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Abstract: Aloe vera is an economic crop due to the presence of a gel-like substance inside the leaves,
which contains polysaccharides, vitamins, proteins, fats, and amino acids. There is an ongoing need
for this plant and its products for diverse food and pharmaceutical industries. To meet good agricul-
tural practices, we studied the effect of manure application (0%, 10%, and 20% of v/v of soil) and foliar
application with distilled water, salicylic acid (SA, 13.8 mg L~! equivalent to 100 M), cerium oxide
nanoparticles (CeO,-NPs, 50 mg L~1), and cerium oxide salicylic acid nanoparticles (CeO,: SA-NPs;
100 uM + 50 mg L~1) on the growth and physiological responses of Aloe vera, and a factorial experi-
ment was arranged based on a completely randomized design with three replications at Azarbaijan
Shahid Madani University, Iran. The results showed that foliar application of CeO,: SA-NPs with the
soil-based application of 10% and 20% manure increased plant dry weight and aloin content. The
highest harvest index, economic yield, shoots-to-roots ratio, gel dry weight, chlorophyll a and b con-
tent, phenolics content of gel, and leaf and gel flavonoids’ content, as well as potassium, magnesium,
zinc, and iron content, were obtained by the CeO,: SA-NPs x 20% manure treatment combination.
The 10% and 20% manure and foliar application with CeO,-NPs, SA, and CeO,: SA-NPs increased
the phenolics content of leaves compared to the control. Manure application (20%) positively affected
the plant’s phosphorus content. The results revealed that co-application of soil-based cow manure
and foliar CeO,: SA-NPs stimulated the growth and physiological responses of Aloe vera, and the
results would be helpful to the agricultural extension sections and pioneer farmers.

Keywords: Aloe; elemental content; harvest index; total phenolics content

1. Introduction

Nanotechnology is a branch of science that works with particles at a range of
1-100 nanometers in size. The small size of these particles has made it possible to use
them in various fields of science such as medicine, the environment, and agriculture. Due
to their small size, nanomaterials have unique electronic, optical, magnetic, and mechanical
properties. These characteristics make them functionally different from their conventional
forms. Cerium oxide belongs to the group of lanthanides (atomic number 58), which is
one of the candidates to mitigate many environmental problems (due to their high specific
surface area). Cerium oxide does this by scavenging oxygen free radicals, preventing the
growth of some microorganisms, and having catalytic and antioxidant properties [1,2].
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Salicylic acid is a phenolic compound with several functions in the plant, such as hormonal
effects, growth stimulation, and defense responses under the biotic and abiotic stressful
environments, inducing pest and disease tolerance and increasing secondary metabolites
biosynthesis [3]. In a study on tomatoes, the application of cerium oxide increased yield,
soluble solids content, and calcium content in the fruits [4]. Research in yarrow [3] and ap-
ple [5] found that salicylic acid raised the yield, chlorophyll, and phenolics content, as well
as the plant root growth potential. Plants need adequate amounts of nitrogen, phosphorus,
potassium, and sulfur to pursue their growth and metabolic activities (photosynthesis,
respiration, biosynthesis of organic acids, nitrogen fixation, and enzymatic activities). To-
day, to increase plant yield, chemical fertilizers are widely used, which in the long term
can cause environmental pollution. The results of a study conducted on Aloe vera showed
that the overuse of chemical fertilizers harmed the quality of plants [6]. To compensate,
in addition to chemical fertilizers, organic fertilizers must be utilized to prevent nutrient
deficiencies in the soil [7]. The application of animal manure has an essential role in soil nu-
trient supply, soil health, and improving the soil’s physical and chemical properties. Due to
its high porosity, livestock manure improves soil water-holding capacity, soil aeration, and
drainage, increases the organic carbon ratio in the soil, and by supplying the plant nutrients,
plays an essential role in plant growth and product quality [8,9]. A study on Aloe vera found
that poultry manure increased plant yield combined with chemical fertilizers [7].

Aloe vera is an evergreen plant with thick, watery leaves from the lily family [6]. The
leaf gel of the aloe plant contains more than 200 active ingredients such as polysaccharides
(glucomannan and galactan), vitamins, proteins, fats, and amino acids. The gel has several
therapeutic properties such as anti-wrinkle and anti-tumor effects, burn treatment, and
strengthening the immune system (due to the presence of anthracene compounds) [6,10].
Aloe vera is a valuable plant in the food, pharmaceutical, cosmetic, and health industries.
Due to the tremendous climatic diversity of Iran, some parts of the country are suitable
to cultivate this valuable medicinal plant. Therefore, the present study aimed to evaluate
the application of animal manure and foliar treatments with salicylic acid, cerium oxide
nanoparticles, and cerium oxide salicylic acid nanoparticles (CeO,: SA-NPs) on the growth
and some physiological traits of Aloe vera in the hope to develop a cultivation area for this
plant, especially within stress-prone environments.

2. Materials and Methods
2.1. Plant Material and Experimental Setup

To assess the growth and physiological responses of Aloe vera L. to soil-based cow
manure use and the application of foliar salicylic acid (SA), cerium oxide nanoparticles
(CeO,-NPs), and cerium oxide salicylic acid nanoparticles (CeOp: SA-NPs), this experiment
was conducted as a factorial experiment based on a randomized complete design with three
replications at the Azarbaijan Shahid Madani University, East Azarbaijan province, Iran
(37°48'26.66" N and 45°56'33.70" E). The first factor was the soil cow manure (no-manure,
10 and 20% v/v of soil) use, and the second factor was the foliar application of distilled
water (DW), SA (13.8 mg L1 equivalent to 100 uM) [11], CeO,-NPs (50 mg L-1)[12], and
cerium oxide salicylic acid nanoparticles (CeO,: SA-NPs, 100 uM + 50 mg L~ 1), and the
control of our experiment was no-manure X foliar application of distilled water. Six-month-
old plants provided by a local supplier were used for the experiment. Disinfection of plant
roots was performed with 10% sodium hypochlorite solution for 20 min. The plantlets were
then transferred to 5 L pots containing the desired volume of soil and manure treatments.
The soil and manure physicochemical characteristics are summarized in Table 1.
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Table 1. Physico-chemical characteristics of soil and cow manure.

