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Abstract: The yield and quality of field crops are affected by abiotic stresses such as water deficit,
which can negatively impact crop growth, productivity, and quality. However, nanotechnology holds
great promise for increasing crop yield, maintaining quality, and thus mitigating abiotic stresses.
Therefore, the current study was conducted to examine the influences of 0, 50, and 100 mg L~ zinc
oxide (ZnO) nanoparticles and 0, 25, and 50 mg L~! silicon dioxide (SiO,) nanoparticles on the yield
and quality traits of potato plants grown under water deficit conditions (100%, 75%, and 50% ETc).
Water deficit significantly reduced yield traits (average tuber weight, number of plant tubers, and
tuber yield) and quality traits (tuber diameter, crude protein, and mineral content). However, it
enhanced tuber dry weight, specific gravity, ascorbic acid, starch, and total soluble solids. Foliar
applications of ZnO and SiO, nanoparticles under water deficit treatments significantly enhanced
yield and improved quality traits of potato plants. Moreover, significant and positive correlations were
found among yield traits. Thus, it can be concluded that using ZnO NPs at 100 mg L1 significantly
improves potato productivity and quality traits by mitigating the negative effects of water deficit in
arid regions.

Keywords: ZnO NPs; SiO, NPs; water deficit; tuber yield; tuber quality; potato

1. Introduction

Abiotic stresses can induce major challenges to crop productivity. Abiotic stressors
such as water deficit, salinity, and heat are the main causes of crop loss due to their effect
on reducing the average yield of most crops by 50-70% [1]. Drought is one of the most
influential abiotic stresses [2]. As the human population grows, food accessibility may
become a major concern on a global scale [3]. Potato (Solanum tuberosum) is the third most
important staple food crop after rice and wheat [4]. Abiotic stresses can induce major
challenges to crop productivity. Potatoes are a wholesome food, contributing vitamins,
starch, minerals, nutrients, protein, amino acids, and antioxidants to the energy and
nutritional requirements of large populations worldwide [5-7]. They are a valuable and
high-yielding food crop. However, potatoes can have a significant yield loss when subjected
to the water deficit. Although potato growth and yield are adversely affected by short
periods of water deficit at any growth stage, the effects at tuber initiation and flowering are
the strongest [8-11].

Because many potato varieties have shallow roots, they are more susceptible to water
deficit than most other crops [12]. Water scarcity has now emerged as the most significant
global limiting factor for crop production. Thus, potato growth in arid and semiarid regions
is becoming increasingly difficult. Water and fertilizer have a general influence on potato
productivity, and the requirements for these factors vary depending on soil type and potato
variety [13]. Water deficit negatively affects the reproductive stage by shortening the growth
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cycle [14] and reducing tuber size [15], number, weight, and yield [16,17]. Furthermore,
water deficit can have an impact on the quality of potato tubers [18]. Environmental factors
along with population growth necessitate sustainable and innovative agricultural solutions
to maintain food demand [19,20].

Nanotechnology applications in agriculture have grown in recent years [21]. Nanotech-
nology holds great promise for increasing agricultural productivity, and thus, aiding future
food security. Nanoparticles are particles with at least one dimension with a diameter of
less than 100 nanometers. They differ from macrosized particles in terms of physical and
chemical properties, as well as a high surface area—volume ratio that allows interaction
with plant cells [22,23]. Nanofertilizers can increase the surface area of a plant for various
metabolic reactions and can increase photosynthesis rate and productivity. They can also
protect plants from biotic and abiotic stresses [24-26]. Furthermore, nanofertilizers are
valuable for increasing nutrient efficiency and producing higher yields [27]. Zinc oxide
(ZnO) and silicon dioxide (Si0,) play an important role in mitigating the stressful effects of
abiotic stresses such as drought and salinity [28,29]. When zinc nanoparticles are applied,
the productivity of rice (Oryza sativa L.), wheat (Triticum aestivum L), maize (Zea mays
L.), pearl millet (Pennisetum glaucum L.), sugarcane (Saccharum officinarum Linn.), potato,
sunflower (Helianthus annuus L.), and brassica (Brassica juncea) plants have significantly
increased [30,31]. Similarly, the application of silicon NPs resulted in an increment in the
fruit weight and productivity of tomato plants. Furthermore, it resulted in an increase in
ascorbic acid and enhanced fruit size and quality [32].

Therefore, the aim of the current study is to investigate the beneficial effects of the foliar
application of nanoparticles (zinc oxide, or ‘ZnO-NPs’, and silicon dioxide, or ‘SiO,-NPs’)
on the yield and quality traits of potatoes grown under water deficit. In the current study,
it is hypothesized that the exogenous application of ZnO-NPs or SiO,-NPs can enhance the
yield and quality traits of potatoes grown under water deficit conditions, especially in arid
regions.

