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Abstract: Many plants confront several environmental stresses including heat, water stress, drought,
salinity and high-metal concentrations that are crucial in defining plant productivity at different
stages of their life cycle. Nitric oxide (NO) and Silicon (Si) are very effective molecules related in most
of them and in varied biochemical events that have proven to be protective during cellular injury
caused by some stress conditions like water stress. In the current work, we studied the effect of Si and
NO alone and NO + Si interactive application on the response of plants exposed to water deficiency
and well-watered plants for the Milord apricot variety. Water stress caused a reduce in chlorophyll
content, dry and fresh weight, leaf area, stomatal conductivity, leaf relative water content and nutrient
elements, while it caused an increase in leaf temperature, leaf proline, leaf malondialdehyde (MDA)
content and membrane permeability. Si, NO and Si + NO combination treatments under water stress
conditions significantly decreased the adverse effects of water stress on leaf temperature, leaf area,
dry and fresh weight, stomata conductivity, relative water content, membrane permeability, L-proline
and MDA content. The shoot dry weight, chlorophyll content, stomata conductivity and leaf relative
water content in Si + NO treated apricot saplings increased by 59%, 55%, 12% and 8%, respectively.
Combined treatment (Si + NO) was detected to be more effective than single applications (Si or NO)
on some physiological, biochemical, morphological and nutritional properties of apricot under water
stress conditions.

Keywords: leaf temperature; malondialdehyde; membrane permeability; proline; stomatal
conductivity

1. Introduction

Global climate change is one of the hottest issues of the last decade, and it has been
emphasized as the most important environmental problem affecting the expansion or
contraction of habitats, survival, development and reproduction of many plant species
worldwide [1]. Drought brought about by climate change and discussed frequently recently
is one of the most destructive abiotic stresses that limit many plant growth, development
and yield, especially in semi-arid and arid climates. Some recent studies have, indeed,
debated the issue of how certain perennial plants respond to drought stress [1–3]. Therefore,
increasing drought stress tolerance in plants or accessing information on their drought re-
sponse mechanisms is vital both to predict potential adaptation pathways and to formulate
sensible conservation strategies that can cope with drought stress [2,3]. Basically, various
plant biological processes in the cytosol and extracellular matrices, namely, photosynthesis,
reactive oxygen species (ROS), respiration rate, mineral nutrition, turgor pressure, carbon
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assimilation rate and gas exchange properties of leaves, are disturbed by water or drought
stress, ultimately causing disruptions in plant life mechanism [1–3]. Therefore, underlying
the vital research question posed against the backdrop of drought stress begins with un-
derstanding how plants perceive signals under stress conditions and how they respond
in the event of a problem. When plants encounter drought stress or water deficit, some
mechanisms are developed by them, such as tolerance of stress conditions by maintaining
the turgor of cells in tissues through osmotic adjustment that allows plants to maintain
growth, their escape from stress conditions with rapid development allowing them to com-
plete their cycle before death (i.e., decreasing transpiration rate of plant by the reduction
of leaf area and stomata conductance of plant and increasing water uptake), and resisting
severe water stress conditions with the aid of various survival mechanisms are adopted by
plants [4–6].

Recently, the treatments of NO fertilization as an alternative method in plant devel-
opment in drought stress is becoming increasingly important [1]. Plant responses to NO
applications were first described in the 1970s and was identified as a defense signal within
the plant in 1998 [2]. Nowadays, it has been highlighted that NO is a messenger molecule
that responds to stress in plants under biotic and abiotic stress conditions, and acts as
both an antioxidant and an anti-stress agent [2]. In drought stress, NO has been found
to provide stress tolerance by regulating the opening and closing of the stoma [3]. In
addition, NO is known to act as plant responses against various abiotic and biotic stresses,
namely, injury, drought, infection, high and low temperatures, ozone and ultraviolet (UV)
in some plants [2]. The complex structure of the drought response plays a key role in the
slow progress of the drought recovery studies [4]. Many alternative methods have been
investigated to decrease the effect of water deficit stress and increase plant tolerance [5].
Mulching and microorganism applications as well as some treatments such as humic acid,
oxalic acid, salicylic acid, Si and NO are among these methods [6]. These practices cause an
increase in plant growth and water utilize efficiency [7]. Si has a favorable effect on plant
development in plant nutrition and provides tolerance to plants against abiotic stresses [8].
Si in plant tissues provides nutrient uptake from the soil, and thus helps to increase growth
by developing tolerance against negativities such as salinity, drought, metal toxicity, nutri-
ent deficiency, pathogens and insects [9]. In drought stress, Si stores a high level of water
potential in leaves of plant; furthermore, it increases drought tolerance in plants by raising
the amount of endodermal tissue that plays a key role in carrying water to the root [7]. In
addition, it reduces sweating and ensures the preservation of water within the plant by
reducing the accumulation of salt in Si calcareous soils [10].