. Soil Organic EC o o o Fe Mn Zn
Characteristic Texture Class Carbon (%) pH (dSm-1) N P (%) K (%) (mgkg~1) (mgkg™!) (mgkg)

Soil Loam sandy clay 0.59 7.8 17 0.07 6 290 2.6 6.5 0.7

Cow manure - 17.4 7.9 1.9 24 0.6 0.67 1412 157 201

To adapt the plants to the greenhouse conditions, plants were kept in pots for two
months. They were irrigated with tap water during this period. Greenhouse conditions
during plant maintenance were as follows: light intensity was about 450 umol m 2 s~ ! as
common ambient light, temperature regime was 25 and 20 °C in the day and night, and the
relative humidity was 65%. After 60 days of planting, the first foliar treatment was done
in the 5-7 leaves stage, and the second foliar spraying was applied two weeks later. Two
months after the last foliar treatment, plants were harvested to evaluate the desired traits.

2.2. CeO, Synthesis

The CeO,-NPs were synthesized via a easy sonochemical procedure. The precursor
materials used in this research were Ce(NO3); hexahydrate and urea. For the synthesis,
0.05 M of Ce(NO3)3, 6H,O was dissolved in 17 mL of water and ultra-sonicated for 20 min.
Then, 20 g of urea was added to the solution and allowed to sonicate for 2 h. Subsequently,
we centrifuged the solution (8000 rpm /15 min) and washed it with water and ethanol
to remove the unreacted materials. Finally, the precipitate material was dried at 50 °C
overnight. Later, the dried powder was calcined at 850 °C for 5 h.

2.3. Preparation of CeOy-NPs and Salicylic Acid Solution (CeO,: SA-NPs)

The CeO,-NPs were mixed with salicylic acid by molar ratios (1:0, 1:1, 1:2, 2:1, and 0:1)
with 0, 50, and 100 pm. For example, 500 mL solution of CeO,-NPs (50 pm) and salicylic
acid (50 um) (1:1) was fabricated by a sonication bath at 60 °C for 1 h and then treated by a
pulse probe sonication for 1 h to form a clear solution without any suspended particles.

2.4. TEM

Figure 1 (left) represents the TEM image of fabricated CeO,: SA-NCs. As shown, the
successful octahedron nanoparticles are around 30-80 nm, which agrees with the DLS data
presented in Figure 1 (right).
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Figure 1. TEM image of sonochemical synthesis of CeO,-SA nanoparticles (left), and DLS analysis of
Ce0O,-SA nanoparticles (right).
2.5. Fresh and Dry Weight of Plants and Gel, Total Plant Yield, Economic Yield, and Harvest Index

At the time of harvest, the leaves were cut from the crown, and after transfer to the
laboratory, the fresh and dry weight (drying at 40 °C until constant weight) of the leaves
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was measured using a digital scale (BB141, Beco, Geesthacht, Germany). After removing
the outer layers of the leaf, the inside gel was separated with a sharp knife and its fresh and
dry weight was recorded. The plant economic yield, total plant yield, and harvest index
were calculated using the below equations [13,14]:

Economic yield = dry weight of gel (g m~?2)

Total plant yield or biological yield = dry weight of leaves and roots (g m~2)
Harvest Index = Economic yield/Biological yield x 100

2.6. Chlorophyll Content

Chlorophylls a and b were quantified by Prochazkova et al. [15] with a spectropho-
tometer (T80*, Beijing, China) at 645 and 665 nm. For this, 0.5 g of leaf samples were
extracted by dimethyl sulfoxide for 4 h at 65 °C, and chlorophylls a and b were calculated
asmg g~ ! FW.

2.7. Total Soluble Solids Content (°Brix)

The filtered leaf extracted juice was used to determine the total soluble solids (TSS)
content by a digital refractometer (Erma, Tokyo, Japan).

2.8. Total Phenolics Content

For measurement of total phenolics content, as described by Kim et al. [16], 0.5 g of the
fresh leaf sample was homogenized using acidic methanol and centrifuged at 12,000 rpm
for 15 min. Then, 1.59 mL of distilled water, 100 uL of 10% Folin—Ciocalteu reagent, and
20 pL of the supernatant were combined and kept for 10 min. Finally, 300 puL of 7.5%
sodium carbonate was added to the mixture and stored in the dark for 2 h. The final data
are expressed as mg g~ FW.

2.9. Total Flavonoids Content

To measure the flavonoids content according to the method of Quettier-Deleu et al. [17],
0.5 g of fresh leaf sample was smoothed in methanol 80% and centrifuged at 14,000x g rpm
for 15 min. Then, 200 pL of the supernatant, 600 puL of 95% methanol, 40 uL of 10%
aluminum chloride, 40 uL of 1 M potassium acetate, and 1120 uL of distilled water were
admixed and stored at room temperature for 40 min. The absorbance was detected at
415 nm and expressed as mg g~ FW.

