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Abstract—Salinity is a global challenge issue that is drastically reducing agricultural production and limiting
the uptake of essential nutrients such as zinc (Zn) in plants. A better understanding of wheat ( 7riticum aes-
tivum L.) for improved yield and physiological responses may help in main programs, increasing growth and
yield under stress conditions. Thus, factorial experiment was conducted based on a randomized complete
block design with three replications under greenhouse conditions during 2020—2021. Experimental factors
included salinity levels (no salinity or control, salinity 30, 60, and 90 mM NaCl) and Zn application methods
(no Zn as control, soil applied Zn as ZnSOy, foliar application of nano Zn oxide (ZnO), and combined soil
and foliar application). The results demonstrated that the maximum of shoot and stem dry matter remobili-
zation, and the contribution of stem reserves to the grain yield and electrical conductance were observed in
salinity severe stress and no Zn application. The combined soil and foliar application of Zn at no salinity
increased chlorophyll index (69.83%), stomatal conductance (50.34%), quantum yield (45.78%), relative
water content (RWC; 80.19%), leaf area index (46.89%), grain filling period (20.2%), effective grain filling
period (29.22%), and grain yield (34.56%) compared to no Zn application at the highest salinity level. Based
on the results of this study, it seems that combined soil and foliar application can increase the grain yield of
wheat under salinity stress due to improving grain filling components and some physiological traits such as
RWC, SPAD and stomatal conductance.
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stomatal conductance, zinc
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INTRODUCTION

Salinity is a global challenge that affects agricultural
production worldwide. More than 800 million hectares
of agricultural land suffer from soil salinity [1]. The
increased salinity of agricultural land is expected to
have destructive global impacts, resulting in the loss of
up to half of the arable land by the middle of the
twenty-first century [2]. The adverse effects of salinity
have been attributed to the increase of Na* and CI-,
which are considered to be the most important ions
that induce several disorders in the physiological pro-
cesses of different plants [3]. Salinity increases ion
toxicity levels while reducing water availability to
plants and absorption of essential nutrients [4].

Abbreviations: EC—Ileaf electrical conductance; LAI—leaf area
index; RWC—relative water content; SPAD—chlorophyll index.

Intense salinity stress may trigger the acceleration
of senescence, enzymatic and metabolic dysfunctions,
including a decline in photosynthetic carbon dioxide
assimilation and electron transport activity, chloro-
phyll degradation, the accumulation of reactive oxy-
gen species (ROS), and membrane damage, leading to
plant death during prolonged exposure [2]. Khalilza-
deh et al. [5] stated that salinity stress decreases chlo-
rophyll content, quantum yield, relative water content
(RWC) and grain filling parameters, but increases leaf
electrical conductance (EC) and dry matter remobili-
zation in wheat.

Zinc (Zn) is known as important micronutrients,
and its deficiency is recognized as a critical problem in
plants, especially grown in saline conditions with high
pH values [6]. Zn nano-particles restrict the entry of
Na* and CI~ ions and reduce the accumulation of
ROS and abscisic acid, in exchange for an increase in
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chlorophyll content, antioxidant activities, leaf gas
exchange parameters, osmolytes, and hormone accu-
mulation, resulting in a substantial improvement in
plant growth and grain yield [7]. Zn ions are also
known to be powerful inhibitors of enzymes generating
oxygen radicals and protect salt-stressed plants from
damaging attacks of these compounds [8].

In recent years, a considerable improvement in
salinity tolerance has been achieved in some crop spe-
cies by nanotechnology [9]. On the other hand, the
application of nano-fertilizers is one of the proper
ways for increasing resource use efficiency and plant
production while reducing environmental pollution
[10]. Babaei et al. [11] reported that the application of
nano Zn-iron oxide increased nearly 17.40% from the
grain yield in comparison with the lack of its applica-
tion at the highest salinity level. Hence, Zn deficiency
is frequently a major limiting factor for crops produc-
tion worldwide, especially under salinity stress and
high pH values. Shemi et al. [12] demonstrated that
the application of Zn increased the grain yield of
maize by increasing the RWC, stomatal conductance,
chlorophyll content, and leaf area index (LAI), along
with improving the photosynthetic processes of the
plant. Sattar et al. [13] also reported that the foliar
application of Zn improved the grain yield of wheat by
improving RWC and stomatal conductance. Hence, a
better understanding of wheat physiological responses
under salinity may help in programs whose objective is
to improve the grain yield under salinity stress. There-
fore, this study sought to evaluate the effects of the
foliar and soil application of Zn on grain filling com-
ponents, yield, and some physiological traits of wheat
under salinity stress.