Apricot, which is among the deciduous species, is an important species widely grown
in Mediterranean countries, although it is cultivated in many parts of the world. In these
countries, it has become an indispensable product for producers as it provides a good source
of economic income. Although apricot is known as a drought tolerant plant species due
to some of its characteristics, water shortage is the biggest problem in the Mediterranean
climate zone. Therefore, irrigation is needed for commercial apricot production [11]. In
recent years, apricot cultivation has started in many regions of the world under limited
water conditions and in waterless areas [12]. The supply of irrigation water needed in
agricultural activities is becoming increasingly difficult due to global climate change.
Drought stress causes significant negativities in many plant species if the necessary water
cannot be provided in a short time. Although apricot is tolerant in arid conditions, it causes
some problems to the plant in terms of morphological, physiological, biochemical and
molecular in different development periods. As a result, it causes significant losses in
terms of quantity and quality [13]. Therefore, one of the most important goals of growers is
to develop plant species that can better withstand water stress in different plant growth
periods in semi-arid areas with water problems or to increase tolerance to water stress with
various mineral applications [14,15].

To the best of our knowledge, there are no previous studies on alleviating drought
stress in plants by applying NO, Si and their combination together (Si + NO) [2,7], except
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to Myrobalan 29 C rootstock [8]. Those studies have, however, addressed the ameliorative
effects of Si and NO alone on water stressed plants including tomato, wheat and rice [2,7].
On the other hand, Bolat et al. [8] previously reported that Myrobalan 29 C rootstock effects
were significant against water stress conditions; however, it is known that the effect of
rootstock alone is not sufficient under stress conditions. As a matter of fact, it is extremely
important to consider separately the effects of rootstock, variety and combination of variety
x rootstock under water stress conditions. Therefore, each scion–rootstock combination
rather than each separate rootstock and scion must be assessed under water stress con-
ditions due to the responses of grafted apricot plants to water stress may vary according
to the interaction of scion, rootstock and rootstock–scion. We have also hypothesized the
roles of Si, NO and their combination in increasing water stress tolerance in apricot grafted
on Myrobalan 29 C rootstock and maintaining sapling growth. The findings noted here
provide new data on investigating the role of the three applications (i.e., NO, Si and Si
+ NO) in mitigation water stress-induced injury and improving water stress tolerance in
apricot by the action of three applications on biochemical, physiological, morphological
and macronutrient element attributes.

2. Materials and Methods
2.1. Plant Material and Applications

The current work was carried out at the Research Center of the Harran University of
Agriculture Faculty, Department of Horticulture in 2019. Milord apricot variety grafted on
Myrobalan 29 C rootstock was utilized as material. Milord apricot variety was bred by PSB
production vegetal in Spain. It has a strong, semi-spreading tree structure. Homogeneous
one-year-saplings of the Milord apricot variety grafted on Myrobalan 29 C rootstock were
planted in 12 L plastic pots containing peat (Klasmann TS1) in mid-March. Plants were
cut three nodes above grafting point. In the experiment, peat growing medium with pH
6.5 and N:P:K at 1.0 kg/m3 in the ratio 14:10:18 and with sodium silicate (Si) and nitric
oxide (NO) donor sodium nitroprusside (SNP) solution were used. Sapling was irrigated
equally for approximately eight weeks (mid-March to mid-May). After eight weeks, water
stress for saplings was imposed according to the field capacity (FC). Each pot was weighed
at two-day intervals to detect the water loss in the pot and the amount of water reduced
was given to the saplings according to the combinations of the treatment. Based on the
FC, two different irrigation levels have been applied as non-stress and stress (100% and
50% of the FC, respectively). The start of the irrigation period is set to the level where 40%
of the useful moisture is used in the potting soil. The treatments were divided into four
main categories, including mineral solution at 0 (without Si or NO) i.e., control; Si: mineral
solution + 10 mM Si; NO: mineral solution + 200 µM NO and Si + NO; mineral solution +
10 mM Si + 200 µM. In total, 8 different mineral solutions were performed for the plants
under four main categories, which are Non-Stress + Control, Control + Stress, Si + NO
n-Stress, Stress + Si, NO + Non-Stress, Stress + NO, Si + NO + Non-Stress, and Stress + Si +
NO. In addition, solutions with concentrations of 10 mM Si and 200 µM NO were applied
to sapling individually and in combination to reduce the effect of water deficit stress. Si
and NO treatments were applied to each sapling plant every two weeks with 200 mL of
nutrient solution (50% Hoagland) [16]. During the experiment, sapling plants were kept
under natural conditions in the shade house.

2.2. Harvest in Saplings and Their Growth Parameters

Saplings were harvested at the end of the study (23 July), and the roots were then
carefully removed from the pots. Then, root fresh weights (RFW), shoot fresh weight (SFW),
shoot dry weight (SDW) and root dry weights (RDW) per sapling plant were performed.
For dry weight in sapling, samples were dried at 65–70 ◦C for 48 h. The image J program
measured the leaf area LA of the samples taken from 3 middle parts of the apical shoot of
the sapling at harvest. Then, an average value was determined for each treatments and the
LA of the saplings was detected. The areas of the leaves transferred to the image J program
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on the computer were calculated as cm2 [17]. To determine the change in relative shoot
length (RSL) and relative shoot diameter (RSD) values were conducted at the beginning
of water stress applications (15 May) and at the end of the trial (23 July). RSD and RSL
were measured at the beginning of stress treatment in pots treated with water stress in
mid-May and 23 July, in which 11 weeks of water stress was achieved. To detected RSD
and RSL values were detected at the beginning and final water deficit stress treatments by
the following formula [18].

Increment (%) = ((End value − Initial value) × End value−1)) × 100 (1)

2.3. Membrane Permeability (MP)

MP was assessed with the method specified by Lutts et al. [19]. Fully developed
young leaves utilized 0.5 g of the sapling leaves selected by chance from all treatments
was weighed, put into a tube and added 20 mL of distilled water, and then kept on
hold at 40 ◦C for 30 min and the EC1 value of solution was determined. Then, the same
solution was kept on hold at 100 ◦C for 10 min and the EC2 value of solution was detected.
Membrane permeability values of the sapling leaves were calculated based on the following
formula [19].