2.10. Aloin Content of the Gel

To evaluate the gel’s aloin content, the leaf gel was first separated, and after passing
through a strainer; 1% Ca(OH), was added. The samples were then centrifuged. The
supernatant from the centrifuge was discarded. The remaining solution contained aloin.
The compound concentration was expressed as mg kg~ ! against aloin as standard [18]. The
solution was scanned in the UV range of 200-400 nm.

2.11. Elemental Composition

The leaves’ mineral content was analyzed by the method described in detail by
Chrysargyris et al. [19]. Na* and K* were quantified by the flame photometric method
(Corning, 410, London, UK). Zn and Fe contents of plant tissues were traced by atomic
absorption spectroscopy (Shimadzu, AA6300, Tokyo, Japan) by Honarjoo et al. [20].

2.12. Experimental Design and Data Analysis

The experiment was conducted as a factorial based on the completely randomized
design with three replications. Mean comparisons were done by the least significant
difference test (LSD) at 1% and 5% probability levels. The normality of the data was tested
by SPSS (version 20), and in case of any abnormal data, the Chi-square conversion test
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was conducted. Pearson’s correlation and cluster dendrogram heat maps were plotted in
R software (R foundation for statistical computing Version 4.1.2).

3. Results
3.1. Growth Parameters

The results showed that the plants’ fresh and dry weight was influenced by the co-
application of manure and foliar spray of CeO,-NPs, SA, and CeO,: SA-NPs (Table 2).
The lowest fresh and dry weight was observed in the control treatment (Figure 2). The
treatments caused an improvement in the fresh and dry weight gain of plants. The treatment
effects varied on the above-ground weight. Animal manure (10%) x CeO,: SA-NPs
and 20% manure x SA foliar application caused the highest fresh weight gain of the
plants (Figure 2a). The highest dry weight of leaves was obtained in the foliar application
with CeO;: SA-NPs and 10% and 20% animal manure (Figure 2b). Leaf diameter, leaf
length, and the number of leaves were affected by the independent effects of experimental
treatments (Table 2). Foliar application of cerium oxide and CeO,: SA-NPs increased the
leaves’ diameter (Table 3). Leaf length and leaf number were influenced by CeO,: SA-NPs
(Table 3). However, CeO,: SA-NPs increased leaf length by 27% compared to the control
treatment (Table 3). Moreover, manure application significantly improved leaf length, and
20% manure increased the trait up to 38% compared to the control. Both levels of manure
increased the number and diameter of leaves compared to the control treatment (Table 4).
Root fresh weight was influenced by 20% animal manure x CeO,-NPs foliar application
(Table 5). The shoot dry weight/root dry weight ratio was influenced by 20% animal
manure X CeO,: SA-NPs (Table 5).

Table 2. ANOVA for the effect of animal manure (0%, 10%, and 20% v/v) and foliar applications (sali-
cylic acid, CeO,-nanoparticles, and CeO,: SA-nanoparticles) on Aloe vera L. growth characteristics.

S.0.V

df

Above-Ground Leaf Dry Root Dry

Parts Fresh Weight Weight Leaf Number Leaf Diameter  Leaf Length Weight

Animal manure (M)
Foliar treatments (F)

FxM

w N

28,350.1948 * 444.458 ** 102.083 ** 3.992 ** 383.630 ** 5.800 ns
84,543.4358 * 893.879 ** 34.917 ** 17.760 ** 204.888 * 50.347 ns
5290.046 ** 27.929 ** 1.528 ns 0.423 ns 6.175 ns 5.155ns

C.V.

5.61 10.98 10.84 7.28 5.14 6.9

above ground part (g)

600 «

500 o

400 o

300 o

200 o

100 1

hi

No-manure

ns: non-significant; * significant difference at p < 5%; ** significant difference at p < 1%. S. O. V., df, and C. V. refer
to the source of variation, degree of freedom, and coefficient of variation, respectively.

¥ 10% manure M 20% manure No-manure ¥ 10% manure M 20% manure

35 4
30 1
25 4
= 20 4
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10 9
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0

Leaf DW (g)

DW

CeO2-NPs ((()’ SA-NPs DW CeO2-NPs ((()’ SA-NPs
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Figure 2. The interaction effects of animal manure application (no-manure, 10%, and 20% v/v) and
foliar spray of distilled water (DW), salicylic acid (SA), cerium oxide nanoparticles (CeO,-NPs), and
cerium oxide salicylic acid nanoparticles (CeO,: SA-NPs) on the above-ground parts (a) and leaf
dry weight (b) of Aloe vera L. plants. Significant differences among treatments are indicated by the
different Latin letters.
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Table 3. The effects of salicylic acid (SA), CeO,-NPs, and CeO,: SA-NPs foliar treatments and
10% and 20% of soil-based animal manure use on leaves’ number and diameter, and leaf length of
Aloe vera L. plants.

Leaf Number Leaf Diameter (cm) Leaf Length (cm)
A-Foliar application
Control 854 6.9°¢ 294
SA 10.5¢ 8.4b 32¢
CeO,-NPs 12.2°b 9.32ab 36P
CeO,: SA-NPs 132 10.12 402
B-Animal manure

control 7.7b 7b 2829 b

10% 13.12 8.8 ab 36.522

20% 12.32 8.862 39.132

Significant differences among treatments are indicated by the different Latin letters.

Table 4. Interaction effects of soil-based animal manure (0%, 10%, and 20% ©v/v) use and foliar

applications (no-foliar, SA, CeO;-nanoparticles, and CeO,: SA-nanoparticles) on Aloe vera L. plants’
growth and physiological traits.