2. Materials and Methods
2.1. Experimental Location

This study was conducted at the experimental farm of the College of Food and Agricul-
ture Sciences, King Saud University, Riyadh, Saudi Arabia, (latitude: 24°43" N; longitude:
46°36’ E). Before cultivation, soil samples were collected from the experimental site for
chemical and physical analyses (Table 1) according to the method described by Sparks and
Page [33].

Table 1. Physical and chemical characteristics of the soil.

Properties Values
Sand (%) 83.72
Silt (%) 7.83
Clay (%) 8.45
Texture Sandy loam
CaCO3 (%) 18.21
Saturation water content (%w/w) 0.298
Field capacity (%w/w) 14.9
Electrical conductivity (dS m~1) 1.98
Ca* (meq L™ 1) 10.50
Mg?* (meq L™1) 4.50
Na* (meq L™1) 6.97
K* (meq L71) 1.32
HCOj3; (meq L™1) 2.30
Cl~ (meqL~1) 2.65

SO472 (meq L71) 18.34
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Temperature (°C)

Humidity (%)

2.2. Plant Materials, Growth Conditions, and Experimental Design

Certified potato seed tubers, medium-maturity (Solanum tuberosum L. cv. Hermes)
were provided by the Saudi Agricultural Development Company, Riyadh. Potato tubers
with an average weight of 59-64 g were cultivated on 25 September 2021. Each subplot
area was 30 m? (6 m length x 5 m width). The distance between the two potato tubers was
40 cm, while the width of each row was 100 cm. The number of plants per each subplot
was 75. Fertilization and plant protection were performed as commonly recommended [34].
The fertilizers were applied to the different treatment plots based on the following rate:
230 kg ha—! N-P,05-K,0 (20-20-20), 200 kg ha~! N-P,05-K,0O (10-10-43), 40 L ha~!
H3POy4. Air temperature and humidity during the growing season were collected from
nearby weather station (Figure 1).

—8—Maximum —®— Average —®—Minimum

—8—Maximum —®— Average —@®—Minimum

Figure 1. Average daily air temperature and relative humidity during the field experiment.

The experimental design was a randomized complete block (RCBD) in a split-plot
system with three replicates. The water deficit treatments (100, 75, and 50% ETc) were
randomly allocated in the main plots, while the foliar applications of ZnO NPs (50 and
100 mg L) and SiO, NPs (25 and 50 mg L~!) were randomly placed in subplots.
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2.3. Irrigation Levels and Nanoparticles (NPs)

Irrigation water was provided via a drip irrigation system. Based on crop evapotran-
spiration (Etc), three irrigating levels (100, 75, and 50% ETc) were applied.

The quantity of irrigation water required (ETc) for potatoes was calculated following
the FAO Penman Monteith method [35] using the crop coefficient (Kc) values as follows:

ETc = ETo x Kc 1

where ETc is the crop evapotranspiration (mm day~!), ETo is the reference evapotranspira-
tion (mm day!), and Kc is the crop coefficient. The crop coefficient at the initial growth
stage (Kc ini) was 0.50, while during the midseason stage (Kc mid) it was 1.15, and at the
end of the potato growth stage (Kc end) it was 0.75. Irrigation treatments were applied at
35 days after planting (DAP). The total amounts of consumptive water for the 100, 75, and
50% ETc treatments were 5892, 4419, and 2946 m? ha™!, respectively. The irrigation water
quality had a pH of 8.11 and a sodium adsorption ratio (SAR) of 1.52, as well as an EC of
092dSm™!.

ZnO NPs and SiO; NPs were prepared in concentrations of 50 and 100 and 25 and
50 mg L, respectively, with double-distilled water. Ultrasounds of the suspensions were
performed for 30 min to increase the dispersion of the NPs. Applications of an exogenous
spray of nanoparticles were applied at 45 and 65 DAP using a handheld aerosol-propelled
sprayer. TEM images of ZnO and SiO; NPs are shown in Figure 2A and Figure 2B,
respectively. The surface image of the ZnO NPs showed a smooth, semispherical-to-
hexagonal wurtzite shape with a few nonspherical monoclinic particles, while the surface
image of the SiO, NPs showed nonsmooth and nearly spherical shapes with small sizes [36].

Figure 2. TEM images of ZnO NPs (A) and SiO; NPs (B).

2.4. Measurements
2.4.1. Tuber Yield and Traits

At harvest time (110 DAP), fresh potato tuber samples were collected from three
replicates in each plot. Data of average tuber weight (g), tuber number per plant~!, tuber

yield per plant~!, and tuber yield per m? were collected.