MATERIALS AND METHODS

Experimental design, plant material and growth con-
ditions. A factorial experiment was performed accord-
ing to randomized complete block design with three
replications under greenhouse conditions from 2020 to
2021. Experimental factors encompassed salinity at
four levels [no salinity (S,) as control, salinity 30 (S,),
60 (S,), and 90 (S;) mM NaCl (equivalent to 1.02,
2.76, 5.53, and 8.3 dS/m, respectively) and Zn appli-
cation methods at four levels [no application as con-
trol (Z,), soil application Zn as zinc sulfate (ZnSO,)
(Z,), foliar application nano ZnO (Z,), combined soil,
and foliar application of Zn (Z,)]. The soil application
of Zn and foliar application of nano ZnO were
120 kg/ha as ZnSO, at the planting stage and 1 g/L
respectively. Saline irrigation water with three salinity
levels (except for control) was prepared by adding
sodium chloride to irrigation water to achieve the tar-
get salinity level. The temperature of the greenhouse
varied between 20 and 30°C during the day and 18 to
21°C at night, and its maximum and minimum relative
humidity levels were 60 and 67 %, respectively. The soil
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type was silty with a pH rate of about 7.8. The wheat
cultivar “Zagross” was used in the experiment. Its
optimum density was 350 seeds/m?. Thus, 31 seeds
were sown in every pot with a 2 cm depth and 40 cm
diameter, filled almost with 18 kg soil. Foliar application
with nano ZnO was performed in two stages of the
growth period, namely (BBCH 13) and (BBCH 41—43).
Nano ZnO was produced in China and prepared by
Jahan Kimia Company (Iran). Nano ZnO had an
average particle size of less than 30 nm and a special
particle surface of more than 30 m?/g. Nano ZnO
powder was added to deionized water and placed on
ultra-sonic equipment (100 W and 40 kHz) on a shaker
for a better solution [14]. To ensure the penetration of
nano ZnO into the plant organ, the scanning electron
microscopy images of the flag leaf of wheat under the
foliar application of nano ZnO at different levels of
salinity stress were obtained (Fig. 1) using a Leo-1430
VP Scanning Electron Microscope (Carl Zeiss AG,
Germany). Details of the region are presented as a yel-
low circle, showing the presence of nanoparticles in
flag leaf samples.

Relative water content. At the mid of the booting
stage (BBCH 43), the flag leaves of the plants were
selected to measure the chlorophyll index, stomata
conductance, RWC, quantum yield and leaf EC. The
RWC of the flag leaves was calculated based on the
following formula [15]:

RWC (%) = [(FW — DW)/(TW — DW)]x 100, (1)

where FW—fresh weight, DW—dry weight, and TW—
turgid weight.

Leaf electrical conductance. The EC of the flag leaf
was determined based on the standard method of pre-
vious research [16]. From each pot, two developed flag
leaves were randomly selected, and after placing them
in aluminum foils, they were transferred to the labora-
tory very quickly. Then, the flag leaf samples were kept
in flasks containing 25 mL of distilled water (with spe-
cific EC) for a period of time. It was placed at room
temperature for 24 h, and then electrical conductivity
was measured using an Mil80 Bench meter (Milwau-
kee Instruments Inc., USA). To measure the electrical
conductivity of the flag leaf, it was attempted to
homogenize the leaf samples.

Chlorophyll index (SPAD). The chlorophyll index
of the flag leaves was calculated based on the method
of a previous study [17]. A device chlorophyll meter
SPAD-502 (Konica Minolta Sensing Inc., Japan) was
used, and in each plant, measurements were taken at
three spots on each leaf, two on each side of the midrib
on the flag leaf.

Stomatal conductance. Stomata conductance was
measured with an AP4 porometer system (Delta-T
Devices Ltd., UK) according to the manual instruc-
tions. It was computed on the flag leaves of four differ-
ent plants from each treatment.
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Fig. 1. SEM micrograph of ZnO nanoparticles. (a) Without nano ZnO (S) as a control, (b) nano ZnO under salinity 30 (S,),

(c) 60 (S,), and (d) 90 (S3) mM NaCl conditions. SEM—scanning electron microscopy. ZnO—Zinc oxide. Nanoparticles are
marked with yellow circles.

Quantum yield of PSII electron transport (QPSII). purpose, the plants were adapted to darkness for
This trait was determined on the flag leaves by the 20 min by using one special clamp, and then the fluo-
uppermost fool expanded leaf using a chlorophyll flu- rescence amounts were measured in 1000 uM pho-
orometer OS30P+ (Opti Sciences Inc., USA). Forthis  ton/m? s using the following formula:
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@PSII = (F,, - F)/Fy )

where F,,—is the maximum fluorescence after a satu-
rated light pulse on plants adapted to darkness, and
F,—represents the minimal fluorescence in the
adapted light, which was determined by illumination
with FR.

Leaf area index. This trait was measured at the head-
ing stage using a leaf area meter LI-3000C (LI-COR
Biosciences, USA).

Rate and grain filling period assay. Two plants in
each pot were taken for studying grain filling parame-
ters in each sampling. The first sampling was taken on
day 8 after heading, and the other samplings steps were
taken in 4-day intervals to determine the accumulation
of grain weight. At each sampling, the grains were
manually removed from spikes and dried at 75°C for
48 h. The total duration of grain filling for each treat-
ment combination was calculated through fitting a
bilinear model [18]:

Dry matter remobilization to grain(g/ plant) = [Maximum shoot dry matter after anthesis(g/ plant)]

a + gfr(daa),... ... if ...daa < P,
GW = 3)

a+gfr(By),.. ... if...daa > B, ’

where GW is the grain dry weight, a—the GW-inter-
cept, gfr—the slope of grain weight indicating the grain
filling rate, daa—the days after earring, and pm—
physiological maturity.

Borras et al. [19] determined grain filling using a
bilinear model. The effective grain filling period
(EGFD) was estimated from the following equation:

EGFD = HGW/RGF, 4

where HGW and RGF are highest grain weight (g) and
ratio of grain filling (g/day), respectively.