. Shoot Dry Gel Fresh Gel Dry
M ﬁ"?n‘(ﬂ‘/‘al /o) B-Foliar Application VC\i]eil l;rte (Sh) V\? iel I]fzr(y) Weight/Root Ix‘;t ﬁiiﬂ; Weight/Leaf Weight/Leaf
anure L olo elehtis elghtle Dry Weight clghtle Fresh Weight Dry Weight
Control 18.38 0.083h 1.17¢ 6.5 9 0.09 bd 0.0102
control SA 29 df 0.18f 1.28¢ 7.6 b 0.1292 0.0112
CeO,-NPs 35¢ 0.18f 1.35¢ 7.4 ¢cd 0.07d 0.0132
CeO,: SA-NPs 28 df 0.148 720 39f 0.05 ¢ 0.007 2
control 30 <d 0.22¢ 127¢ 7.5¢d 0.08 <4 0.0152
10% manure SA 456P 0.244 19¢ 83b 0.09 b=d 0.0126 2
° CeO,-NPs 24.6¢f 0.158 38¢ 7.9b-d 0.084 0.006 2
CeO,: SA-NPs 343°¢ 0.29°¢ 7.9P 49ef 0.101 be 0.007 2
control 45P 0.19f 1.7 de 7.5¢d 0.104b 0.0112
20% manure SA 23.6 &f 0.20 &f 29¢d 7.5¢d 0.101° 0.001 2
¢ CeO,-NPs 522 0.37b 24¢ 1042 0.0804 0.006 2
CeO,: SA-NPs 56.6 2 0.452 13.12 7.8¢d 0.074 0.0112
Animal manure (M) 1452.694 ** 0.060 ns 16.111 ** 1848.308 ** 0.0001 ** 0.0008 **
Foliar treatments (F) 420.769 ** 0.060 ** 126.230 ** 1825.537 ** 0.002 ** 0.0003 **
FxM 102.99 ** 0.008 ** 7.840 ** 126.345 ** 0.001 ** 0.0001 **
C.V. 8.64 6.47 89 9.11 8.63 10.1

Significant differences among treatments are indicated by the different Latin letters. ns and ** refer to non-
significant and significant differences at p < 1%, respectively.

3.2. Fresh and Dry Weight of Plants and Gel

The interactions of manure x foliar applications significantly influenced these traits.
The 20% manure and CeO,: SA-NPs and CeO,-NPs treatments increased the gel FW of
leaves (Table 5). The highest gel DW was obtained in 20% manure with CeO,: SA-NDPs,
which showed an 81% increase compared to the control (Table 5). The lowest gel FW and
DW were obtained in the control plants (Table 4).

No-manure x SA foliar spray increased the gel fresh weight/leaf fresh weight ratio,
but all treatments used in this experiment influenced the gel dry weight/leaf dry weight
ratio (Table 4).
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Table 5. Interaction effects of soil-based animal manure (0%, 10%, and 20% ©v/v) use and foliar
applications (no-foliar, SA, CeOy-nanoparticles, and CeO,: SA-nanoparticles) on Aloe vera L. plants’
chlorophyll a and b as well as total soluble solids (TSS) content.

Animal Manure (% v/v) Foliar Application Chl a Content (mg g—1 FW) Chl b Content (mg g—1 FW) TSS (°Brix)
Control 113k 0.50 8 1.03f
control SA 1.60] 0.93 4 15¢
CeO,-NPs 1.8hi 0.96 4f 24¢
CeO,: SA-NPs 1.7 0.80f 1.3ef
control 2.1%8 1.0de 2.2¢d
10% manure SA 23¢ 1.0 de 29P
’ CeO,-NPs 2,08h 0.9 ef 1.3 ¢f
CeOy: SA-NPs 254 1.06 4 24¢
control 2.7°¢ 1.23¢ 322
20% manure SA 22¢f 1.03 de 1.94
’ CeO,-NPs 3.0°P 15P 320
CeO,: SA-NPs 324 1.72 322
Animal manure (M) 1452.694 ** 0.060 ns 16.111 **
Foliar treatments (F) 420.769 ** 0.060 ** 126.230 **
FxM 102.99 ** 0.008 ** 7.840 **
C. V. 8.64 6.47 8.9

Chl a, Chl b and TSS refer to chlorophyll a, chlorophyll b, and total soluble solids content, respectively. ns and
** refer to non-significant and significant difference at p < 1%, respectively. C. V. refers to coefficient of variation.
Significant differences among treatments are indicated by different Latin letters.

3.3. Chlorophyll Content

Co-application of animal manure X foliar treatments significantly improved chloro-
phyll content. The highest Chl 4 and b content was obtained in the foliar CeO;:
SA-NPs x 20% manure. Chl a and b content in plants under 20% manure x CeO,: SA-NPs
improved by 64% and 70% compared to the control, respectively (Table 5).

3.4. Total Soluble Solids Content (°Brix)

Interactions of treatments significantly affected TSS content. Thus, the foliar applica-
tion of CeO,-NPs, CeO,: SA-NPs x (20%) manure, and (20%) manure X no-foliar treatment
increased the TSS of the plants. The highest and the lowest data were observed in the treat-
ments of 20% manure x CeO,-NPs, and CeO,: SA-NPs and control, respectively (Table 5).