MP (%) = (EC1/EC2) × 100 (2)

2.4. Leaf Relative Water Content (LRWC)

LRWC values were conducted according to the method specified by Yamasaki and
Dillenburg [20]. First, 1.5 cm diameter discs were removed from the samples taken from the
5th and 3rd leaves between the top and the middle part of the shoot of the sapling selected
randomly from all treatment groups and their fresh weights were detected. The turgor
weights of the leaf samples, which were kept on hold in water for 24 h, were measured
and later, dried at 70 ◦C for 48 h in an oven up to a constant weight was arrived, and their
dry weights were determined. Based on the data obtained, LRWC was calculated and the
values were expressed as %. Turgor loss and leaf proportional water content of leaf were
measured based on the following formula [20].

LRWC (%) = [(fresh weight − dry weight)/(turgor weight − dry weight)] × 100 (3)

2.5. Stomatal Conductivity (SC)

SC was detected by the measurements performed between 12.00 and 14.00 h with
the leaf porometer (Decagon Devices Inc., Model SC-1 Steady State Diffussion Porometer,
Pullman, WA, USA) at the same positions of the 5th and 3rd leaves between the middle
and peak part of the apical shoot of the sapling selected by chance from all application
groups [21]. SC values is expressed in mmol m−2 s−1.

2.6. Chlorophyll Content (Chl)

The amount of chl in the leaves were determined by measuring with SPAD-502 Plus
device (Konica Minolta Optics, Inc., Tokyo, Japan). The SPAD values were detected by two
measurement values conducted at the same positions of the 3rd and 5th leaves between
the middle and peak part of the apical shoot of the sapling randomly selected from all
treatment groups. Then, the average of the SPAD readings were taken and the amount of
chlorophyll was determined [22].

2.7. Leaf Temperature (LT), Proline Content and Lipid Peroxidation Analysis (MDA)

LT was detected with an infrared thermometer from the 5th and 3rd leaf parts of the
plant randomly selected from the application groups on sunny days [23]. L-Proline values
were measured in the leaves taken from the 3rd and 5th leaves between the middle and
peak part of the apical shoot of the sapling according to the method of Bates et al. [24].
Samples (0.5 g) were ground in 10 mL of 3% sulfosalicylic acid to extract proline and the
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mixture was centrifuged at 10,000 rpm for 10 min. Then, 2 mL of the supernatant obtained
from samples was added in tubes to which 2 mL of glacial acetic acid solution and 2 mL of
the freshly prepared acid–ninhydrin were mixed. The tube was incubated in a water bath
for 1 h at 90 ◦C for reaction, and afterward, in an ice bath, the reaction for samples was
terminated. Then, samples were extracted by 5 mL toluene and, it vortexed for 15 s. Then
standing at room temperature in the dark for at least 20 min to separate toluene and the
aqueous phase, carefully the toluene phase was collected within these test tubes and the
absorbance of the fractions for samples were read at 520 nm by a Shimadzu UV-1700. For
the L-proline content in the leaves, the standard curve was prepared utilizing L-proline
and results were detected as µg.g−1 leaf fresh weight.

MDA content of samples was detected as stated by Bolat et al. [8] utilizing the thio-
barbituric acid analyses. Absorbance values of sample were recorded at 532 and 600 nm.
MDA content in leaves was detected utilizing the following equation:

MDA (nmol/mL) = [(A532 − A600)/155000] × 106 (4)

2.8. Mineral Analysis in Leaves

Leaf samples were then passed through pure water three times and dried with blotter
paper. The leaves were kept in an oven at 65–70 ◦C for 48 h to dry. The leaves were ground
in a porcelain mortar and conducted suitable for analysis. In the K, Ca and Mg atomic
absorption spectrophotometer [25], the total N content of the leaves were detected as % by
the modified Kjeldahl method [25]. In the samples made ready for analysis by applying
dry burning, P was determined in the spectrophotometer device (UV-160 a Shimadzu)
according to the vanadomolibdo phosphoric yellow color method, and the results were
expressed as % [25].

2.9. Statistical Analysis

Analysis of data for all data was detected utilizing the SPSS software (SPSS Version 23,
IBM, Herndon, VA, USA) average were determined by Tukey’s test. Differences for data at
p ≤ 0.05 were considered significant. In addition, a t-test was performed by comparison
between the stress and the non-stress irrigation applications in some morphological and
physiological properties. The PCA was detected by JMP (JMP Version 13, SAS Institute Inc.,
Cary, NC, USA)). HCA (hierarchical clustering analysis) was detected utilizing a heatmap
R package (R Version 3.6.3i, The R Foundation, Vienna, Austria).

