolic process
in plants resulting in reducing growth and yield (Hammad
& Ali, 2014) which ultimately leads to a reduction in WUE
(Waraich et al. 2011). Zinc plays an important role in shoot
dry weight (Cakmak, 2008; Kaya & Higgs, 2002), chloro-
phyll production (Kaya & Higgs, 2002), and wheat yield
(Farooq et al. 2014; Karim et al. 2012). Reduction in chlo-
rophyll content at low Zn may be related to low Fe and Zn
because Zn does not directly affect chlorophyll formation,
but it can affect the concentration of Fe which are part of the
chlorophyll molecule (Kaya & Higgs, 2002).
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The Zn and Fe deficiency in cereal grains is the most
common problem throughout the world. Water shortage
could change the accumulation of micronutrients in grains
(Singh et al. 2012). Our study showed that the Zn contents
in grains were slightly increased while K and Fe contents
were decreased by drought, but results were non-significant
with the well-irrigated plants. Some researchers reported
a decreased level of Zn under stress conditions (El-fouly
et al. 2011), whereas others showed that Zn accumulation
was improved due to stress (Saeidnejad et al. 2016). The
concentrations of Zn in shoot and grains were stimulated
through Zn foliar applications. Some previous results are in
confirmation with the present results (Cakmak et al. 2010;
Kutman et al. 2011). These results indicate that the foliar
application of Zn at the vegetative and reproductive stages
is translocated from vegetative organs to grain by phloem
(Zhang et al. 2010). In addition, higher Zn in shoots also
resulted in higher translocation of Zn to grains (Cakmak,
2008).

Our results showed that under drought stress, the foliar
application of 0.1% Zn at the vegetative stage caused a
17-35% increase and 0.2% Zn caused a 19-44% increase,
while foliar application of 0.1% Zn at the reproductive
stage caused 25-56% increase and 0.2% Zn caused 22-23%
increase in grain Zn. In our study, the grain Zn ranges from
29 to 34 mg kg~! under full-irrigation which was increased
to 41-51 mg kg~ by foliar application of 0.1% Zn and 44 to
67 mg kg~! by foliar application of 0.2% Zn. While under
drought the grain Zn content ranges from 40 to 63 mg kg~!
by foliar application of Zn. Similarly, Gomez-Coronado
et al. (2016) reported that total grain Zn in wheat varies from
11 to 52 mg kg~" which was increased by 156% by the foliar
application of Zn. To meet the recommended dietary allow-
ance of Zn (15 mg kg™'), the total Zn level in grains should
be in a range from 45 and 60 mg kg~! (Ram & Govindan,
2020). Thus, increasing the Zn concentration in wheat grains
to 40-60 mg kg~! would meet the Zn requirement for people
who consume cereal grains as a staple food (Cakmak, 2008).

The foliar application of Zn at the vegetative stage caused
more accumulation of Zn in shoots and grains than at the
reproductive stage. This might be because the reproductive
stage might be late for the improvement in biomass under
stress and translocation of Zn to grains. Therefore, bioforti-
fication of Zn contents in shoot and grain has been recom-
mended by the application of Zn at the vegetative stage,
particularly under drought condition. In this study, the rela-
tive increase in shoot Zn content under drought by 0.1% and
0.2% Zn rate was in a range of 16-119% (Fig. 2), whereas,
under drought, the increase in shoot dry matter production
by 0.1% and 0.2% Zn treatment were 54% and 154% higher
(Table 2). While in well-irrigated plants, the shoot Zn con-
tent was increased but shoot dry biomass was not signifi-
cantly increased by Zn spray. This showed that application of
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Zn only increased the biomass under drought and increased
Zn application can be a major reason for increased shoot Zn
content. These results also suggest that most of the grain Zn
originates primarily from Zn translocation from vegetative
tissues which is similar to the results presented by Haslett
et al. (2001).

It seems that the environmental factors and growth condi-
tions have a significant role in remobilization (contribution
of phloem transport) and grain Zn accumulation (Boonchuay
et al. 2013). High accumulation of Zn by application of Zn
at vegetative probably because of a large Zn requirement
for the rapidly growing tissue of wheat (Haslett et al. 2001).
Zinc remobilization is the dominating supply of grain Zn
in cereals even with high or low Zn status under control
and water stress condition (Xue et al. 2012). It was assumed
that in the second year, plants prefer to take up more Zn
from Zn application at vegetable growth stages because of
the warmer temperature and high humidity in the winter
(Fig. 1). A similar observation was also found under field
conditions in central Anatolia (Bagci et al. 2007).