3.5. Total Plant Yield and Economic Yield

Foliar application of CeO,-NPs, SA, and CeO,: SA-NPs x manure significantly im-
pacted the yield of Aloe vera (Table 6). Manure (10% and 20%) x CeO,: SA-NPs attained
the highest total yield, while the lowest was observed in the control (Figure 3a). The foliar
application treatments X manure significantly influenced the economic yield (Table 7). The
interaction of CeO,: SA-NPs x 20% manure significantly increased the economic yield
of the plant compared to the control. The 20% manure X foliar CeO,: SA-NPs treatment
improved the economic yield by 29% compared to the 10% manure x CeO,: SA-NPs
treatment. Contrarily, the lowest economic yield was recorded in control plants (Figure 3b).
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Table 6. ANOVA for the effect of soil-based animal manure (no-manure, 10%, and 20% v/v) use and
foliar applications (no-foliar, salicylic acid, cerium oxide nanoparticles, and CeO,: SA-nanoparticles)
on Aloe vera L. plants’ aloin content and yield traits.

S.0.V. Total Yield Economic Yield Harvest Index Aloin Content
Animal manure (M) 108,704.784 ** 4612.050 ** 101.496 ** 48,009.375 **
Foliar treatments (F) 122,589.717 ** 3650.188 ** 42.309 ** 28,678.352 **

FxM 3882.060 ** 613.543 ** 17.783 ** 2876.783 **

C.V. 9.22 13.64 15.34 3.97
** Significant difference at p < 1%. S. O. V. and C. V. refer to the source of variation and coefficient of variation,
respectively.
# No-manure ®10% manure ™ 20% manure #No-manure = 10% manure =20% manure
700 1 120 1
600 1 _ a
500 1 =
= 2 80 o
2 400 4 =&
i | S E -
2 2300 A Ex -
C 200 - § 40 1
100 + 20 1
0 4 0 4
DW CeO2-NPs SA Ce02: SA-NPs DW CeO2-NPs SA Ce02: SA-NPs
Foliar application b Foliar application
B No-manure M 10% manure M20% manure W No-manure  ¥10% manure M 20% manure
20 600 1
18 1 2
500 1
16 1
14 1 b E = 400 1
5 129 be 2z
D -
EBRUE de gf ed od S 730
3239 £
A gh e fe Z 22w
i 1 4
= 44 100 9
2 L
0 DS
DW CeO2-NPs SA Ce02: SA-NPs e ((-().F;Ii:r appli (io:\ CeORh-HES
C Foliar application d “'

Figure 3. The interaction effects of soil-based animal manure application (no-manure, 10%, and
20% v/v) and foliar spray of distilled water (DW), salicylic acid (SA), cerium oxide nanoparticles
(CeOy-nanoparticles), and cerium oxide salicylic acid nanoparticles (CeO,: SA-nanoparticles) on
the total yield (a), economic yield (b), harvest index (c), and aloin content (d) of Aloe vera L. plants.
Significant differences among treatments are indicated by the different Latin letters on bars.

Table 7. ANOVA for the effects of soil-based animal manure (0%, 10%, and 20% v/v) use and foliar
applications (no-foliar, salicylic acid, cerium oxide nanoparticles, and CeO,: SA-nanoparticles) on
Aloe vera L. plants’ phenolics and flavonoids content as well as elemental content.

Gel Leaf Gel Leaf
S.0. V. df Flavonoids Flavonoids Phenolics Phenolics N P K Ca Mg Fe ZIn Mn
Content Content Content Content
m;rl‘;fe‘a(i/[) 2 147.743 * 714.539 ** 214.209 ** 694.209 ** 1723 021 1501 907 2301 50078 27213 6066
treaigé‘ﬁfs ® 3 308.842 % 169.957 ** 364.570 ** 364570+ 19245 026 1538 2516 5176 75138 26916 4729
FxM 6 7.757 ** 13.355 ** 36.635 ** 36.635 ** 784 0‘224 386 4526 1036 1046 oy g5
C.V. 7.81 15.75 7.74 11.79 6.2 7.2 49 7.2 4.8 2.3 5 5.1

ns: non-significant; ** Significant difference at p < 1%. 5. O. V., df, and C. V. refer to the source of variation, degree
of freedom, and coefficient of variation, respectively.
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3.6. Harvest Index

Foliar application of CeO,-NPs, SA, and CeO,: SA-NPs x manure significantly influ-
enced the harvest index of Aloe vera L. (Table 7). The lowest harvest index was observed in
the control treatment, while the highest was obtained with CeO,: SA-NPs x 20% animal
manure. Under the CeO,: SA-NPs treatment, the application of manure (20%) increased
the harvest index by 25% compared to the application of 10% manure (Figure 3c).

3.7. Aloin Content of the Gel

The co-application of manure and foliar treatments had a significant effect on the aloin
content of plants (Table 6). The 10% and 20% manure x CeO;: SA-NPs foliar applications
led to the aloin content of 525 and 524 pg g~ ! Fwt, respectively. The aloin content of control
plants was the lowest recorded one between all the treatments (Figure 3d).