Conversely, an increase in kernel weight in the fill-
ing period was calculated using the above-cited equa-
tion in statistical software SAS 9.2 via Proc NLIN and
the DUD method.

Remobilization of stem reserves to grain yield assay.

The dry matter and remobilization of stem reserves to
grain yield were evaluated as follows [20]:

5

— [Shoot dry matter (except grains) in maturity (g/plant)], (%)

Dry matter contribution of assimilates to grain (%) = (Remobilization/Grain yield) x 100, (6)
Stem reserves remobilization to grain yield(g/ plant) 7

=[Maximum stem dry matter after anthesis(g/plant)] - [Stem dry matter in maturity (g/plant)],

Stem reserve contribution to grain yield (%) = (Stem dry matter remobilization / Grain yield) x100. (8)

Overall, five plants of each pot were randomly har-
vested to measure grain yield per plant.

Statistical analysis. The analysis of variance and
mean comparisons were performed using the SAS
computer software package. The main effects and
interactions were tested using the least significant dif-
ference test at the P < 0.05 probability level.

RESULTS

Considering that there were no significant differ-
ences between the two studied years (2020—2021), the
averaged data from the two years were used for statis-
tical analyses. The results indicated that the effect of
Zn X salinity stress was significant on all traits such as
RWC, chlorophyll index, stomata conductance, EC,
quantum yield, LAI, maximum grain weight, and
grain filling rate. The other affected parameters were
effective grain filling period, grain filling period, dry
matter remobilization from the stem, the contribution
of remobilization from shoots to grain, stem reserve
contribution in grain yield, and grain yield (Table 1).
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Relative Water Content
and Leaf Electrical Conductance

RWC decreased under salinity stress. The applica-
tion of salinity as S, decreased RWC by 18.7, 31.4, and
55.88% compared to its application as S;, S,, and S,,
respectively (Fig. 2). RWC was 77.67% in combined
soil and foliar application of Zn and decreased to
64.65% in control (Fig. 2). On the other hand, there
was a decrease of about 20% in the application of Zn,
compared to Zn,. The interaction effect between
salinity and Zn application demonstrated that the
highest RWC (92.06%) was obtained in no salinity
with Zn application as Zn, while the lowest RWC
(51.09%) was obtained at Zn,S, (Table 2). Moreover,
there was a decrease of about 80% RWC in the highest
salinity level and no application of Zn (S,Zn,) in com-
parison with (S,Zn,) (Table 2).

Based on the results, the use of salinity as S,
increased EC by 153.8, 74.4, and 37% compared to its
application as S;, S,, and S;, respectively (Fig. 2).
Additionally, the application of Zn as Zn, increased
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Table 1. Variance analysis of the effects of salinity and zinc on some agro-physiological traits of wheat (mean of two years,

2020 and 2021)
Source o Mean square

of variation RWC | EC | SPAD | sC | F/F, | LAl | MGW GFR EGFP | GFP | DMRG | DMRS | CRSG | SRCG | GY
Replication | 2 | 134* g3n | o4ms | 108*F | 00035 | 0.49%F | 0.00086™ | 1.3 x 10-0%+ | 433.2%* | 528.2%* | 0,039 | 0.019%* | 390%* | 215%* | 0.43%*
Salinity (S) | 3 | 1043** | 15515%* | 359.6** | 29%* | 0.053** |0.15%* | 0.0004** | 2.3x 1077 13.2% | 12.8%% | 0.013** | 0.0033** | 450** | 164** | 0.043**
Zinc(Zn) | 3| 246 [3099% | 956 | 50 | 0.013%F | 0.56** |0.00009%F | 2.9 x 1075 |  16.6%F | 20.9%* | 0.0069%* | 0.0034%* | 199%* | 43+ | 0.044%
SxZn 9| 130% | 701% | 39 5% | 0.0044%* | 0.04* | 0.00002%* | 2 x oS 8.3%* 8.1 | 9.0001™ | 0.0006%* | 23+ | 22¢% | 0,012
Error 30 40 169 10.2 2 [0.0013 [0.016 |0.000007 |6.4x 102 25 2.3 | 0.0004 | 0.00019 6 5 | 0.0055
C.V (%) —| 855 122 702 | 623 5.21 5.73 7.78 5.69 6.1 5.1 9.4 8.51 104 | 1285 | 8.03

NS, * and ** show no significant and significant differences at P < 0.05 and P < 0.01, respectively. RWC—relative water content; EC—
electrical conductivity; SPAD—chlorophyll index; SC—stomatal conductance; LAI—leaf area index; MGW—maximum of grain
weight; GFR—grain filling rate; EGFP—effective grain filling period; GFP—grain filling period; DMRG—dry matter remobilization
to grain;, DMRS—dry matter remobilization from stem; CRSG—contribution of remobilization from shoots to grain; SRCG—stem
reserve contribution in grain yield; GY—grain yield.