3. Results
3.1. Plant Growth and Physiological Parameters

Regarding our results, there were significant differences between both different irriga-
tion levels and treatments, whereas there were no significant differences in their interactions
exclude RSL and RSD. Average increase in RSL and RSD values ranged from 13.50 to 52.65%,
from 10.37 to 29.64% in Stress + Control and Non-Stress + Si + NO application, respectively.
Considering the effects of stress on both RSL and RSD parameters were examined in Milord
apricot plants, the highest values were determined in the Non-Stress + Si + NO application,
while the lowest values were obtained from the Control + Stress application (Figure 1).
Water stress led to decreases in SFW, RFW, SDW, RDW and LA in Milord apricot plant.
SFW, SDW, RFW, RDW and LA ranged from 108.35 to 168.57 g, from 51.01 to 88.92 g,
from 88.04 to 153.50 g, from 38.68 to 43.61 g and from 41.76 to 62.03 (cm2) in Stress and
Non-stress, respectively (Table 1).
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Figure 1. RSD and RSL in Milord apricot plant under different irrigation levels and treatments (a):
Relative Shoot Length (RSL); (b): Relative Shoot Diameter (RSD) of apricot plant at different treatment
and irrigation levels. Lowercase letters indicate significance differences (Tukey test; p ≤ 0.05) between
treatments and irrigation levels.

Table 1. Some morphological properties detected at harvest in leaves of Milord apricot variety
subjected to chemicals applications and different irrigation regimes.

Irrigation
Level

SFW
(g/Plant)

SDW
(g/Plant)

RFW
(g/Plant)

RDW
(g/Plant)

LA
(cm2)

Non-Stress 168.57 a 88.92 a 153.50 a 43.61 a 62.03 a
Stress 108.35 b 51.01 b 88.04 b 39.68 b 41.76 b
t-test * * * * *

Treatments

Control 110.80 d 52.15 c 89.41 c 28.47 c 40.11 b
Si 137.04 c 70.61 b 122.05 b 40.92 b 56.03 a

NO 142.50 b 73.97 b 123.82 b 40.20 b 51.48 a
Si + NO 163.70 a 83.13 a 147.80 a 56.99 a 59.96 a

Tukey test * * * * *
*: Significance level at p ≤ 0.05 was detected for the irrigation level (t-test) and treatment (Tukey test). Different
letters in columns represent statistical differences. SFW: Shoot Fresh Weight, LA: Leaf Area, RDW: Shoot Dry
Weight, RFW: Root Dry Weight, SDW: Root Fresh Weight.

There were significant differences between both different irrigation levels and treat-
ments, whereas there were no significant differences in interactions of SC, Chl and LRWC.
The SC, MP, Chl, LRWC and LT ranged from 49.41 to 112.96 (mmol m−2 s−1), from 19.83 to
15.01%, from 38.83 to 43.47, from 73.32 to 79.30 (%) and from 34.57 to 31.92 (◦C) for stress
and non-stress, respectively. Among irrigation levels, the highest values of SC, Chl and
LRWC were determined in Non-stress, while the lowest value was obtained in the Stress
condition. Among the treatments, the highest values of SC, Chl and LRWC were deter-
mined in Si + NO, while the lowest values were detected in the Control + Stress treatment
condition. On the other hand, the opposite occurred in the effects of applications and water
stress on MP and LT (Table 2).
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Table 2. Effects of water stress and solutions on some physiological properties in Milord apricot
variety.

Irrigation
Level

SC (mmol
m−2 s−1) MP (%) Chl LRWC (%) LT (◦C)

Non Stress 112.96 a 15.01 b 43.47 a 79.30 a 31.92 b
Stress 49.41 b 19.83 a 38.83 b 73.32 b 34.57 a
t-test * * * * *

Treatments

Control 61.85 d 19.80 a 38.53 c 73.26 d 34.63 a
Si 79.57 c 16.85 c 42.40 b 77.32 b 32.87 c

NO 87.12 b 17.73 b 42.40 b 75.80 c 33.32 b
Si + NO 96.19 a 15.32 d 43.05 a 78.86 a 32.15 c

Tukey test * * * * *
*: Significance level at p ≤ 0.05 was detected for the irrigation level (t-test) and treatment (Tukey test). Different
letters in columns represent statistical differences. SC: Stomatal conductivity, MP: Membrane Permeability, Chl:
Chlorophyll Content, LRWC: Leaf Relative Water Content, LT: Leaf Temperature

3.2. Biochemical Parameters

Considering biochemical parameters, L-Proline and MDA did show significant differ-
ences from the water stress. The interaction between water stress and Si and NO treatments
on leaf L-Proline and MDA values were significant. L-Proline and MDA increased at water
stress conditions in Milord apricot plants. L-Proline in Milord apricot plants ranged from
9.04 to 1.10 (µg g−1) in Stress and Non-Stress + NO, respectively (Figure 2a). MDA in
Milord apricot plants ranged from 11.66 to 2.83 (mmol g−1) in Stress and Non-Stress + NO,
respectively (Figure 2b).
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While the highest values of L-Proline and MDA were determined from Stress + Control
conditions, the lowest values were obtained from applications under Non-Stress + NO
conditions (Figures 2 and 3). Water stress caused significant reductions in P, N, K, Mg and
Ca leaf in Milord apricot plants. On the other hand, NO, Si and NO + Si applications in
Non-Stress and Stress conditions generally led to an increase in mineral content. P, N, K, Mg



Life 2022, 12, 1454 8 of 14

and Ca values ranged from 2.73 to 3.31%, from 0.13 to 0.25%, from 2.3 to 3.0%, from 1.3 to
2.4% and from 0.32 to 0.63% in Stress and Non-Stress treatments, respectively (Figure 3).
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Magnesium (e).