2.4.2. Tuber Physical Traits

A random sample of fresh potato tubers from each experimental unit (subplot) was
selected for analyzing tuber physical traits. The average tuber diameter was measured
using a digital caliper. Tuber dry weight was estimated in an air oven at 70 °C until the
weight became constant (48-72 h). Accordingly, the dry weight was calculated with regard
to fresh weight [37]. To determine specific gravity, potato tubers were randomly selected
from each plot. Then, tubers were cleaned and weighed in both air and water, according to
Gautam et al. [38]:
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Weight of tubers in air

Specifi ity (%) =
pecific gravity (%) Weight in air — weight in water

X Sp. grav. of water at lab. temp. )

2.4.3. Chemical Quality Analysis of Tubers

Tuber samples from all treatments were collected at harvest to determine their chemical
quality traits. Ascorbic acid was measured using a titration method with 2, 6-dichlorophenol
indophenol (DCIPh) solution and was expressed in milligrams per 100 g of fresh weight [39].
Total soluble solids (TSS) percentages were measured in a sample of ripe potato tubers
with drops of filtered juice using a portable handheld digital refractometer (Model: PR.101,
Palette, ATAGO, Japan) [40]. The protein content of the tubers was calculated from the
total nitrogen content in 2 g from each tuber sample dried following Kjeldahl’s method [41].
Crude protein was determined using the following equation:

Crude protein (%) = Nitrogen content (%) X 6.25 ©)]

The starch content in the tubers was determined according to the method described
in Sit et al. [42]. Analyses of tuber contents of P, K, Ca, Mg, Fe, and Zn were assessed
using dry, fine-ground potato tuber samples. The percentage of phosphorus content was
measured calorimetrically according to Jackson [43]. The percentage of potassium content
was determined using a flame photometer (Model 1382, ESICO, Haryana, India). Ca, Mg,
Fe, and Zn were measured using inductively coupled plasma optical emission spectrometry
(Optima 4300 DV, ICP-OES, PerkinElmer, Waltham, MA, USA).

2.4.4. Data Analysis

Data of the different traits were subjected to analysis of variance (ANOVA). The signif-
icance of the differences between different treatments was tested using Duncan’s multiple
range test at p < 0.05 with Co-State version 6.003 (CoHort, USA). Principal component
analysis (PCA) and Pearson’s correlation were performed using XLSTAT (Version 2016).

3. Results and Discussion
3.1. Yield Traits

All the studied yield traits (the number of tubers, tuber fresh weight, tuber yield per
plant, and tuber yield per m?) were significantly reduced under water deficit treatments (i.e.,
75% and 50% ETc) (Table 2). The decreases in all yield traits were the highest when potato
plants were exposed to 50% ETc. However, foliar application of 50 or 100 mg L~! ZnO-NPs
and 25 or 50 mg L~! SiO,-NPs significantly enhanced all of the above-mentioned yield
traits under water deficit treatments in comparison with those obtained from un-stressed
plants. The improvements in the yield traits were the highest in plants grown with 100%
ETc, followed by those grown with 75% ETc (Table 2). In the current study, the application of
100 mg L~ ZnO-NPs enhanced yield traits of potato grown under water deficit treatments,
followed by 50 mg L~! of ZnO-NPs and 50 mg L~! SiO,-NPs, respectively. Fresh tuber
yield is determined by the dry matter allocation of tubers and tuber water content, with
water content contributing up to 80% of fresh tuber mass depending on the cultivar [44].
As a result, water scarcity has a significant impact on fresh tuber mass [45,46]. In this
respect, the number of tubers was decreased when plants were exposed to water deficit
throughout the growing season [19]. Similarly, a single, short-term early stress event had
an inhibitory effect on the number of tubers produced by a plant [17]. A recent study [19]
found that water deficit resulted in a reduction in the fresh tuber weights of 103 commercial
potato cultivars. Consequently, the water deficit can lead to substantial reductions in plant
production and yield traits. In the current study, using foliar applications of ZnO-NPs and
S5i0,-NPs resulted in an improvement for the yield traits of potatoes grown under water
deficit treatments. This could be due to the fact that the application of ZnO-NPs can protect
leaf surfaces from harmful sun rays by blocking UV radiation [47]. Under water deficit
conditions, it is likely that of ZnO-NPs may significantly increase melatonin levels because
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they can act as free radical scavengers in response to stressor effects, which relieves the
drought-induced impairment of chloroplasts and mitochondria [48]. Zn raises tryptophan
levels in plant tissues, which are closely linked with the biosynthesis of indol-3-acetic acid
and melatonin. Therefore, ZNnO-NPs have a role in enhancing cell division and biomass
production [49,50]. Haliloglu et al. [51] reported that applying zinc oxide (ZnO) to Solanum
lycopersicum altered cytosine methylation, which resulted in reducing the genotoxic effects
caused by abiotic stresses. When NPs are applied into plants, they can interact with cellular
machinery for instance chloroplasts. NPs such as S5iO, can enhance photosynthesis by
gaining adequate light-harvesting chlorophyll-protein complexes, particularly when plants
are grown under water deficit. Silica is important element for plant nutrition and its growth,
as its deficiency can cause a negative impact on plant growth and its productivity [22].

Table 2. Influence of foliar nanoparticles (NPs) on yield traits of potato grown under different water
deficit conditions (irrigation levels).