Table 2. Means comparison of the effects of salinity and zinc on some physiological traits of wheat (mean of two years, 2020

and 2021)
SC,
gz?;?jgé R\;:Q ug/cc’m SPAD mmol H,/(m?s) Fo/Fon LA

S| X Zn, 80.66 = 0.6 81.5+2.15 47.79 £ 0.56 24.5 +2.88 0.753 £0.0076| 2.22 £0.15
S| X Zn, 86.01 = 1.83 65.9 + 1.01 52.16 £0.75 22.53£4.6 0.804 £ 0.004 2.14+0.28
S| X Zny 89.7 £0.71 58.63 = 1.54 53.7 £ 0.61 27.16 £ 2.6 0.812 £0.0025 2.55+0.21
S| X Zny 92.06 = 1.71 52.66 £ 2.38 55.86 £ 0.47 28.46 £ 2.98 0.831 £ 0.006 2.6 £0.21
S, X Zn, 65.73 £ 1.55 122.8 +2.49 43.17 £ 0.43 21.5 £2.62 0.68 £0.0065| 1.94%0.16
S, X Zn, 70.54 + 0.46 92.18 £ 1.95 46.51 £ 0.5 22.3+2.38 0.718 £ 0.003 2.15+0.17
S, X Zny 75.7 £ 1.25 86.91 £ 1.73 50.3£0.3 24.96 + 2.84 0.732 £ 0.004 2.19+0.22
S, X Zny 81.9 + 1.69 74.51 £2.78 50.93 £0.25 26.16 £ 2.77 0.785 £ 0.004 2.5+0.23
S; X Zn, 61.11 £ 1.29 137.67 £2.8 36.31 £0.31 19.96 + 2.21 0.62 £+ 0.0037 1.85 £ 0.09
S; X Zn, 63.5+£0.7 128.76 = 1.75 38.9+0.74 22.56 £ 2.54 0.632 £ 0.002 2.31£0.39
S3 X Zny 68.23 £ 1.22 | 105.25 £ 6.56 40.48 + 0.47 23.23 £2.56 0.662 = 0.005 2.26 £0.16
S3; X Zny 72.56 0.4 105.3 = 8.79 45.81 £0.27 25.7 £ 2.78 0.694 £ 0.003 2.36 £0.19
S, X Zn, 51.09 £ 1.98 180.1 £2.06 32.89 £ 0.84 18.93 + 2.05 0.57 £ 0.004 1.77 £ 0.06
Sy % Zn, 52.75+£0.66 | 169.27 + 2.81 35.17 £ 0.28 224+3.2 0.592 £0.0052| 2.02+0.17
Sy X Zny 55.52 £ 1.33 158.16 £ 2.25 36.44+0.5 24.73 £ 3.85 0.605 = 0.0055| 2.32+0.28
Sy % Zny 64.16 £ 2.12 149.15 £ 3.35 38.2+£0.22 22.03 £ 2.56 0.649 £0.0025| 2.32+0.18
LSD 2.08 5.745 0.828 2.449 0.096 0.212

LSD — least significant difference. Sy, S,, S3, and S, are no salinity, while 30, 60, and 90 mM represent salinity. Zn;, Zn,, Zns, and Zn,4 are no
Zn as control, soil application Zn as ZnSO,, foliar application nano ZnO and combined soil, and foliar application of Zn. RWC—relative
water content; EC—electrical conductivity; SPAD—chlorophyll index; SC—stomatal conductance; LAl—leaf area index.

EC by 36.8, 19.5, and 7.1% compared to its applica-

tion as Zny, Zn; and Zn,, respectively (Fig. 2). How-

ever, EC content significantly decreased when apply-
ing Zn was. The highest (180.1 uS/cm) and lowest
(52.66 uS/cm) levels of EC were obtained in S,Zn,
and S,Zn,, respectively (Table 2). There was a
decrease of about 242% in the EC content in S,Zn, in

comparison with S,;Zn, (Table 2).
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Chlorophyll Index and Stomata Conductance

Chlorophyll index and stomata conductance were
significantly affected by salinity stress, in other words,
salinity decreased these two parameters (Fig. 2). The
lowest chlorophyll index (35.67) was observed at 90 mM
salinity. Salinity as S, decreased the chlorophyll index

by 13.17, 33.8, and 46.84%, respectively, in compari-
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Fig. 2. Means comparison of the effects of salinity and zinc on some agro-physiological traits of wheat (mean of two years, 2020
and 2021). (a) Relative water content; (b) electrical conductivity; (c) chlorophyll index; (d) stomata conductance; (e¢) quantum
yield; (f) leaf area index; (g) maximum of grain weight; (h) grain filling rate; (i) effective grain filling period; (g) grain filling
period; (k) dry matter remobilization to grain; (1) dry matter remobilization from stem; (m) contribution of remobilization from
shoots to grain; (n) stem reserve contribution in grain yield. ZnO—Zinc oxide.
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son with S;, S,, and no salinity (S,) (Fig. 2). The appli-
cation of Zn increased the chlorophyll index under
salinity stress (Fig. 2). Of course, the combined soil
and foliar application of Zn (Zn,) increased this index
by 5.25, 10.46, and 19.13% in comparison with the
application of Zn as Zn;, Zn,, and Zn, (Fig. 2). Con-
versely, stomatal conductance decreased with increas-
ing salinity levels (Fig. 2) so that salinity 90 mM (S,)
had the lowest value of stomatal conductance
(22.02 mmol H,0/m? s). However, the application of
Zn as Zn, increased stomatal conductance by about
2.27,13.98, and 15.21% in comparison with Zn;, Zn,,
and Zn, (Fig. 2). The interaction effect between salin-
ity and Zn represented that salinity 90 mM decreased
chlorophyll index and stomata conductance. The
highest chlorophyll content (55.86) and stomata con-
ductance (28.46 mmol H,0/m? s) were observed as
S,Zn, while the minimum levels of these values (32.89

and 18.93 mmol H,0/m? s respectively) were found as
S4Zn, (Table 2).