3.3. Multivariate Data Analysis

PCA provides a graph that simplifies the visualization and understanding of the
dataset and variables. To analyze the morphological and physiological properties of NO, Si
and Si + NO treatments under water stress, basically two different PCA were conducted
and named as B-shaped and A-shaped PCA, respectively. These analysis factors have
different parameters (to extract and show relationships between LRWC, SC, RSL, RSD, LA,
Chl, MP, LT, L-Proline, MDA, SFW, SDW, RFW, RDW, N, P, K, Ca and Mg). Regarding
Figure 4A, Non-Stress + Si + NO, NO + Non-Stress and Si + NO n-Stress are very close to
each other and are in the same group, while Non-Stress + Control forms a single group.
In addition, Non-Stress + Control is less effective than other treatments, but its effect is
positive compared to stress irrigation level. Similarly, Stress + Si and Stress + NO are in the
same group, and the treatment of Stress + Si + NO shows a better effect than the treatment
of Si and NO alone, forming a separate group. This also indicates a positive relationship
between water stresses and alleviate treatments. In other words, the negative effect of
water stress has decreased with alleviate practices. Based on Figure 4B, there is a positive
relationship between LRWC, SC, RSL, LA, Chl, RDW, RSD, SFW, SDW, RFW, P, N, K, Mg
and Ca. Therefore, as the amount of irrigation increased (from Stress to Non-Stress), the
values of the above parameters also increased. On the other hand, there was a negative
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correlation among L-Proline, MP, MDA and LT parameters in different irrigations and
treatments, and MP, MDA, LT and L-Proline content increased as the amount of water
decreases (from Stress to Non-Stress).
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Figure 4. The loading plot of all variables represented in PCA for biochemical, physiological, morpho-
logical and macronutrient elements in apricot plant. Different irrigation levels and treatments in PCA
are shape-A (A), morphological, biochemical and macronutrient parameters shape-B (B). LT: Leaf
Temperature, MP: Membrane Permeability, LRWC: Leaf Relative Water Content, RFW: Root Fresh
Weight, Chl: Chlorophyll, SDW: Shoot Dry Weight, SFW: Shoot Fresh Weight, Leaf Area, RDW: Root
Dry Weight, LA: SC: Stomatal Conductive, RSL: Relatif Shoot Leight, RSD: Relatif Shoot Diameter,
P: Phosphorus, K: Potassium, Mg: Magnesium, N: Nitrogen, Ca: Calcium. Considering Figure 5,
cluster-I; stress + control, cluster-II; Stress + Si and Stress + no, cluster-III; Non-Stress + Control, Stress
+ Si + NO and Stress + Si + NO, cluster-IV; Non-Stress + Si + NO, Non-Stress + Si and Non-Stress +
NO. It was found that applications such as Si or NO to the stress group had a healing effect on some
morphological and physiological parameters by bringing them closer to the Non-Stress + Control.
Cluster I consists of the Stress + Control group. Cluster II shows that Stress + Si and Stress + NO had
the same positive effect. Cluster III contains the Non-Stress + Control group and the Stress + Si +
NO group. Thus, it seen that the Si and NO combination alleviate effect and almost approached the
non-stress + control group. Cluster IV includes Non-Stress + NO, Non-Stress + Si and Non-Stress
+ Si + NO. On the other hand, MP and LT are in cluster-A; cluster-B contains L-Proline and MDA,
cluster-C contains K and Ca; and cluster-D includes RDW, P, Mg, SDW, SFW, RFW, SC, Chl, N, LRWC,
LA, RSL and RSD (Figure 4). In Stress, the MP, LT, L-Proline and MDA values increase and the red
color on the heat map is highest for Stress + Control, while the lowest MP and LT values are obtained
at Non-Stress + Si + NO. The lowest L-Proline and MDA values were obtained from Non-Stress +
NO. When HCA is examined, the lowest values of LRWC, SC, RSL, RSD, LA, Chl, SFW, SDW, RFW,
RDW, N, P and Mg values are located at stress irrigation level in the control and are indicated in dark
blue. The highest LRWC, SC, RSL, RSD, LA, Chl, SFW, SDW, RFW, RDW and N values are in the
Non-Stress + Si + NO treatment and are shown in red (Figure 5).
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Figure 5. HCA (hierarchical clustering analysis) for biochemical, physiological, morphological and
macronutrient parameters in apricot plant. RFW: Root Fresh Weight, SDW: Shoot Dry Weight, LT:
Leaf Temperature, MP: Membrane Permeability, SFW: Shoot Fresh Weight; LRWC: Leaf Relative
Water Content, RDW: Root Dry Weight, LA: Leaf Area, Chl: Chlorophyll, SC: Stomatal Conductive,
RSD: Relative Shoot Diameter, RSL: Relative Shoot Length, K: Potassium, P: Phosphorus, N: Nitrogen
Mg: Magnesium, Ca: Calcium. A, B, C and D represent the groups of parameters studied. I, II, III
and IV represent the groups of the treatments studied.