3.8. Total Phenolics and Total Flavonoids Content of Gel and Leaves

The results showed that the total phenolics and flavonoids content of leaves and
gels was significantly affected by the interactions of the experimental treatments (Table 7).
Manure application (10% and 20%) x foliar spraying of CeO,-NPs and CeO,: SA-NPs
and 10% manure X SA spray increased the total phenolics content of leaves compared
to the control (Figure 4a). The highest phenolics and flavonoids content of gel was ob-
tained in the treatment of manure (20%) x CeO,: SA-NPs (Figure 4b,d). The uppermost
leaves’ flavonoids content was observed in manure (20%) x foliar application of CeO;:
SA-NPs and SA foliar spray (Figure 4c). The application of 20% manure x CeO,: SA-NPs
caused an 84% increase in gel flavonoids content compared to the control (Figure 4d).
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Figure 4. The interaction effects of soil-based animal manure application (0%, 10%, and 20% v/v) and
foliar use of distilled water (DW), salicylic acid (SA), cerium oxide nanoparticles (CeO,-nanoparticles),
and cerium oxide salicylic acid nanoparticles (CeOy: SA-nanoparticles) on the phenolics content of
the leaves (a) and gel (b) as well as the flavonoids content of the leaf (c) and gel (d) of Aloe vera L.
plants. Significant differences among treatments are indicated by the different Latin letters on bars.
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3.9. Elemental Composition

The manure X foliar application treatments significantly increased the elemental
content except for the P and Ca content of plants (Table 7). The highest N content was
obtained in the manure application (10% and 20%) x foliar utilization of CeO,: SA-NPs
(Figure 5a). Furthermore, CeO,: SA-NPs x animal manure (20%) attained the highest K
content. The lowest K content was obtained in controls (Figure 5b). The lowest Mg content
was recorded for control, while the highest (62% more) was traced at animal manure
(20%) x CeOy: SA-NPs (Figure 5c¢).
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Figure 5. The interaction effects of soil-based animal manure application (0%, 10%, and 20% v/v)
and foliar spray of distilled water (DW), salicylic acid (SA), cerium oxide nanoparticles (CeO;-
nanoparticles), and cerium oxide salicylic acid nanoparticles (CeO,: SA-nanoparticles) on the elemen-
tal content of Aloe vera plants (a—f). Significant differences among treatments are indicated by the
different Latin letters.
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The 20% manure treatment caused a 24% increase in P content compared to the control
(Figure 6a). Moreover, CeO,: SA-NPs foliar application caused a 40% increase in P content
compared to the control (Figure 6b). Ca content was affected by the independent effects
of experimental treatments (Figure 6¢,d). The application of cow manure (10% and 20%)
increased the Ca content compared to the control (Figure 6¢). Foliar application of CeO,:
SA-NPs increased the Ca content by 68% compared to the control (Figure 6d).
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Figure 6. The effects of soil-based animal manure application (0%, 10%, and 20% v/v) on P (a) and Ca
(c) content, and the foliar spray of distilled water (DW), salicylic acid (SA), cerium oxide nanoparticles
(CeOy-nanoparticles), and cerium oxide salicylic acid nanoparticles (CeO,: SA-nanoparticles) on P
(b) and Ca (d) content of Aloe vera L. plants. Significant differences among treatments are indicated
by the different Latin letters.

Foliar applications X animal manure use increased the content of microelements
compared to the control (Table 7). Manure application (20%) x CeO,: SA-NPs foliar use
increased the Fe (Figure 5d), Mn (Figure 5e), and Zn (Figure 5f) content of Aloe vera L. The
lowest content of Fe, Mn, and Zn was observed in the control treatment. Foliar application
of CeOy: SA-NPs x manure (20%) attained the highest content of Zn, Mn, and Fe content
with an 11%, 17%, and 11% increase compared to control, respectively (Figure 6d).

3.10. Multivariate Analysis of Soil-Based Animal Manure Application x Foliar Use of Salicylic
Acid, Cerium Oxide-NPs, and CeO,: SA-NPs on Aloe vera Plants

The Pearson’s correlation heat map of morphological, biochemical, and elemental
traits showed a significant positive correlation among leaf fresh weight, root fresh weight,
leaf dry weight, gel fresh weight, gel dry weight, leaf length, leaf width, leaf number, TSS,
gel and leaf phenolics, flavonoids content, and N, P, K, Zn, Fe, Ca, Mg, Mn, aloin, Chl 2, and
Chl b content, as well as harvest index, shoot dry weight, root dry weight, and biological
yield. However, root dry weight negatively correlated to Ca content, gel dry weight, and
shoot dry weight/root dry weight. Otherwise, the traits have no significant correlation
with gel fresh weight/leaf fresh weight and gel dry weight/leaf dry weight (Figure 7).



Agronomy 2022, 12,731

12 0f 18

=
=20
=23 .
cnf Bt 559t
T 252 TEE S Sdd=3
z=r= WS E c£20 = a3
LEnAzE552 2388 ZEZ0E
segelHr e, B E w0058y
5258558884538 5 coeBEE==58535288D
EeExOCIIIE00S 92 ¥QE0S S<00TC0HA S
Plant FW @@@° DODDIIDDIIDIVDVIODIDD D] ° DD :
Root FW @df 9DDIDDIDIDIDDIDIDIIDDDC 2 DD
Plant DW @0 dODIIDPOIDOI0P0DP0IODD”  DOD 08
Root DW @2 @20 3000934 Qa00@Qae00G0 2'&°( :
Gl FW 999990999V IDDIIVODVD ©° DD
Gel DW 99990999V IDIDIIIIDI0° ' DO®
Leaflength @DDODDDDDDIODIIPIODI’ ° DD 0.6
Leaf width @DDDDIIDIDDVIDDIDD D ° DD
Leaf number @OIDDDDIDDDIIDIDID° ' DA
TSS 999909000V DIVOPDD < DD | [ 4
Gel phenol @@V OOVIOVDODI 7 DD
Gel flavonoid @DD0D000VOVDODIDI ¢ JOD
Leaf phenol 9@ DDIIIDIDID* ' DAD 0.2
Leaf flavonoid @900V * DD
N 090000000009 ' DO®
P 9000000000 < 9D 0
K 0000000002 < DO
/n 900000009° < 00
e 0000000 DC < D | -0
Ca 9000V I DD
Mz 0000020 * DOD
Mn QOO “ DO | | o4
Aloin @@ 2 DD
Chla @992 ° 00
Chlb @97 ' DO 0.6
Harvest Index @9 *DD@ '
Gel FW/leaf FW @Vv@0 @ q
Gel DW/Leaf DW @[/ |1

Shoot DW/Root DW @D 08

Biological yield 30

yield@ 4

Figure 7. Pearson’s correlation heat map of soil-based animal manure use X foliar applications

(distilled water, salicylic acid, cerium oxide nanoparticles, and CeO,: SA-nanoparticles) on the

growth, physiological responses, and elemental content of Aloe vera L. plants. FW and DW refer to
fresh and dry weight, respectively.

