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concentration of 0 g L-1 at 50% of the field capacity
value significantly increased the content of proline and
abscisic acid in leaves.

Keywords: Nano-fertilizers, water stress, C.
officinalis, Chlorophyll, Proline, Abscisic acid.

1. Introduction

C. officinalis is a popular medicinal herb from the Asteraceae family of the plant kingdom that
has been used for thousands of years [1]. Water is the medium through which nutrients are
transported from the soil to plant systems. Without soil water, plant growth and productivity are
negatively affected. Water stress affects plant biomass production and chlorophyll content [2].
Water stress below 30% of field capacity, coupled with crop competition for soil moisture and
other resources, may affect or inhibit germination, plant growth, and seed production [3]. [4]
investigated the effect of water stress on plant morphological and physiological characteristics
under field conditions. Water stress at 50% of field capacity resulted in decreased chlorophyll
content, gas exchange, and photosynthetic efficiency, with the highest values under 100% of
field capacity.

Nitrogen is an essential nutrient for plant growth and development and is the most abundant
element in plant cells. It acts as a vital macronutrient that plays various essential roles in plant
physiological processes. It builds essential components such as proteins and nucleic acids and
also plays a role in the synthesis of some vitamins. It gives leaves their dark green color due to
its presence in the chlorophyll molecule and regulates biological functions. However, human-
caused changes are reducing nitrogen availability in ecosystems worldwide, impacting plant and
animal populations [5].

Potassium (K™) is an essential macronutrient for plants, playing a vital role in regulating various
cellular processes, physiological functions, and responses to abiotic stresses such as salinity and
drought. By possessing multiple transporters and channels responsible for uptake, efflux, and
translocation within the cell and from the soil to different tissues as well as maintaining ionic
balance under stress, it acts as a modulator of stomatal movements during water-deficient
conditions [6].

[7] stated that in recent years, the global agricultural system has been negatively impacted by
adverse environmental changes, affecting plant growth, physiology, and production. Abiotic
stress in plants is one of the major constraints to agricultural production and global food security,
and therefore there is a need to develop new methods to overcome these problems and achieve
sustainability. Nanotechnology has diverse applications and has emerged as a new approach to
increasing crop growth and production in agriculture through the use of Nano materials, such as
Nano fertilizers. This is due to the unique properties Nano materials exhibit at the molecular
level, leading to improved physical and chemical properties such as cation exchange capacity,
diffusion, and ion adsorption [8].

For the above reasons, and to increase the production of this plant due to its medicinal
importance, this study was designed to investigate the effect of spraying nitrogen and potassium
Nano fertilizers on some physiological traits of C. officinalis under water stress conditions.

2. Materials and methods
2.1. Methods of planting, treatments and Collection of samples

Sandy loam soil was used in the experiment, and its physical and chemical properties are shown
in Table (1). The soil was placed in plastic pots (40 cm long and 40 cm in diameter, perforated at
the bottom) at a rate of (25) kg of soil per pot.
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This experiment was designed with three factors and three replications in a cross-referenced
design (CRD). The first factor was irrigation with river water at 50% of the soil moisture content
at field capacity as the first level (S1) and irrigation with river water at 100% of the soil moisture
content at field capacity as the second level (S2). The second factor was spraying with three
different levels of Nano liquid nitrogen fertilizer (0, 2, and 4) ml. L* (No, N1, and N2),
respectively. The third spraying factor was represented by three different levels of complex Nano
potassium fertilizer (0, 2, and 4) g. L™ (Ko, K1, and K3), respectively. The experimental units
used in this study are (54) experimental units.

C. officinalis seeds were sown on October 1, 2023, at a rate of 10 seeds per pot. The experiment
continued until the end of winter 2024, after which the number of plants was reduced to three
after germination. Irrigation was based on the plant's water requirements, and the gravimetric
method was used to add irrigation water according to the required level to study its content at the
desired field capacity. After ensuring the emergence of 4-6 full leaves on the plant, the first foliar
spray of two concentrations of Nano nitrogen fertilizer was given, and the first batch of two
concentrations of Nano potassium fertilizer was added the following day as a foliar spray.
Spraying at the above concentrations continued (sprayed every four weeks until 100% flowering
was complete). The control treatment was sprayed with distilled water only. 50 kg h? of
phosphorus was added from a calcium superphosphate fertilizer source before planting. The
content of chlorophyll, proline and abscisic acid in plant leaves was estimated according to the
described methods [9-11], respectively.