4. Discussion

Although significant development has been noted in comprehending the response of
some plant species to water deficit by applying NO and Si in the last few decades [7,8],
one question remains obscure among scientists: How can one detect the reactions of
plants under potting environments to correctly predict field responses after the Si + NO
interactive application? Indeed, despite much recent research regarding the effects of
Si and NO alone on water-deficit stressed plants, the mechanisms underlying Si + NO
interactive application effects are not well understood in Milord apricot and many other
plant species. Milord apricot were, therefore, evaluated under non-stress and water deficit
stress conditions to screen them for water stress tolerance and to notice if a difference in their
physiological and biochemical responses to water deficit stress exists between the stress
conditions and applications by applying NO, Si and their combination together (Si + NO).
Our findings indicated that most of the biochemical and physiological parameters of the
Milord apricot were affected by NO, Si and NO + Si treatments under water stress and
non-stress conditions. In our study, SFW, SDW, RFW, RDW, RSL, RSD, LA, SC and LRWC
declined under water stress (Tables 1 and 2), which might be because, apart from affecting
the plant’s relationship with water, water stress causes the closure of stomata to decrease
water loss transpiration by affecting physiological processes. This can be explained by the
fact that water stress decreases growth (e.g., expansion and elongation growth as described
by Shao et al., [26]), owing to the reduction in cell division and enlargement, cell metabolic
activities and, consequently, dry weight of plant, which reflects in growth parameters in
apricot. Indeed, the relative water content in the leaf area decreases, which directly affects
other vital events such as the photosynthesis of plants [26]. Water stress causes a decrease
in SC and LRWC ratios and an increase in LT values (Table 2), whereby some physiological
processes such as closure of stomata causes a decrease in the level of CO2 in the leaf tissues
and also increase in superoxide radicals, which are called oxygen species [27]. Radicals
such as hydroxide radicals and hydrogen peroxide cause lipid peroxidation, followed by
reduction of pigments, reduction of membrane and structure of proteins. They play a key
role in susceptibility and tolerance to water stress. Considering the parameters obtained
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from water stress studies conducted by different researchers, they stated that water stress
negatively affects plant development and growth [28–33].

Based on our findings, NO and Si treatments applied to decrease the negative effect
of water stress have positive results on morphological parameters. Many authors have
indicated a remarkable improvement in various plant growth parameters with NO and Si
treatment in many crop plants such as wheat, cowpea, maize, Arabidopsis, strawberry, and
pea under water stress conditions [2,7,8]. In addition, morphological parameters have also
observed when Si and NO are given separately or in combination to plants under water
stress. Dehghanipoodeh et al. [34] noted that water stress in strawberry reduced plant dry
and fresh weights, plant growth and leaf area, while Si application positively affected plant
biomass production under stress. Additionally, Nabi et al. [35] reported that NO plays an
important role in the development and growth of the plant in stress factors, namely, drought
stress and some adaptation mechanisms (change of the root system so that the plants can
obtain more water, and permeability of the cuticle in the leaves). Furthermore, NO causes
leaves to curl, reducing water loss by evaporation, and thus a reduction in stomata size [36].
On the other hand, water stress in our findings declined L-RWC, SC and Chl values, which
subjects the cell membranes for rootstock to changes including penetrability and reduce
in sustainability, probably due to the ability to osmotic adjustment due to the increased
content of L-proline and MDA (Figure 2a,b and Table 2), similar to results of some other
reports [37–39]. It is, indeed, documented that proline protected plants by stabilizing
enzymes against various stresses, proteins, membranes and the mitochondrial electron
transport complex II [1,8]. Besides this, NO emerges as a vital element in drought tolerance
of different plants by improving L-Proline, MDA and membrane permeability. In addition,
NO is an active factor by promoting signaling in some pathways (such as closure of stomata
by sending a signal to ABA to prevent water loss) [37]. According to Biju et al. [3], Si in
lentils under drought stress increases RWC by helping lentils take up water, regulates
the water relationship in the cell, adjusts membrane permeability in balancing ions and
improves chlorophyll pigment content by providing assimilate accumulation to developing
tissues [39].

During the metabolite activities of plants, the uptake of some nutrients in plant cells
is important. In our current study, however, P, N, K, Mg and Ca uptake of plants was
restricted under water stress conditions (Figure 3), which are consistent with the findings
noted by Dehghanipoodeh et al. [34]. Besides this, a decrease in the amount of K, Na,
Mg, Ca, B, Zn and Fe were observed with the increase in the severity of water stress in
Myrobolan 29 C and Garnem rootstock under in-vitro conditions [40], which supports
our findings. NO was determined in that the N and K concentrations of the Si and NO
applied from the soil in a single and combined way significantly affected the plant. Similar
reports were also detected in wheat where NO is reported to increase N and K under water
stress [41]. In addition, the studies of Ramos Artuso et al. [42] and Zhu et al. [10] gave
similar findings with our study, and the use of NO and its donors activates acid phosphates
in root tissues and facilitates their uptake. On the other hand, the researchers found that
Si and NO were capable of modifying the root structure [36]. Majeed et al. [43] noted that
NO and its donors have a positive effect on plant nutrients and activate the root zone in
the uptake of minerals in their drought study on wheat. Si has important effects on the
development and growth at different stages in the life cycle of the plant, from reducing
transpiration, reducing antioxidant defense systems to the development of photosynthetic
activity [44].