Heat map analysis for the treatment combinations showed that the following traits
had positive compliance with animal manure x foliar application treatments: plant fresh
and dry weight, root fresh weight, gel fresh and dry weight, leaf length, leaf width, leaf
number, TSS, gel and leaf phenolics, and flavonoids content; N, P, K, Zn, Fe, Ca, Mg, Mn,
aloin, Chl 4, and Chl b content; and the harvest index, shoot dry weight/root dry weight,
and biological yield (Figure 8).

Cluster analysis and heat map dendrograms (Figures 8 and 9) revealed two main
groups in the evaluated characteristics of the Aloe vera plants. Group 1 contained the
following: plant fresh and dry weight, root fresh weight, gel fresh and dry weight, leaf
length, leaf width, leaf number, TSS, gel and leaf phenolics, and flavonoids content; N,
P, K, Zn, Fe, Ca, Mg, Mn, aloin, Chl 4, and Chl b content; and harvest index, shoot dry
weight/root dry weight, biological yield, and plant yield. Moreover, group 2 contained
the following: gel fresh weight/leaf fresh weight and root dry weight. In addition, cluster
analysis of heat maps for treatments showed three main groups. Group 1 used 10% and
20% of animal manure with CeO,: SA-NPs, group 2 used the application 10% and 20% of
animal manure with CeO,-NPs and SA as well as CeO,: SA-NPs without animal manure,
and group 3 included foliar spray of CeO,: SA-NPs without animal manure, and 10% and
20% of animal manure applications alone.
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Figure 8. Heat map of cluster analysis dendrogram for the effects of soil-based animal manure
use and foliar application (distilled water, salicylic acid, cerium oxide nanoparticles, and CeO,:SA-
nanoparticles) on the growth, physiological responses, and elemental content of Aloe vera L. plants.
FW and DW refer to fresh and dry weight, respectively. AM1 = without animal manure), AM2 = 10%
animal manure, and AM3 =20% animal manure. SA is salicylic acid), Ce is cerium oxide nanoparticles,
and CeCoated is CeO,: SA-nanoparticles. The green color and the purple color show the positive
and the negative response of the evaluated traits to the treatments, respectively. Moreover, the darker
green indicates more positive response, and the darker purple indicates more negative responses.

The principal component analysis (PCA) delineates that the evaluated features were
classified under two main principal components (PC1 and PC2) explaining 86.3% of the
total variance. Most of the traits were classified as PC1, and thus they revealed a major
part of the variance (80%), while a minor part of variance (6.3%) was classified as PC2.
Additionally, the PCA approved the results of the Pearson’s correlation and cluster analysis,
so that the dominant traits explaining the majority of total variance were included in PC1.
However, PC2 only included root dry weight, gel fresh weight/leaf fresh weight, and gel
dry weight (Figure 9).
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Figure 9. Principal component analysis (PCA) of soil-based animal manure and foliar applications
(distilled water, salicylic acid, cerium oxide nanoparticles, and CeO,: SA-nanoparticles) on the
growth, physiological responses, and elemental content of Aloe vera L. plants. FW and DW refer to
fresh and dry weight, respectively.

4. Discussion

The widespread use of chemical fertilizers in agricultural production systems damages
the environment, causes pollution of water resources, and reduces the soil microorganism
population. Nanotechnology helps to improve agricultural production by increasing the
nutrients’ efficiency and simultaneously reducing the chemical fertilizers used [1,2,21].
Numerous studies on the effect of cerium oxide on plants have shown that this compound
plays an important role in promoting the physiological responses, gene expression [2,22],
photosynthetic efficiency [23], and the oxidative potential of plants, especially under stress-
ful environmental conditions [24,25], and additionally enhances water use efficiency [26],
improves enzymatic activity, and helps in the absorption of the nutrients [2], and thus
improves plant growth and yield [27,28]. The particular physical and chemical properties
of cerium oxide make it an exceptional substance in manipulating the physiological activi-
ties of plants at low concentrations [2]. Organic fertilizers and foliar application of CeO;:
SA-NPs impacted aloe plants’ yield, chlorophyll content, and other physiological traits.
Improving the activity of optical receptors and, hence, the elevated electron transfer in
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photosynthetic components, improves photosynthesis efficacy and ultimately the plants’
productivity [29]. Studies have shown that cerium oxide at low concentrations improved
photosynthesis, root growth, and the soluble solids content of Medicago arborea [30] and
marigold [12]. Mineral elements have inevitable roles in plants’ growth, quality attributes,
and productivity. Our results also confirmed the previous data regarding the increase
in nutrients” uptake due to cerium oxide and salicylic acid treatments [31-33]. The ap-
plication of 500 mgL~! of cerium oxide reduced the content of zinc, iron, manganese,
and calcium, but with low concentrations, it improved the absorption of those elements
in Salvia mittiollhiza [34]. Kalisz et al. [28] found that foliar application of cerium oxide
increased the content of phenolics, flavonoids, chlorophyll, and antioxidants in lettuce
and sweet pepper. Cerium oxide seems to act as a catalyst in chlorophyll biosynthesis,
increasing light energy absorption and electron transfer from PSI to PSII [35,36]. The re-
sults showed the positive effect of CeO,: SA-NPs with animal manure on the content of
phenolics, flavonoids, and chlorophyll of Aloe vera, which indicates the effectiveness of the
nanoparticles treatment in the present study.