2.2. Statistical methods

The data were subjected to analysis of variance using the SAS statistical package version 9.3th
ed. at P<0.05 probability level [12].

Table (1) Some physical and chemical characteristics of soil sample used in this study.

Adjective Value Unit
pH 7.9 ]
Electrical conductivity (EC) 1.28 ds.m*
Organic matter 8.62 gm. Kg?
Ca? 5.5 C mol.Kg ! Soil
Soluble cations Mg** 3.8 C mol.Kg ! Soil
Nal* 2.7 C mol.Kg ! Soil
K* 0.41 C mol.Kg ! Soil
SO4* 6.6 C mol.Kg ! Soil
Soluble anions HCOs™ 2.4 C mol.Kg ! Soil
COs* Nil C mol.Kg ! Soil
Cl 3.3 C mol.Kg ! Soil
Available N 14 gm. Kg?
Available P 13.6 gm. Kg*!
Available K 85.4 gm. Kg*!
Sand 846 gm. Kg?
Sail . 1
separators Silt 83 gm. Kg
Clay 71 gm. Kg?
Texture Sandy loam
Moisture at 10 kPa Tension: 9.6%
Moisture at 33 kPa Tension: 5.8%

*Analyzes in soil analysis laboratories at the Faculty of Agriculture - University of Baghdad
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3. Results and discussion
3.1 Total chlorophyll content of fresh leaves (SPAD unit)

The results shown in Table (2) show that plants treated with irrigation at different rates of field
capacity differed significantly in the trait of total chlorophyll content of their leaves, as plants
that were irrigated with irrigation water at 100% of the field capacity value were significantly
superior and produced leaves that were characterized by the highest total chlorophyll content,
which averaged 16.45 SPAD unit, compared to plants that were treated with the highest rate of
water stress in this study and at 50% of the field capacity value, as they produced leaves with the
lowest average in this trait, which amounted to 14.69 SPAD unit. This shows that water stress
gradually reduces the transfer of electrons to the PSII reaction center due to differences in energy
absorption, retention, and electron transfer, which leads to a decrease in the efficiency of
photosynthesis for PSII, as the chlorophyll content is linked to carbon metabolism, which
increases the plant’s yield, while the increase in chlorophyll affects the increase in the leaf area,
on which the size and efficiency of the carbon metabolism process in the leaves depend
according to [13] view.

The data in the same table indicate that the plants treated with a concentration of 4 ml L™ of
Nano nitrogen were significantly superior, with an average of 17.01 SPAD unit, and an increase
0f 20.64% compared to the control plants, which produced the lowest total chlorophyll content in
their leaves, with an average of 14.10 SPAD unit. From the effects of other individual factors, it
is clear from Table (2) that the plants resulting from spraying with Nano potassium at a
concentration of 4 g L™! were significantly superior, with an average of 16.32 SPAD unit, and an
increase of 12.01% compared to the control treatment plants, whose leaves produced the lowest
chlorophyll content, with an average of 14.57 SPAD unit. The difference between the plants
treated with the different Nano concentrations that were sprayed on the vegetative group differs
in the number of pores in their leaves, their diameters, and the extent of their compatibility with
the diameter of the Nano nitrogen and potassium particles, which controls the rates of
penetration through those pores, and thus is reflected in the difference in the plants’ response.
For Nano fertilizer additives and then their direct or indirect contribution to the estimates of total
chlorophyll pigments in their leaves [14], The reason for the increase may be due to the
possession of Nano fertilizers of physical and chemical activity as a result of the increase in the
surface area of its particles and the presence of a large number of its atoms on the outer surface
of Nano fertilizers, which is reflected in improving the vital activities and increasing the speed of
enzyme activities for the process of photosynthesis and stimulating the divisions of chlorophyll,
thus increasing the ability of green pigments to absorb visible light from sunlight and convert it
into chemical energy stored in the form of organic materials that are transferred to the parts of
the plant to benefit from them in the various functions of the plant [15, 16].

Chlorophyll content is one of the most important biochemical parameters associated with
nitrogen status in plants, as most nitrogen is a structural component of this molecule [17]. [18]
observed that increased chlorophyll concentrations coincide with increased nitrogen supply in
plants.