Quantum Yield and Leaf Area Index

Quantum yield and LAI decreased significantly
under salinity stress (Fig. 2). The highest salinity level
(S,) had the lowest value of quantum yield (0.6) so that
90 mM salinity decreased the quantum yield by 33.33%
in comparison with no salinity condition (Fig. 2). Con-
trarily, the application of Zn increased the quantum
yield (Fig. 2) so that the application of Zn as Zn,
increased the quantum yield by 5.71, 8.82, and 13.84%
in comparison with Zn;, Zn,, and Zn, (Fig. 2). LAI
was progressively decreased with increasing salinity
levels (Fig. 2). No salinity (S,) increased LAI about
25.26% in comparison with S, Compared with the
non Zn treatment (Zn,), the Zn treatment Zn,, Zn;,
and Zn, decreased LAI by 4.72, 13.47, and 25.77%
respectively (Table 2).

Rate and Grain Filling Period

The results revealed that the highest grain filling
rate was obtained under no salinity and application of
Zn as Zn, (Fig. 3, Tables 3 and 4). The highest level of
salinity stress (90 mM) had the lowest grain filling
components such as maximum grain weight (0.027 g),
grain filling rate (0.0011 g/day), grain filling period
(27.84 days), and effective grain filling period
(23.52 days). On the other hand, salinity as S, caused
a decrease of 59.25, 36.36, 12.21, and 16.02%, respec-
tively, in the maximum grain weight, grain filling rate,
grain filling period, and effective grain filling period in
comparison with no salinity (S;). The grain filling
component was increased in response to Zn usage
(Fig. 2). The application of Zn as Zn, under the high-
est salinity level (Zn,S,) increased the maximum grain
weight, grain filling rate, effective grain filling period,

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 70:133

and grain filling period by approximately 25.1, 9.4, 14.3,
and 10.5%, respectively, compared to no Zn application
under the same salinity level (Zn,S,) (Table 4).

Dry Matter and Stem Reserves Mobilization
to Grain Yield

The results showed that the highest salinity level (S,)
increased dry matter remobilization from stem and
shoots yield (38 and 50%, respectively) and the contri-
bution of these processes to grain yield (43 and 70%,
respectively) in comparison with no salinity. However,
the Zn application demonstrated senescence and
retarded such mobilization. The highest dry matter
remobilization from the stem (0.205 g/plant), stem
reserve contribution in the grain yield (27.15%), and
the contribution of remobilization from shoots to
grain (38.27%) was observed in S,Zn, (Table 5). Con-
trarily, the lowest level of the mentioned traits was
found in S,Zn, (Table 5). On the other hand, there was
an increase of about 71, 25, and 55%, respectively, in
the contribution of remobilization from shoots to
grain, dry matter remobilization from the stem, and
stem reserve contribution in the grain yield at the
90 mM salinity level and Zn treated plants as
Zn, (S4Zn,) in comparison with S;Zn, (Table 5).

Grain Yield

Grain yield was significantly affected by salinity
stress levels (Fig. 2) and decreased under salinity stress
(Fig. 2) so that salinity 90 mM (S4) had the lowest value
of grain yield (0.796 g/plant). Salinity as S, decreased
6.15, 22.73, and 23.36%, respectively, of the grain yield
in comparison with S, S,, and no salinity (S,) (Fig. 2).
The application of Zn increased the grain yield under
salinity stress (Fig. 2). Of course, the combined soil
and foliar application of Zn (Zn,) could increase the
grain yield by 4.54, 6.42, and 8.88% in comparison with
the application of Zn as Zn;, Zn,, and Zn, (Fig. 2). The
highest grain yield (1.016 g/plant) was found as S,Zn,,
whereas its minimum value (0.755 g/plant) was
observed as S,Zn, (Table 5).

DISCUSSION
Relative Water Content and Leaf Electrical Conductance

RWC decreased significantly under salinity stress
(Fig. 2). These results may be attributed to the accumu-
lation of toxic ions such as Na*™ and CI~, reducing leaf
expansion, LAI and stomata conductance (Table 2) and
apparently decreasing stomata conductance or sto-
mata closure, leading to a reduction in intracellular
CO, partial pressure [21]. Chattha et al. [7] reported
that salinity reduces the ability of plants to take up
water and decrease in leaf RWC. Further, it could be
related to low water availability under stress conditions
or to root systems, which are unable to compensate for
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Fig. 3. Effect of Zinc and salinity stress on grain filling of wheat (mean of two years, 2020 and 2021). (a) No salinity, (b) salinity
30 mM NaCl, (c) salinity 60 mM NaCl and (d) salinity 90 mM NaCl. (/) Estimated (application ZnSO,4 and nano ZnO);
(2) observed (application ZnSO,4 and nano ZnO); (3) estimated (application nano ZnO); (4) observed (application nano ZnO);
(5) estimated (application ZnSQOy,); (6) observed (application ZnSO,); (7) estimated (no application Zn); (&) observed (no appli-
cation Zn). ZnO—Zinc oxide.
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Table 4. Means comparison of the effects of salinity and zinc on some agro-physiological traits of wheat (mean of two years,