Phenolics and flavonoids are secondary metabolites that play essential roles in the re-
action between cells and their environment and even in the plants” enzymatic activities [37].
The flavonoids accumulation in the plants is controlled by the nutrients” availability and
environmental factors [38]. Results on the application of organic fertilizers alone or in
combination with chemical fertilizers in Cephalaria syriaca [39], Saffron [40], Aloe vera [27],
and tomato [41] showed the increased photosynthetic pigment content, nutrients content
(iron, zinc, and copper), phenolics and flavonoids content and hence the improved plant
yield. The combined application of chemical and organic fertilizers increases the activity of
acid phosphatase and alkaline phosphatase around the roots, which powerfully stimulate
the uptake of phosphorus, nitrogen, zinc, copper, and iron by the plant [42,43]. Organic
fertilizers have significant functions in the soil’s nutrient supply and sustainability, the soil
water storage capacity, and even soil aeration, and thus, help to improve plant growth [39].
Salicylic acid is a phenolic compound and growth regulator with crucial functions in
photosynthesis, plant growth, seed germination, nutrient uptake, stomatal movements,
enzymatic activity, and gene expression. Salicylic acid increases pigment content and the
activity of RuBisco and PEP carboxylase enzymes. Increasing the mentioned activities
improves photosynthesis potential and plant growth and yield [5,44]. Salicylic acid affects
the activity of enzymes involved in nitrogen metabolism, plays an essential role in nitrate
reductase activity, and influences plant proteins content and composition [44]. In a study
in cucumber [33] and Portulaca oleraceae [45], salicylic acid treatment increased plants’ yield,
TSS, and chlorophyll content. Low concentrations of salicylic acid stimulate H,O, produc-
tion. HyO; availability increases phenylalanine ammonia-lyase activity and thus increases
the content of phenolic compounds. Salicylic acid prevents the oxidation of fatty acids,
fortifies membranes’ integrity, and hence stimulates growth parameters [46]. In the present
study, salicylic acid improved the growth and physiological responses of the plant. How-
ever, based on the results, CeO,: SA-NPs were more effective on the studied traits when
combined with animal manure application. Research on saffron [40] and Aloe vera [27,47]
found that organic fertilizer increased flower yield and chlorophyll content. In two separate
studies on aloe plants, it was found that the co-application of poultry manure with chemical
fertilizer stimulated gel biosynthesis and the content of leaf gel [27,47]. The presence of nu-
merous secondary metabolites, especially aloin in the Aloe vera plant improves the economic
and medicinal value of the plant [27]. The increase in aloin content with animal manure use
is due to the improvements in the soil ecosystem which stimulates the growth attributes
and gel biosynthesis. Similar results were reported in the present experiment concerning
aloin content via the application of animal manure and foliar use of CeO,: SA-NCs. In Faba
bean, the use of organic and chemical fertilizers increased the content of copper, manganese,
iron, potassium, nitrogen, calcium, magnesium, and phosphorus [43,48]. Animal manure
use under field conditions increases the activity of soil microbial population, improves soil
water content, the availability of nutrients, adjusts pH, and even improves soil structure
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leading to promoted plant growth and productivity [49-51]. In a study on chickpea, it was
found that the plant’s access to sufficient water and nutrients during the grain-filling stage
increased the harvest index. The present results also showed the increased plant nutrient
uptake due to animal manure and foliar applications. Furthermore, the results revealed the
effectiveness of animal manure application and foliar treatments on increasing the harvest
index and economic yield of Aloe vera.

The widespread use of nanoparticles in modern agriculture is an excellent opportunity
to reach the sustainable agricultural goals. The exceptional physical and chemical properties
of cerium oxide nanoparticles have led to their widespread use in agriculture. Cerium
oxide application under salinity stress increased the expression of the stress-responsive
genes that regulate the biosynthesis of antioxidant enzymes in the glutathione pathway [52].
Nanoparticles play an important role in regulating the expression of upstream genes of
catalase, peroxidase, phosphatase, and superoxide dismutase. The enzymes produced play
fundamental roles in protecting the plant against environmental stresses.

Moreover, nanoparticles protect the photosynthetic apparatus against free radicals
produced in response to the stress factors. Cerium oxide nanoparticles improve photosyn-
thesis potential by enhancing the availability of the nutrients needed for photosynthesis
and improving water use efficiency. Furthermore, studies have shown that nanoparticles
mediate the expression of genes involved in DNA function, hormone biosynthesis, and
photosynthesis, which ultimately impact plant growth and productivity [2].

5. Conclusions

The results showed the positive effects of animal manure and foliar treatments on the
growth and physiological traits of Aloe vera. The application of 10% and 20% manure x foliar
treatment with CeO,: SA-NPs improved most of the growth and physiological characteris-
tics of Aloe vera. Considering that the tropical regions of Iran have a good potential for Aloe
vera cultivation, the results from the present study can be used to advise the agricultural
extension sections to develop cultivation areas with this high-valued crop, especially with
saline and drought-prone areas.
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