Treatments
. - No. of Tubers Tuber Fresh Tubers Yield Tubers Yield
Wa(t&llr]];)efat Nanz)lg;rt)lcles Plant—1 Weight (g) Plant1 (kg) (kg m—2)
)
Control 10.67+£0.09¢g 129.53 +0.12 1.382 £ 0.011 3.454 +0.031
ZnO -50 mg L1 12.80 4+ 0.06 ¢ 141.63 + 0.09 b 1.813+0.01¢ 4532 +£0.02¢
WD-1 Zn0O -100 mg L! 13.37 £ 0.09 a 145.67 = 0.19 a 1.947 £ 0.01 a 4.868 +0.03 a
SiO; -25 mg L! 11.30 £ 0.06 e 13450 + 0.12 f 1.520 +0.01 f 3.800 £ 0.02 f
SiO; -50 mg L! 11.87 +£0.03d 138.83 +£0.18 d 1.647 +0.00 d 4118 £0.01d
Control 9.47 +0.03 i 116.60 + 0.25m 1.104 +0.001 2.759 +0.011
Zn0O -50 mg L1 11.70 £ 0.06 d 13547 £ 0.15¢ 1585+ 0.01e 3.962 £ 0.02¢
WD-2 ZnO -100 mg L1 13.13 £ 0.09b 140.57 + 0.18 ¢ 1.846 +0.01 b 4.615+ 0.03b
SiO, -25 mg L! 10.40 &+ 0.06 h 13273+ 024 g 1.381 £ 0.011 3.451 £0.021
5i0; -50 mg L1 10.87 £ 0.03 f 13373 +0.12 g 1453 +0.00g 3.633£0.01g
Control 7.87 £ 0.03 k 11450 £ 0.17 n 0.901 £ 0.01 m 2252 £0.01 m
ZnO -50 mg Lt 10.27 + 0.03 h 130.57 £ 0.191 1.340 + 0.01 3.351 £0.02
WD-3 ZnO -100 mg L1 10.60 £ 0.06 g 134.63 + 0.09 f 1.427 £ 0.01 h 3.568 £0.02h
SiO; -25 mg L1 9.20 £+ 0.06j 12240 £0.211 1.126 +0.011 2.815+£0.01 k
Si0; -50 mg Lt 9.43 + 0.03 1 12557 + 0.17 k 1.185 £ 0.01 k 2961 +0.011
Significance
WD X% *%% X% P
NPS EE R B EE
WD X NPS s L R s

2 WD-1 = 100% ETc; WD-2 = 75% ETc; WD-3 = 50% ETc, ? *** denote significance at p < 0.001. Means followed by
the same letter in each column are not significantly different according to Duncan’s multiple range test (p < 0.05).

Previous studies showed that nanoparticles can mitigate photosynthetic pigment
deterioration and regulate stomatal conductance under water deficit conditions, resulting
in high photosynthesis rates and increased crop dry matter and yield. They also can protect
plants from various biotic and abiotic stresses [24-26,52]. High photosynthetic activity,
which results from high Rubisco enzyme activity, was linked with ZnO-NPs [53]. On
the other hand, silicon nanoparticles (SiO; NPs) can protect the cell wall during water
deficit conditions by reducing the cell wall permeability of leaves, resulting in low lipid
peroxidation [54]. Under water deficit conditions, silicic acid is polymerized and converted
to silica gel concentrated in the surfaces of shoots, which can act as a double layer, causing a
remarkable decrease in water loss through leaf transpiration [55,56]. Silicon NPs are widely
used in agriculture and play an important role in plant stress tolerance [57]. According to a
previous study, exogenous silica application can improve the photosynthesis process due to
the increased chlorophyll content and the decreased transpiration rate; consequently, such
application can improve the production and quality in stressed plants [58]. For instance,
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the application of ZnO-NPs and SiO, resulted in a positive effect on tomatoes such as
increasing fruit weight per plant and fruit yield per ha [32,59].

3.2. Quality of Tubers
3.2.1. Physical Traits

Tuber diameter was significantly diminished under the highest water deficit level (WD-
3) (50% ETc) compared to the WD-1 and WD-2 treatments (100 and 75% ETc, respectively)
(Table 3). However, the application of ZnO-NPs (i.e., 50 and 100 mg L~1) and SiO,-NPs
(i.e., 25 and 50 mg L) improved tuber diameter under all the irrigation treatment levels
compared to the control plants (without ZnO-NPs or SiO,-NPs). Tuber diameter was the
highest in plants grown in plots treated with 100% ETc, followed by those obtained at 75%
ETc. Among all the foliar NP treatments, ZnO-NPs at 100 mg L~! resulted in the highest
tuber diameter in the current study. The tuber initiation stage was the period when tuber
size was negatively affected by water deficit [60]. Therefore, using nanoparticles for plants
grown under abiotic stress can improve the physical properties of potato tubers, including
tuber diameter [61].

Table 3. Influence of foliar nanoparticles (NPs) on physical traits of potato grown under different
water deficit conditions (irrigation levels).