5. Conclusions

In present study, we expanded upon our previous results concerning the physio-
biochemical attributes of NO, Si and Si + NO interactive treatments under water deficit
stress in some Prunus species like Mliord apricot. Here, we also present findings on the
potential capability of NO, Si and Si + NO treatments to enhance Milord apricot fitness to
withstand problematic conditions such as water deficit stress, through multiple possible
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adverse factors that indirectly or directly result in a better defense strategy to make use
of the available water under these conditions. Based on our results, water stress caused
a strongly decreasing effect in relative water content of the leaf and gas exchange of leaf
stomata. Indeed, significant increases in MP, MDA and L-Proline were observed under
stress conditions. Si and NO applications were positive in SFW, SDW, RFW, RDW and
LA. On the other hand, Si and NO significantly reduced MP, MDA and L-Proline, and
was effective in LWRC, SC, N, P, K, Ca and Mg. Overall, these findings highlight that
these applications, especially the Si + NO interactive application, could be considered
as a strategy to improve the quantity, quality and yield of many plant species in water
deficit stress conditions. Further studies are needed to show whether these findings may
be predicted to other tree deciduous species both in the same applications and under the
same conditions.
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7. Alzahrani, Y.; Kuşvuran, A.; Hesham, F.; Alharby, H.F.; Kuşvuran, Ş.; Rady, M.M. The Defensive Role of Silicon in Wheat Against

Stress Conditions Induced by Drought, Salinity or Cadmium. Ecotoxicol. Environ. Saf. 2018, 154, 187–196. [CrossRef]
8. Bolat, I.; Bakır, A.G.; Korkmaz, K.; Gutiérrez-Gamboa, G.; Kaya, O. Silicon and Nitric Oxide Applications Allow Mitigation of

Water Stress in Myrobalan 29C Rootstocks (Prunus cerasifera Ehrh.). Agriculture 2022, 12, 1273. [CrossRef]
9. Hernandez-Apaolaza, L. Can Silicon Partially Alleviate Micronutrient Deficiency in Plants? Springer Planta 2014, 240, 447–458.

[CrossRef]
10. Zhu, X.F.; Zhu, C.Q.; Wang, C.; Dong, X.Y.; Shen, R.F. Nitric Oxide Acts Upstream of Ethylene in Cell Wall Phosphorus

Reutilization in Phosphorus-Deficient Rice. J. Exp. Bot. 2017, 68, 753–760. [CrossRef]
11. Torrecillas, A.; Galego, R.; Perez-Pastor, A.; Ruız-Sanchez, M. Gas Exchange and Water Relations of Young Apricot Plants under

Drought Conditions. J. Agric. Sci. 1999, 132, 445–452. [CrossRef]
12. Torrecillas, A.; Corell, M.; Galindo, A.; López, D.P.; Rodríguez, P.; Cruz, Z.N.; Centeno, A. Agronomical Effects of Deficit

Irrigation in Apricot, Peach, and Plum Trees. In Water Scarcity and Sustainable Agriculture in Semiarid Environment; Academic Press:
Cambridge, MA, USA, 2018; pp. 87–109.

13. Mohammadkhani, N.; Heidari, R. Drought-induced Accumulation of Soluble Sugars and Proline in Two Maize Varieties. World
Appl. Sci. J. 2008, 3, 448–453.

http://doi.org/10.3389/fpls.2016.01072
http://www.ncbi.nlm.nih.gov/pubmed/27486474
http://doi.org/10.1104/pp.126.3.1196
http://www.ncbi.nlm.nih.gov/pubmed/11457969
http://doi.org/10.1016/j.plaphy.2018.03.005
http://doi.org/10.1071/FP09121
http://doi.org/10.1016/j.envexpbot.2008.11.006
http://doi.org/10.1016/j.scienta.2019.108594
http://doi.org/10.1016/j.ecoenv.2018.02.057
http://doi.org/10.3390/agriculture12081273
http://doi.org/10.1007/s00425-014-2119-x
http://doi.org/10.1093/jxb/erw480
http://doi.org/10.1017/S0021859699006577


Life 2022, 12, 1454 13 of 14

14. El Mokh, F.; Nagaz, K.; Masmoudi, M.M.; Ben Mechlia, N.; Ghiglieri, G. Deficit Irrigation Using Saline Water of Fruit Trees under
Water Scarcity Conditions of Southern Tunisia. Atmosphere 2021, 12, 864. [CrossRef]

15. Hasan, M.M.; Alharby, H.F.; Hajar, A.S.; Hakeem, K.R.; Alzahrani, Y. The effect of magnetized water on the growth and
physiological conditions of Moringa species under drought stress. Pol. J. Environ. Stud. 2019, 28, 1145–1155. [CrossRef]

16. Hoagland, D.R.; Arnon, D.I. The Water-Culture Method for Growing Plants without Soil. Calif. Agric. Exp. Stn. 1990, 347, 32.
17. Klamkowskı, K.; Treder, W. Response to drought stress of three strawberry cultivars grown under greenhouse condition. J. Fruit

Ornam. Plant Res. 2008, 16, 179–188.
18. Bolat, I.; Dikilitas, M.; Ikinci, A.; Ercisli, S.; Tonkaz, T. Morphological, Physiological, Biochemical Characteristics and Bud Success

Responses of Myrobolan 29C Plum Rootstock Subjected to Water Stress. Can. J. Plant Sci. 2016, 96, 485–493. [CrossRef]
19. Lutts, S.; Kınet, J.M.; Bouharmont, J. NaCl-induced Senescence in Leaves of Rice (Oryza sativa L.) Varieties Differing in Salinity

Resistance. Ann. Bot. 1996, 78, 389–398. [CrossRef]
20. Yamasaki, S.; Dillenburg, L.R. Measurements of Leaf Relative Water Content in Araucaria Angustifolia. Rev. Bras. Fisiol. Veg.