2020 and 2021)
gf;;;fr‘:; MGW, g GFR, g/day EGEP, day GFP, day
S, x Zn, 0.0408 + 0.0081 0.0015 + 0.0003 272+ 5.44 31.42 £ 6.28
S, x Zn, 0.042 + 0.0085 0.00159 + 0.00031 26.72 + 5.34 30.73 + 6.14
S, X Zn, 0.0435 + 0.0087 0.00164 + 0.00032 26.52 +5.3 30.46 + 6.09
S, x Zn, 0.0457 £ 0.0091 0.00159 + 0.00031 28.74 + 5.74 32.36 + 6.47

S, x Zn, 0.0351 + 0.007 0.0014 + 0.00028 25.07 £ 5.01 31.51 + 6.3
S, x Zn, 0.0372 + 0.0074 0.00143 % 0.00028 26.01 5.2 30.21 + 6.04
S, x Zn, 0.0392 + 0.0078 0.00147 % 0.00029 26.66 + 5.33 31462
S, x Zn, 0.0413 £ 0.0082 0.00156 + 0.00031 26.47 £5.29 30.91 % 6.18
S, x Zn, 0.0275 + 0.0055 0.00121 + 0.00024 22.72 £4.54 27.04 £ 5.4
Sy x Zn, 0.0289 + 0.0057 0.00123 % 0.00024 23.49 £ 4.69 27.68 + 5.53
Sy x Zn, 0.0344 £ 0.0068 0.0013 + 0.00026 26.46 + 5.29 30.59 + 6.1
Sy x Zn, 0.0367 £ 0.0073 0.0014 + 0.00028 26.21 +5.24 30.72 + 6.14
S % Zn, 0.0258 + 0.0051 0.00116 £ 0.00023 22.24 + 4.44 26.92 +5.38
S, X Zn, 0.0265 + 0.0053 0.00115 % 0.00023 23.04 £ 4.6 27.19 + 5.43
S, X Zn, 0.0271 + 0.0054 0.00116 + 0.00023 23.36 & 4.67 27.5+5.5
Sy x Zn, 0.0323 0.0064 0.00127 £ 0.00025 25.43 + 5.08 29.75 £ 5.95

LSD 0.0022 0.000056 0.62 0.61

LSD — least significant difference. Sy, S, S3, and S, are no salinity, while 30, 60, and 90 mM represent salinity. Zn;, Zn,, Zns, and Zny
are no Zn as control, soil application Zn as ZnSQy, foliar application nano ZnO and combined soil, and foliar application of Zn. MGW—
maximum of grain weight; GFR—grain filling rate; EGFP—effective grain filling period; GFP—grain filling period.

water lost by transpiration through a reduction of the
absorbing surface [22]. They also concluded that the
amelioration role of Zn in RWC maintenance might
be attributed to the improvement of vascular tissue.
Similarly, other researchers indicated that nano ZnO
application decreased the leaf EC while increasing the
leaf RWC of triticale [23]. Part of the increase in the
RWC due to the application of Zn can be due to a
decrease in EC (Table 2). Al-Zahrani et al. [24] also
attributed the increase in RWC due to the application
of Zn in salt stress conditions, to the reduction of elec-
trolyte leakage.

Khalilzadeh et al. [5] found that under salinity
stress, plant membranes are subject to changes often
associated with increases in permeability and loss of
integrity, but Zn application under such conditions
decreased EC [23]. They demonstrated that the Zn
application improved cell membrane stability in the
triticale plant as a consequence of enhancing nutrient
uptake, extension of the root system, and water status
of the plants [23]. Al-Zahrani et al. [24] reported that
salinity induced secondary oxidative stress by produc-

ing a raised level of ROS, damaged the membrane,
and increased electrolyte leakage. The application of
Zn increased the maintenance of plasma membrane
integrity and thus controlled the toxic ions uptake
under salinity stress [8].

Chlorophyll Index and Stomata Conductance

Altuntag et al. [25] found that the reduction in the
chlorophyll content under salinity stress was due to
nutrient deficiency, diminished chlorophyll biosyn-
thesis, and enhanced activity of chlorophyll destroying
an enzyme named chlorophyllase enzyme. In saline
conditions, reducing the RWC by disrupting the tran-
spiration rate and photosynthetic processes causes a
decrease in stomatal conductance [7]. It seems that
the soil and foliar application of Zn by improving
RWC and F,/F,, (Table 2) has increased the chloro-
phyll index and stomatal conductance (Table 2).
These results are in line with the findings of previous
research [13], representing that the application of Zn
by improving the RWC increases the chlorophyll
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Table 5. Means comparison of the effects of salinity and zinc on dry matter remobilization and grain yield of wheat (mean

of two years, 2020 and 2021)