Treatments
N 1 Tuber Diameter Tuber Dry Weight Specific Gravity
Water Deficit (WD) @ a“:’ﬁ;g“ es (cm) (%) (g cm~3)
Control 6.32 +0.01 gh 17.59 £ 0.04 k 1.07 £0.00 f
ZnO -50 mg L1 6.74 +£0.01b 19.18 £ 0.01 h 1.08 +£0.00 e
WD-1 Zn0O -100 mg Lt 6.87 £0.01a 19.51 £ 0.04 gh 1.08 £0.00e
SiO; -25 mg Lt 6.50 £ 0.01 de 18.22 £ 0.04j 1.08 £0.00 e
SiO; -50 mg L1 6.66 £ 0.01 ¢ 18.58 +0.101 1.08 +£0.00 e
Control 625+ 0.01h 1954 +£011g 1.08 £0.00e
ZnO -50 mg L1 6.63 £0.01c 20.32 £ 0.21 f 1.09 £ 0.00 ¢
WD-2 ZnO -100 mg Lt 6.80 = 0.08 b 20.79 £0.12e 1.09 £0.00 ¢
Si0O; -25 mg L1 6.42 +£0.01 f 21.14 £ 0.06 d 1.09 £ 0.00 c
SiO; -50 mg Lt 6.54 £0.02d 20.62 + 0.20 ef 1.09 £0.00 ¢
Control 6.12 +0.011 19.75+0.12¢g 1.08 +£0.00d
ZnO -50 mg Lt 6.37 £ 0.01 fg 24.02 £0.01b 1.10 £ 0.00 b
WD-3 ZnO -100 mg L! 6.44 £ 0.01 ef 25.10 £ 0.04 a 111 £0.00a
SiO; -25 mg L1 6.18 £ 0.011 21.43+0.09d 1.09 £ 0.00 ¢
SiO; -50 mg Lt 6.26 £ 0.01h 22.31+£0.10c 1.10 £ 0.00 b
Significance
WD 3% %% %%
NPS 3% %% 3%
WD x NPs *% *%% *%%

For abbreviations, see Table 2. ** = significance at p < 0.01.

In the current study, other physical traits of the potato tubers such as tuber dry weight
and specific gravity were increased with the reduction in the irrigation levels from WD-1 to
WD-2 and then to WD-3 (Table 3). In this respect, Steyn et al. [62] suggested that some potato
cultivars can produce relatively higher tuber dry matter under water deficit, regardless
of their performances under well-irrigated conditions. On the other hand, the tuber dry
weight (TDW) of potatoes is considered to be primarily composed of starch, with trace
amounts of sugars, fiber, protein, and ash. It typically ranges from 16 to 28% depending
on crop development stages, and peaks near the end of crop growth [63]. Water deficit
in potatoes tends to improve chip quality due to a higher percentage of TDW, making
the chips suitable for industry [64,65]. Moreover, the specific gravity of potato tubers
tended to decrease as the water amount increased [66]. A similar tendency was observed
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by Abd-Elrahman et al. [67], who reported that the highest specific gravity was obtained
from tubers of potato plants irrigated with 50% irrigation requirements compared to those
irrigated with 100% or 75% of irrigation requirements. However, the application of NPs
can increase the surface area of the plant that can be used for various metabolic reactions,
resulting in a high photosynthesis rate, and consequently high crop dry matter [24-26].

3.2.2. Nutraceutical and Mineral Content in Potato Tubers
Nutraceutical Content

Ascorbic acid (ASA), total soluble solids (TSS), starch, and crude protein were sig-
nificantly affected by water deficit treatments. They were the highest in potato plants
grown under WD-3 treatment (50% ETc), followed by those grown under WD-2 at 75%
ETc. On the contrary, the lowest values of those traits were recorded in potato plants
grown under WD-1 at 100% ETc (Table 4). Previous studies [68,69] have shown that water
deficit can promote chemical contents for components such as vitamin C, total soluble
solids, and starch, as well as increased quality traits in potato tubers. The highest values
of crude protein were recorded in tubers of potato grown under the WD-1 treatment at
100% ETc, followed by that at 75% ETc, while the lowest protein was obtained from tubers
of potato grown under WD-3 treatment (Table 4). These results confirm the findings of
Elhani et al. [63], who reported that the protein content of tubers gradually decreased with
reduced amounts of irrigation needed for potato plants.

Table 4. Influence of foliar nanoparticles (NPs) on quality attributes: ascorbic acid (AsA), total soluble
solids (TSS), starch, and crude protein (CP) of potato tubers grown under water deficit conditions
(irrigation levels).