The data of the two-way interaction between water stress and Nano nitrogen treatment showed a
significant effect on the average of this trait, as the plants that were irrigated with 100% of the
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Table (2) The effect of spraying with Nano nitrogen and potassium on the total chlorophyll
content of fresh leaves (SPAD unit) of C. officinalis plants growing under two different
irrigation water levels.

Nano nitrogen | Nano potassium Irrigation levels (from field capacity
spraying (ml.LY) | spraying (g.L™?) value) S N*K
N K %50 S1%100 Sz
0 12.68 14.62 13.65
0 2 13.56 14.71 14.14
4 14.20 14.85 14.53
0 14.40 14.94 14.67
2 2 14.95 16.41 15.68
4 15.22 17.71 16.46
0 14.53 16.28 15.40
4 2 16.13 19.17 17.65
4 16.57 19.36 17.97
S 14.69 16.45

N
0 13.48 14.73 14.10
N*S 2 14.86 16.35 15.60
4 15.74 18.27 17.01

K
0 13.87 15.28 14.57
K*S 2 14.88 16.76 15.82
4 15.33 17.30 16.32

sN| s*N | s*k | KON

L.S.D 0.05 N K S K S

0.3017 | 0.3017 0.2463 0.6034 | 0.548 0.548 0.8497

field capacity value and treated with N, at a concentration of 4 ml L' achieved the highest
content of total chlorophyll in their leaves with an average of 18.27 SPAD unit and an increase of
35.53% compared to the lowest total chlorophyll content with an average of 13.48 SPAD unit.
The leaves of plants that were treated with the highest water stress were found to be 50% of the
field capacity value with No at a concentration of 0 ml L. The interaction between water stress
and Nano potassium had a significant effect on this trait, as plants irrigated with 100% of the
field capacity and K> treatment at a concentration of 4 g L' gave the highest average of 17.30
SPAD unit compared to the lowest total chlorophyll content recorded in plants treated with the
interaction between the highest water stress at 50% of the field capacity and Ko at a
concentration of 0 g L', with an average of 13.87 SPAD unit. The interaction between Nano
nitrogen and potassium also had a significant effect on the average content of total chlorophyll
pigment in C. officinalis leaves, as the plants treated with N> at a concentration of 4 ml L™ and
K> at a concentration of 4 g L'! Nano together outperformed by giving them the highest average
of 17.97 SPAD unit, with an increase of 31.65% compared to the control treatment, whose plants
gave the lowest average in this trait, amounting to 13.65 SPAD unit.

The results of the three-way interaction between the studied experimental factors indicate
significant differences between the treatments. Plants irrigated with 100% of the field capacity
and treated with both Nano N2K» together produced the highest total chlorophyll content in C.
officinalis leaves, with an average of 19.36 SPAD unit, an increase of 52.68% compared to plants
irrigated with 50% of the field capacity and treated with both Nano NoKo together, with an
average of 12.68 SPAD unit.
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3.2 Proline content in leaves (mg kg™!)

The results in Table (3) showed that the content of the proline amino acid in the leaves of C.
officinalis plants differed significantly according to the individual effect of the three studied
factors (water stress and the added concentrations of Nano nitrogen and potassium). The plants
that were irrigated at 100% of the field capacity value were characterized by a clear decrease in
the proline content of their leaves, with an average of only 3.73 mg kg™! and a decrease rate of
42.97% compared to the plants that were exposed to water stress (irrigation at 50% of the field
capacity value), as they gave the highest proline content, with an average of 6.54 mg kg™!. Plants
treated with (0 and 2 ml L") of Nano nitrogen significantly outperformed with an average of
(6.28 and 4.88 mg kg!) respectively, with an increase rate of (48.11 and 15.09%) compared to
the N, treatment with a concentration of (4 ml L), which produced plants with the lowest
proline content in their leaves, with an average of 4.24 mg kg™'. Also, spraying plants with a
Nano potassium nutrient at a concentration of (0 and 2 g L") led to a significant increase in the
proline content of their leaves, with an average of (5.97 and 4.99 mg kg') respectively,
compared to the N» treatment with a concentration of (4 g L"), which gave its plants the lowest
average of 4.45 mg kg™,