Treatment compound CRSG, % DMRS, g/plant SRCG, % GY, g/plant
S| X Zn, 22.38+£4.47 0.164 +0.032 17.48 £+ 3.49 0.938 £0.187
S| X Zn, 19.1 +3.82 0.148 = 0.029 15.11 + 3.02 0.979 £ 0.195
S| X Zn; 16.13 £ 3.22 0.13 £ 0.026 13.02 £ 2.6 0.998 + 0.199
S| X Zny 15.25 % 3.05 0.127 £ 0.025 125+25 1.016 = 0.203
S, X Zn, 22.59 £ 4.51 0.184 £ 0.036 17.32 £ 3.46 1.062 = 0.212
S, X Zn, 23.24 £ 4.64 0.165 £ 0.033 18.09 + 3.61 0.912 £ 0.182
S, X Zn; 20.96 = 4.19 0.147 £ 0.029 15.4 £3.08 0.954 £0.19
S, X Zny 18.75 £ 3.75 0.133 £ 0.026 13.55 £ 2.71 0.981 £ 0.196
S; X Zn, 33.75+6.75 0.199 + 0.039 25.06 £ 5.01 0.794 £ 0.158
S; X Zn, 29.86 £ 5.97 0.198 £0.039 2423 +4.84 0.817 £ 0.163
S3 X Zny 26.69 + 5.33 0.178 = 0.035 20.13 £ 4.02 0.884 +0.176
S; X Zny 23.19 £ 4.63 0.141 = 0.028 15.87 £ 3.17 0.888 £ 0.177
Sy X Zn, 38.27 £ 7.65 0.205 £ 0.041 27.15+£5.43 0.755 £ 0.151
Sy X Zn, 37.36 + 7.47 0.202 £ 0.04 26.57 £ 5.31 0.76 £ 0.152
S4 X Zny 33.71£6.74 0.193 £ 0.038 24.83 +4.96 0.777 £ 0.155
S4 X Zny 26.65+5.33 0.184 £ 0.036 20.6 £4.12 0.893 £0.178
LSD 2.42 0.0093 1.671 0.029

LSD—Ileast significant difference. Sy, S,, S5, and S are no salinity, while 30, 60, and 90 mM represent salinity. Zn;, Zn,, Zns, and Zny
are no Zn as control, soil application Zn as ZnSQOy, foliar application nano ZnO and combined soil, and foliar application of Zn.
DMRG—dry matter remobilization to grain, DMRS—dry matter remobilization from stem; CRSG—contribution of remobilization
from shoots to grain; SRCG—stem reserve contribution in grain yield; GY—grain yield.

content and stomatal conductance of wheat. Chattha
et al. [7] concluded that the application of Zn increased
the leaf chlorophyll content and stomatal conductance
of wheat by improving the RWC and reducing electro-
lyte leakage. Rasouli et al. [26] attributed that the
increase in the chlorophyll content due to the applica-
tion of Zn under salinity stress conditions, to the
improvement of antioxidant enzyme activity, an
increase in F,/F,,, and a reduction of electrolyte leakage.

Chattha et al. [7] indicated that the main reason for
the decrease in the chlorophyll content may be the
degradation by ROS. Low chlorophyll content under
salinity stress was reported as a result of lower chloro-
phyll synthesis, destroying the PSII reaction center,
inhibiting carbonic anhydrase and nitrate reductase
activities, creating an imbalance in the ion flux inside
plants, affecting the membrane stability index, and
decreasing RWC [27]. The application of nano ZnO
increased the chlorophyll, highlighting the Zn impact
on reducing the stress effect; furthermore, it seems
that the major reason for the reduction in chlorophyll
may be degradation by ROS [11]. The completion and
formation of chlorophyll are finally facilitated in the

presence of Zn. Of course, the Zn is not directly effec-
tive in the formation of chlorophyll but may have an
impact on the concentration of food elements involved
in the formation of chlorophyll or substances that are
part of the chlorophyll molecule, including Fe and Mg.
In fact, Zn is required for the activity of enzymes that
are involved in chlorophyll biosynthesis [28]. Shemi
etal. [12] demonstrated that the application of Zn
increased the stomatal conductance of maize by
increasing the RWC and improving the photosynthetic
processes of the plant. Sattar et al. [13] also reported
that the foliar application of Zn improved the photo-
synthetic conditions and stomatal conductance of wheat
leaves by improving the antioxidant defense system and
increasing the chlorophyll content and RWC.

Quantum Yield and Leaf Area Index

Probably, the higher levels of salinity (S,) could
decrease the chlorophyll index, RWC and stomatal
conductance of the flag leaf which might have
decreased the quantum yield (Fig. 2). In this regard,
Khalilzadeh et al. [5] attributed the decrease in the

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY Vol. 70:133 2023
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quantum Yyield to the decline in the chlorophyll con-
tent, RWC, and stomatal conductance. Damage to
PSII can lead to a change in chlorophyll fluorescence.
Thus, chlorophyll fluorescence has been used as a
powerful and reliable non-invasive method for assess-
ing the changes in the function of PSII and reflecting
the primary photosynthetic processes under environ-
mental stress conditions [26]. Another common dam-
age anticipated under stress conditions is the accumu-
lation of excessive ROS [26], which can cause serious
damage to organelles such as chloroplasts, mitochon-
dria, and plasma membranes [29]. Photosynthetic
pigments present in photosystems are believed to be
damaged by stress factors, resulting in the reduced
light-absorbing efficiency of both photosystems (PSI
and PSII) and hence a reduced photosynthetic capac-
ity. Babaei et al. [11] reported that the application of
Zn on wheat increased the quantum yield. Rasouli
et al. [26] also attributed the increase in the leaf quan-
tum yield, due to the application of Zn under salt stress
conditions, to the increase in the chlorophyll content
and a decrease in electrolyte leakage.