Treatments ASA
s
Water Deficit Nanoparticles (mg 100 g—1) TSS (%) Starch (%) CP (%)
(WD) 4 (NPs)
Control 14.79 £+ 0.08 n 3.85+0.010 11.68 4+ 0.03 f 10.07 £ 0.01 1
Zn0O -50 mg L1 16.74 4+ 0.05 k 441 40.011 13.10 £ 0.01 e 11.32 +0.01b
WD-1 ZnO -100 mg L1 17.10 £ 0.05]j 453 +0.01k 13.39 £ 0.04 e 12.00 £ 0.02 a
5i0; -25 mg L! 15.39 + 0.05 m 423 +0.01n 1224 £ 0.04 e 10.65 £+ 0.01 f
5iO; -50 mg L1 16.20 £ 0.051 434 +£0.02m 12.56 £ 0.09 e 10.88 £ 0.01 e
Control 17.82 £ 0.051 479 £ 0.01j 13.42 £ 0.09 e 9.76 £ 0.01j
Zn0O -50 mg L! 2232 +0.05d 5.76 +£0.01d 14.11 £0.19 ¢ 11.27 £0.01 ¢
WD-2 ZnO -100 mg L1 23.22 £0.05b 6.56 = 0.01b 14.53 +0.10 ¢ 11.98 £ 0.01 a
SiO; -25 mg L! 1881 £0.05g 544+001g 14.84 4 0.06 ¢ 1059 £0.01g
5i0; -50 mg L1 19.44 £ 0.05 f 5.56 + 0.01 f 14.38 = 0.18 ¢ 10.87 £0.01 e
Control 18.18 = 0.05h 4.89 4+ 0.011 13.61 £0.11d 793 +0.01 k
ZnO -50 mg L1 2256 +0.11 ¢ 5.98 +0.01 ¢ 17.41 £ 0.01 b 1059 £0.01g
WD-3 ZnO -100 mg L-! 23.55 + 0.06 a 6.74 +0.02 a 18.37 = 0.03 a 1094 £0.01d
5i0; -25 mg L1 19.62 £ 0.05 5.31 £ 0.01 h 15.11 £ 0.08 ¢ 10.06 = 0.01 i
5i0; -50 mg L! 19.89 £ 0.05¢ 5.65 +0.01e 15.88 - 0.09 b 10.34 £ 0.01 h
Significance
WD *% *% EE *%
NPS *3% *% 4% *%
WD >< NPS L k% Rt %o

For abbreviations, see Table 2. ** = significance at p < 0.01.

However, the applications of ZnO (50 and 100 mg L~!) and SiO2-NPs (25 and
50 mg L~ 1) significantly and positively affected the chemical traits of potato tubers (Table 4).
The maximum contents of ASA, TSS, and starch were recorded in plants treated with the
foliar application of 100 mg L~! ZnO-NPs, followed by 50 mg L~! of ZnO-NPs and
50 mg L~! of SiO,-NPs, respectively, when grown under 50% ETc, followed by 75% ETc.
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On the contrary, the highest protein contents were observed from tubers of potato treated
with ZnO-NPs at 100 mg L.~! and grown under WD-1 at 100% ETc and /or WD-2 at 75%
ETc, without significant differences between these treatments. In this concern, previous
studies have shown significant increases in starch, protein, and ascorbic acid in potatoes
fertilized with nanofertilizers compared to those untreated with NPs [27,70]. For instance,
the application of B, Si, Zn, and zeolite nanoparticles was used to mitigate abiotic stress
in potato plants, and resulted in significant increases in tuber yield and its quality [71].
Furthermore, when zinc nanoparticles were applied to peanut plants (Arachis hypogaea L.),
the crude protein and soluble carbohydrate contents were increased [72]. On the other
hand, the application of SiO, NPs can increase ascorbic acid and enhance the fruit size and
quality of tomatoes grown under abiotic stress [32].

Mineral Contents

The macronutrients (K*, Ca?*, P, and Mg?*) and micronutrients (Zn?>* and Fe?*) of
potato tubers significantly decreased under different water deficit treatments (WD-3) at
50% ETc, while the highest values of these nutrients were obtained from those grown under
WD-1 treatment (100% ETc), followed by WD-2 (75% ETc) (Tables 5 and 6). Soil water deficit
reduced nutrient diffusion around the roots, as well as nutrient uptake, due to decreases in
active transport, transpiration flux, and membrane permeability [73]. Furthermore, water
deficit affected tuber mineral contents by acting on the mineral composition of different
tissues, and as a consequence, on the redistribution of minerals within the plants [74]. These
results are in agreement with the findings of Semida et al. [75], who found that mineral
contents were recorded at lower concentrations in eggplant samples grown under water
deficit conditions.

Table 5. Influence of foliar nanoparticles (NPs) on potassium, calcium, and phosphorus percentage
in potato tubers grown under different water deficit conditions (irrigation levels).