Comparatively more Zn was accumulated in shoot and
grains when Zn was sprayed at the vegetative stage as com-
pared to Zn spray at the reproductive stage. This might be
because Zn being highly mobile in phloem re-translocates
considerably when the plants progress toward the reproduc-
tive stage (Riesen & Feller, 2005; Waters & Sankaran, 2011;
Waters et al. 2009). In the second year of study (2014-15),
an increase in Zn concentration by foliar spray of 0.2% Zn
at the vegetative stage was 93% in aboveground dry bio-
mass under full irrigation, whereas Fe was increased by 63%
and K concentration increased by 19%. In the same condi-
tion, foliar application of 0.2% Zn at the vegetative stage
increased Zn uptake by 132%, Fe uptake by 29%, and K
uptake only 3% in grains under fully irrigation. These results
showed that the element’s content in plant tissues increased
with their foliar spray and then elements were redistributed
in the grains. Phloem mobility of each element determines
the amount of nutrient element remobilized via the phloem
(Pahlavan-Rad & Pessarakli, 2009).

The current results indicate that the accumulation of K to
the plant decreases with decreasing soil water content due to
the decreasing mobility of K under water deficit conditions
which was in agreement with Hu and Schmidhalter (2005)
and Xue et al. (2012). The grain K concentration was signifi-
cantly increased by 0.1% Zn spray at the reproductive stage
in 2014-2015 at which the amount of grain K was increased
by 93% as compared to the control under drought condition
(Fig. 4). Whereas, the K content of the grain decreased to
32% by the application of a high Zn level (0.2%) at the repro-
ductive stage as compared with the low-Zn (0.1%) treatment.
It seems that the 0.1% Zn treatment was enough to maintain
K remobilization from vegetative tissues into grains. The
K concentration of shoot was also improved by 0.1% Zn

foliar spray. These results showed the grain K contents under
drought could be improved by improving the nutritional sta-
tus of wheat and Zn has a role in the maintenance of a high
K concentration in shoot and grain of wheat. It has been
well-documented that adequate Zn nutrition is important
in controlling the uptake of K and Fe by leaves (Cakmak,
2008; Xue et al. 2012). These findings are supported by
Cakmak et al. (2000) who observed that K concentration in
guard cells has been affected by Zn application. Potassium
improves the drought tolerance in plants through its func-
tions in the stomata regulation, maintains turgor pressure,
and reduces transpiration under drought conditions (Hu &
Schmidhalter, 2005).

The current results showed that grain Fe content was
positively related to shoot Fe content (Fig. 5), indicating
that grain Fe concentrations might be improved by increas-
ing shoot Fe concentrations. It seems that foliar application
of high-Zn treatment led to increase shoot dry matter and
chlorophyll content especially under drought condition and
consequently resulted in higher grain Fe content. Many pre-
vious studies reported a positive relationship between grain
Zn concentration and grain Fe concentration in cereals (Kut-
man et al. 2011; Peleg et al. 2008; Xia et al. 2019). The
synergetic effect of Zn and Fe accumulation in grain might
be attributed to the pleiotropic effects or linkage among the
genes governing Zn and Fe accumulation in grains (Xia et al.
2019). Notably, the effects of foliar application of Zn on the
shoot and grain Fe concentration depend on the irrigation
and timing of application. The decline in Fe concentration
of shoot in the first year with the addition of high rates of
Zn at the reproductive stage suggests reduced Fe availability
(Khurana & Chatterjee, 2001) or transportation of Fe to the
grains (Mirzapour & Khoshgoftar, 2006).

Conclusion

Results showed that water deficiency caused low grain
yield by declining growth, number of grains, spikes per
plant, spikelets per spike, grain weight, and WUE. The
wheat plants have a differential response to Zn depending
on the time of application and treatment concentration. The
foliar application of 0.2% of Zn at the vegetative growth
stage increased shoot Zn content by 93% and increased
grain Zn concentration by 131%. At water deficit, higher
accumulation of K was observed at 0.1% Zn at the vegeta-
tive stage while higher grain Fe was observed at 0.2% Zn
at the reproductive growth stage. Overall, 0.2% Zn at the
vegetative stage of wheat induced drought tolerance with the
improved shoot and grain Zn content, chlorophyll content,
shoot biomass, grain weight, and grain yield. Although, the
total amount of Zn, Fe, and K in grains is not always an
important indicator of their bioavailability (utilization), thus
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more bioavailability of nutrient grain resulting from foliar
spray would be an important research topic in the future.
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