Kherizadeh Arough et al. [30] stated that Zn treat-
ment significantly increased LAI against the control.
Moreover, it seems that the presence of high amounts
of salt in the environment reduces the amount of water
available for the plant and limits cell division, and
causes a decrease in cell mass, thus reducing the leaf
area [31]. Kheirizadeh Arough et al. [30] found that
the foliar application of nano ZnO increased the LAI
of triticale by modulating the effect caused by stress
and increasing the supply of nutrients and photosyn-
thetic materials. It seems that the soil and foliar appli-
cations of Zn have increased LAI by improving the
chlorophyll content (Table 2). Lalarukh et al. [32] also
attributed the increase in wheat LAI, due to the appli-
cation of Zn under salt stress conditions, to the
increase in the chlorophyll content.

A Zn-enhancement CA activity is highly beneficial
for plants in order to facilitate the supply of CO, from
the stomatal cavity to the site of CO, fixation [33].
Babaei et al. [11] concluded that Zn increased the
quantum yield under salinity stress. Plants that grow
under Zn deficiency conditions have low quantum
yield performance, and damage to the components of
chloroplast is irreparable [34]. Therefore, it seems that
the application of Zn under salinity conditions can
increase the quantum yield.

Rate and Grain Filling Period

The decrease in RWC, stomatal conductance, chlo-
rophyll index, and quantum vyield (Fig. 2) can have
major effects on grain filling components (Fig. 2),
which was consistent with the findings of other
researchers, reporting that under salinity stress, low
grain filling components of wheat are as a result of a
decrease in RWC, stomatal conductance, chlorophyll

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 70:133

content, and quantum yield [5]. Francois et al. [35]
suggested that salinity reduces grain weight due to the
shortage of the seed-filling period and accelerates the
maturation of seeds. Munns and James [36] demon-
strated that salinity stress decreases the duration of
vegetative and reproductive growth of wheat geno-
types, which reduces grain-filling components com-
pared to normal conditions.

Although Zn is a micronutrient, Zn application
can affect the susceptibility of plants to stress [37].
Seyed Sharifi et al. [38] indicated that the application
of Zn increased grain filling components such as the
effective grain filling period and grain filling rate of
barley (Hordeum vulgare L.). Baniabbass et al. [39]
represented that the reasons for the essential role of Zn
in the structure of phospho-ethanol pyruvate carbox-
ylase and its importance in the direct synthesis of
growth material such as auxin cause photovoltaic
power and consequently carbohydrate levels increase
in the presence of Zn, leading to further production of
dry matter and its storage in grain as a reservoir.

Dry Matter and Stem Reserves Mobilization
to Grain Yield

The stress tolerance efficiency of cereals relies not
only on the assimilation of dry matter and stem
reserves but also on the effective partitioning of these
reserves to grains. Khalilzadeh et al. [5] found that
contributions become greater when plants are culti-
vated under salinity stress rather than no salinity treat-
ment. The amount of dry matter remobilization and
its contribution to grain yield are more affected by the
source and sink relations and environmental condi-
tions [40]. It seems that one rationale behind this may
be improving the chlorophyll index (Fig. 2) under
favorable conditions and accessibility to sufficient
resources, which can increase current photosynthesis.
However, accessibility to nutrient sources (e.g., Zn) is
limited when the plants are under salinity conditions.
In such conditions, an increase in the grain weight
under the application of Zn is mainly attributed to the
higher number of endosperm cells that cause reduced
sink strength. Similar results have been reported by
previous researchers, indicating that the application of
nano ZnO decreased dry matter remobilization to
grain, contributing stem reserves to grain [38].

Grain Yield

Babaei et al. [11] concluded that the application of
Zn under salinity stress conditions increased the
quantum yield, RWC, chlorophyll index, and grain
yield. Kheirizadeh Arough et al. [23] also indicated
that the application of Zn could increase chlorophyll
content, quantum yield, RWC, and grain yield under
stress conditions. Based on the findings of Seyed Shar-
ifi et al. [38], the application of nano ZnO increased
the grain filling components (e.g., effective grain fill-

2023



EFFECT OF FOLIAR AND SOIL APPLICATION OF ZINC ON GRAIN FILLING

Page 13 of 15 133

ing period, grain filling period, and grain filling rate)
of triticale. It seems that the soil and foliar application
of Zn, by improving RWC, chlorophyll content, and 2.
stomatal conductance (Table 2) while reducing EC
(Table 2), could increase the grain yield (Table 5).
Chattha et al. [7] reported that the application of Zn
under salinity stress conditions improved the rate of 3
photosynthesis and increased grain yield of wheat by
reducing electrolyte leakage while increasing quantum
yield, chlorophyll content, and stomatal conductance.

The results revealed that the maximum of the shoot

and stem dry matter remobilization, the contribution

of stem reserves to the grain yield, and EC were 4.
observed in S,Zn,.
decreased RWC, stomata conductance, chlorophyll
index, LAI, and quantum yield (F,/F,,), whereas the
application of Zn improved these traits under salinity 3.
stress and normal conditions. Thus, the highest levels

of RWC, stomata conductance, chlorophyll index,

LAI, and quantum yield were observed in S,Zn,,
which caused a 34.56% increase in the grain yield in
comparison with S,Zn,. Hence, it seems that the
application of Zn, especially combined soil and foliar 6.
application of Zn, can be recommended for profitable
wheat production under soil salt stress conditions.

Salinity severe stress as S,
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