Treatments
. K* (% 2+ % P (%
Water Deficit (WD) @ Nanoparticles %) Ca™ (%) %)
(NPs)
Control 5.83 £ 0.01h 256 +£0.02h 0.80 &+ 0.06 f
ZnO -50 mg L! 6.54 +0.01b 2.80 + 0.01 ed 1.20 4= 0.01 abs
WD-1 ZnO -100 mg L1 6.94 +0.01a 3.14 +0.02a 1.29 £0.01 a
SiO; -25 mg L1 6.16 + 0.01 de 2.70 £0.02 f 1.11+0.01d
SiO; -50 mg Lt 6.29 +0.01 ¢ 2.90 +0.01 ¢ 1.16 +0.01 cd
Control 5.65 + 0.011 253 +0.01h 0.50+0.06 g
ZnO -50 mg Lt 6.52 +0.01b 2.824+0.01d 1.19 £-0.00 bed
WD-2 ZnO -100 mg L-! 6.93 +0.01 a 3.07+0.01b 1.26 £ 0.00 ab
SiO; -25 mg L1 589+001g 2.64+001g 0.80 £ 0.06 f
SiO; -50 mg L! 6.17 = 0.06 d 293 +0.01c 1.15 £ 0.00 cd
Control 4.59 £0.01] 2.00 +0.011 0.31 + 0.06 h
ZnO -50 mg L1 6.12 +0.01e 276 £0.01e 1.13 £ 0.00 cd
WD-3 ZnO -100 mg L1 6.33 + 0.01c 2.84 +0.02d 1.16 £ 0.01 cd
SiO; -25 mg Lt 5.81 +£0.01h 255+ 0.01h 094 +0.01e
SiO; -50 mg L! 5.97 +0.01 f 2.67 +£0.02 fg 1.11+0.01d
Significance
WD Rt % %
NPS R EEx EE
WD X NPS *343% 3434 3%

For abbreviations, see Table 2. ** = significance at p < 0.01.



Agronomy 2023, 13, 466

10 of 16

Table 6. Influence of foliar nanoparticles (NPs) on magnesium, iron, and zinc in potato tubers grown

under different water deficit conditions (irrigation levels).

Treatments
N Gl Mg2+ Fe2+ Zn2+
Water Deficit (WD) a“:’ﬁl“é)‘c e (mg g~ DW) (mg g1 DW) (mg g~1 DW)
Control 5.26 + 0.00 ¢ 0.75 4+ 0.01 ef 014+001g
ZnO -50 mg Lt 5.68 + 0.01 bc 0.88 + 0.01 bc 0.33 +0.01b
WD-1 Zn0O -100 mg L1 740+ 1.13a 0.99 + 0.06 a 0.35+0.01a
SiO; -25 mg L1 5.55 + 0.01 bc 0.82 £ 0.01 cde 0.194+0.01e
SiO, -50 mg L! 5.90 + 0.01 bc 0.86 &+ 0.01 bed 027 £0.01¢
Control 5.10 +0.01 ¢ 0.65 £ 0.01 gh 0.08 £ 0.011
ZnO -50 mg L1 5.62 + 0.01 bc 0.83 =+ 0.01 cde 0.28 +£0.01¢
WD-2 ZnO -100 mg L1 6.26 = 0.01b 0.95 £ 0.09 ab 0.33+0.01b
SiO; -25 mg L! 532+ 0.01c¢ 0.74 £ 0.00 efg 0.17 £ 0.00 f
SiO; -50 mg L1 5.88 + 0.01 bc 0.78 +0.00 de 023 +0.01d
Control 4140 +£0.01d 0.46 +0.011 0.05 £ 0.01j
ZnO -50 mg L1 5.39 + 0.01 bc 0.68 & 0.02 fgh 020 +0.01e
WD-3 ZnO -100 mg L1 5.71 + 0.01 bc 0.82 4 0.08 cde 0.25+0.01d
SiO; -25 mg L! 5.25 + 0.00 ¢ 0.58 +0.01 h 0.124+0.01h
SiO; -50 mg L1 5.52 4+ 0.01 bc 0.68 £ 0.01 fg 0.14 £0.01 gh
Significance

WD * % %o

NPS R EEE EE

WD x NPs n n i

For abbreviations, see Table 2. * = significance at p < 0.05.

The contents of macronutrients and micronutrients correlated with the exogenous
application of ZnO and SiO,-NPs (Tables 5 and 6), where the highest values were recorded
under high concentrations (100 mg L~! of ZnO-NPs, followed by 50 mg L~! of ZnO-NPs
and 50 mg L~! Si0,-NPs). Nanoparticles have a beneficial effect on nutrient uptake as well.
In other studies, certain NPs, such as ZnO-NPs and silica NPs, were shown to improve
nutritional efficiency by increasing calcium, potassium, and magnesium absorption [76]. In
addition to improving membrane stability and plant water status, exogenous ZnO-NPs
improved potato nutritional status, allowing plants to mitigate the effects of water deficit
on growth and productivity. On the other hand, silicon can improve the availability and
accumulation of some macronutrients in plants such as K and Ca, as well as micronutrients,
such as Fe [77]. Furthermore, Uresti et al. [78] reported that using ZnO-NPs can improve
the mineral contents (P, K, Ca, Mg, and Zn) of bell pepper fruits. In addition, previous
research has shown that ZnO-NPs can boost macro- and micronutrient levels in pinto
beans [79] and sorghum [80]. Alsaeedi et al. [57] reported an improvement in the growth
and productivity of Cucumis sativus due to increased N and K uptake under water deficit
and salt conditions when S5iO, NPs was applied. However, the impact of NPs on nutritional
parameters is governed by their physical and chemical properties [76].