1999, 11, 69–75.
21. Acevedo-Opazo, C.; Valdés-Gómez, H.; Taylor, J.A.; Avalo, A.; Verdugo-Vásquez, N.; Araya, M.; Jara-Rojas, F.; Tisseyre, B.

Assessment of an Empirical Spatial Prediction Model of Vine Water Status for Irrigation Management in a Grapevine Field. Agric.
Water Manag. 2013, 124, 58–68. [CrossRef]

22. Khan, A.N.; Qureshi, R.H.; Ahmad, N. Salt Tolerance of Cotton Cultivars in Relation to Relative Growth Rate in Saline
Environments. Int. J. Agric. Biol. 2004, 6, 786–787.

23. Chen, C. Determining the Leaf Emissivity of Three Crops by Infrared Thermometry. Sensors 2015, 15, 11387–11401. [CrossRef]
[PubMed]

24. Bates, L.S.; Waldren, R.P.; Teare, I.D. Rapid Determination of Free Proline for Water-Stress Studies. Plant Soil 1973, 39, 205–207.
[CrossRef]

25. Kacar, B.; Inal, A. Plant Analysis; Nobel Press: Ankara, Turkey, 2008.
26. Shao, H.B.; Chu, L.Y.; Shao, M.A.; Abdul Jaleel, C.; Hong-Mei, M. Higher Plant Antioxidants and Redox Signaling under

Environmental Stresses. C. R. Biol. 2008, 331, 433–441. [CrossRef]
27. Meeteren, U.V.; Kaiser, E.; Matamoros, P.M.; Verdonk, J.C.; Aliniaeifard, S. Is Nitric Oxide a Critical Key Factor in Aba-Induced

Stomatal Closure? J. Exp. Bot. 2020, 71, 399–410. [CrossRef]
28. Hasan, M.M.; Skalicky, M.; Jahan, M.S.; Hossain, M.N.; Anwar, Z.; Nie, Z.-F.; Alabdallah, N.M.; Brestic, M.; Hejnak, V.; Fang, X.-W.

Spermine: Its Emerging Role in Regulating Drought Stress Responses in Plants. Cells 2021, 10, 261. [CrossRef]
29. Alabdallah, N.M.; Hasan, M.M.; Hammami, I.; Alghamdi, A.I.; Alshehri, D.; Alatawi, H.A. Green synthesized metal oxide

nanoparticles mediate growth regulation and physiology of crop plants under drought stress. Plants 2021, 10, 1730. [CrossRef]
30. Hasan, M.M.; Gong, L.; Nie, Z.; Feng, X.; Ahammed, G.J.; Fang, X.W. ABA-induced stomatal movements in vascular plants

during dehydration versus rehydration. Environ. Exp. Bot. 2021, 186, 104436. [CrossRef]
31. Hasan, M.M.; Alharby, H.F.; Uddin, M.N.; Ali, M.A.; Anwar, Y.; Fang, X.W.; Hakeem, K.R.; Alzahrani, Y.; Hajar, A.S. Magnetized

water confers drought stress tolerance in Moringa biotype via modulation of growth, gas exchange, lipid peroxidation and
antioxidant activity. Pol. J. Environ. Stud. 2020, 29, 1625–1636. [CrossRef]

32. Waseem, M.; Nie, N.F.; Yao, G.Q.; Hasan, M.M.; Xiang, Y.; Fang, X.W. Dew absorption by leaf trichomes in Caragana korshinskii:
An alternative water acquisition strategy to withstand drought in arid environment. Physiol. Plant. 2021, 172, 528–539. [CrossRef]

33. Hasan, M.M.; Ali, M.A.; Soliman, M.H.; Alqarawi, A.A.; Abd Allah, E.F.; Fang, X.W. Insights into 28-homobrassinolide (HBR)-
mediated redox homeostasis, AsA–GSH cycle, and methylglyoxal detoxification in soybean under drought-induced oxidative
stress. J. Plant Inter. 2020, 15, 371–385. [CrossRef]

34. Dehghanipoodeh, S.; Ghobadi, C.; Baninasab, B.; Gheysari, M.; Shiranibidabadi, S. Effect of Silicon on Growth and Development
of Strawberry under Water Deficit Conditions. Hortic. Plant J. 2018, 4, 226–232. [CrossRef]

35. Nabi, R.B.S.; Tayade, R.; Hussain, A.; Kulkarni, K.P.; Imran, Q.M.; Mun, B.G.; Yun, B.W. Nitric Oxide Regulates Plant Responses
to Drought, Salinity, and Heavy Metal Stress. Environ. Exp. Bot. 2019, 161, 120–133. [CrossRef]

36. Hasan, M.M.; Alharbi, B.M.; Alhaithloul, H.A.S.; Abdulmajeed, A.M.; Alghanem, S.M.; Al-Mushhin, A.A.M.; Jahan, M.S.; Corpas,
F.J.; Fang, X.-W.; Soliman, M.H. Spermine-Mediated Tolerance to Selenium Toxicity in Wheat (Triticum aestivum L.) Depends on
Endogenous Nitric Oxide Synthesis. Antioxidants 2021, 10, 1835. [CrossRef]

37. Hasan, M.M.; Liu, X.D.; Waseem, W.; Guang-Qian, Y.; Alabdallah, N.M.; Jahan, M.S.; Fang, X.W. ABA activated SnRK2 kinases:
An emerging role in plant growth and physiology. Plant Signal. Behav. 2022, 17, 2071024. [CrossRef] [PubMed]
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