3.3. Attributes Interrelationship

Associations among the evaluated yield and quality traits of potato tubers were esti-
mated based on a principal components analysis (PCA, Figure 3) and Pearson’s correlation
analysis (Figure 4). Considering the differences in the yield and quality traits of potato
plants treated with ZnO and SiO, nanoparticles under water deficit conditions, 17 indices
were assimilated using two-dimensional principal component analysis (PCA) with XLSTAT
software (2016). PCA was additionally used to integrate the results of the yield and quality
traits. The principal components (F1 and F2) provided 93.52% of the total variance in the



Agronomy 2023, 13, 466 11 0f 16
dataset. The contribution rates of F1 and F2 were 64.92% and 28.60% of the variance in the
dataset, respectively.

Biplot (axes F1 and F2: 93.52 %)
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Figure 3. Biplot of the first two principal components for the yield parameters and quality (physical
and chemical) traits of potato tubers. The yield parameters included tuber number (TN), tuber
fresh weight (TFW), tuber yield per plant (TY/p), and tuber yield per m? (TY/m?). The physical
parameters comprised tuber diameter (TDLi.), tuber dry weight (TDW), and specific gravity (SG). The
chemical attributes include ascorbic acid (ASA), total soluble solids (TSS), crude protein (CP), starch
(St.), and minerals (Ca*?, K*, P, Mg*?, Fe*?, and Zn*?). CK (control), (WD-1 (100% ETc), WD-2 (75%
ETc), and WD-3 (50% ETc).

The PCA analysis showed that yield traits (number of tubers, tuber fresh weight,
yield per plant, and yield per m?) were correlated with each other, while quality traits
(P, K*, Ca®*, Mg2+, Fe?*, Zn*2, CP, and tuber diameter) were correlated with each other.
F2 substantially demonstrated that tuber dry weight (TDW) had the strongest correlation
with specific gravity (SG) and starch content in the tubers. The application of ZnO-NPs at
100 mg L' showed clear and positive correlations with most yield and quality traits.
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Figure 4. Correlation analysis between different traits of potato plants grown under water deficit and
treated with ZnO and SiO, nanoparticles. TN: tuber number; TFW: tuber fresh weight; TY/p: tuber
yield per plant; TY/ m?: tuber yield per m?; T.Di: tuber diameter; TDW: tuber dry weight; SG: specific
gravity; ASA: ascorbic acid; TSS: total soluble solids; CP: crude protein; St.: starch. Minerals: P, K*,
Ca?t, Mg2+, Fe?*, and Zn?*. Values in bold are different from 0 with a significance level alpha = 0.05.
Color and size changes represent the degree of correlation. The larger the circular area and the darker
the color, the stronger the correlation, and vice versa. Red color represents negative correlations and
blue color represents positive correlations.

Pearson correlation coefficients were calculated to determine the positive and negative
correlations between the yield and quality traits of potato plants grown under water deficit
and treated with nanoparticles (ZnO and SiO,). The significant correlations (bold numbers)
and insignificant relationships (nonbolded numbers) are presented in Figure 4. Tuber
yields were significantly and positively correlated with the yield traits (number of tubers,
tuber fresh weight, and yield per plant), as well as with some quality traits (P, K*, Ca?*,
Mg?*, Fe?*, Zn*2, CP, and tuber diameter). These findings confirm that the applications of
nanoparticles (ZnO and 5iO,) were effective in alleviating water deficit effects by improving
photosynthesis, water use efficiency, and essential nutrient uptake. The results also suggest
that changes resulting from the ZnO and SiO,-NP applications could lead to improvements
in plant drought tolerance. In addition, tuber dry weight (TDW) showed a highly positive
association with specific gravity (5G) and starch content (r = 1.00 ***). These results are in
agreement with those reported by Elfnesh et al. [81], who demonstrated that the dry matter
content of potato tubers was positively and highly significantly correlated with specific
gravity (r = 0.99 **). The dry mass of tubers influences potato quality [82]. The specific
gravity of tubers is an important indicator of potato tuber quality and a determinant for
harvest quality, as it indicates the dry matter content of tubers [83]. Consequently, high
specific gravity has a positive role in the processing quality of tubers. As a rule, high
specific gravity means high dry matter content and a high recovery percentage of chips,
which makes them appropriate for use in industry [38,65].
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4. Conclusions

The present study concluded that the negative effects of water deficit on productivity
and quality traits of potatoes could be mitigated through the exogenous application of
ZnO-NPs or SiO,-NPs. The exogenous application of 100 mg ZnO-NPs L~! resulted in
the highest yield and its components as well as the best quality traits of potato when
grown under different water-deficit treatments. In addition, it showed clear and positive
correlations with most of the yield and quality traits evaluated for potato plants exposed
to water deficit conditions. Nonetheless, additional studies are required to investigate the
effects of different levels of different NPs and their combinations on potato productivity
and quality to ensure the safety of nanotreated potato plants for food usage.
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