The two-way interaction between water stress and Nano nitrogen treatment indicated significant
differences in this trait, as plants growing under an irrigation water level of 50% of the field
capacity value and treated with Nano nitrogen spraying concentration (0, 2 and 4 ml L)
achieved the highest proline content with an average of (8.29, 6.02 and 5.31 mg kg™)
respectively, compared to the lowest content reached in plants growing under an irrigation water
level of 100% of the field capacity value and treated with Nano nitrogen spraying concentration
(0, 2 and 4 ml L") with an average of (4.27, 3.75 and 3.17 mg kg™!) respectively. The two-way
interaction between water stress and Nano potassium factors was characterized by a significant
effect on this trait, as the highest proline content resulted in the leaves of C. officinalis plants
growing under an irrigation water level of 50% of the field capacity value. The Nano potassium
spray treatment with concentrations of (0, 2 and 4 g L") and an average of (7.80, 6.17 and 5.66
mg kg!) respectively, compared to the lowest content of this amino acid recorded in plants
growing under an irrigation water level of 100% of the field capacity value, and the Nano
potassium spray treatment with concentrations of (0, 2 and 4 g L!) and an average of (4.13, 3.81
and 3.24 mg kg™!) respectively. The binary interaction between Nano nitrogen and potassium was
characterized by a significant effect on the proline content of plant leaves, as the data in the same
table show the superiority of treating plants with No Ko that were treated by spraying with

Table (3) The effect of spraying with Nano nitrogen and potassium on the percentage of
proline (mg kg!) in the leaves of the C. officinalis plant growing under two different
irrigation water levels.

Nano
Nano potassium o : .
nitrogen spraying (g.L Irrigation levels (from field capacity value) S N*K
spraying 1) ' %50 S19% 100 S2
(ml.LY) N K
0 10.81 4.57 7.69
0 2 7.28 4.27 5.77
4 6.79 3.97 5.38
0 6.63 3.94 5.28
2 2 5.92 3.78 4.85
4 5.51 3.53 4.52
0 5.95 3.90 4.92
4 2 5.32 3.40 4.36
4 4.67 2.22 3.45
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S | 6.54 3.73

N

0 8.2 427 6.28

N*S 2 6.02 3.75 4.88
4 531 3.17 424

K

0 7.80 413 5.97

K*S 2 6.17 3.81 4.99
4 5.66 3.24 4.45

L.S.D 0.05 N Ko S KRENTES S
0.058 | 0.058 | 0.0474 | 0.116 | 0.1054 | 0.1054 | 0.1634

distilled water by giving them plants characterized by the highest proline content, which reached
an average of 7.69 mg kg! and an increase rate of 122.90% compared to treating plants with N
K> The concentration of each of them was 4 (ml L', g L") which gave its plants the lowest
content of it, which amounted to 3.45 mg kg™

Through the results of the three-way interaction between the study factors shown in the same
table, it became clear that they had a significant effect on the proline content of plant leaves, as
the treatment of plants with N2K>S> produced the lowest proline content with an average of 2.22
mg kg!, while the NoKoS; treatment produced plants whose leaves were characterized by a high
proline content with an average of 10.81 mg kg™!, with a significant increase rate of 386.94%
compared to the first treatment mentioned.

[19] demonstrated that plant osmotic pressure maintains turgor pressure at low water potential.
Proline accumulation contributes to maintaining turgor pressure in the cell by concentrating
various solutes, which reduces the osmotic potential of the cytosol, thus maintaining plant
growth under drought conditions through the osmoprotective and growth-promoting functions of
amino acids [20]. [21] indicated that the relationship between proline accumulation and
increased or decreased stress tolerance remains controversial in scientific studies, as high proline
concentrations are associated with increased or decreased stress tolerance. This amino acid is
involved in the scavenging of reactive oxygen species (ROS), maintaining protein stability and
pH balance in the cytoplasm [22].

[23] demonstrated that foliar application of Nano nitrogen and potassium increases proline
content and antioxidant enzyme activity, which is critical for stress tolerance, reduces signs of
oxidative stress, and improves photosynthetic efficiency in stressed plants.

3.3 Abscisic acid content of leaves (ug g dry weight)

The results of the study presented in Table (4) showed the significant effect of all the individual
factors studied, as well as their double and triple interactions on the average concentration of the
plant hormone ABA in the leaves of the C. officinalis plant. When the concentration of Nano
nitrogen increased from 0 to 4 ml L™!, the average concentration of the acid decreased from 28.13
png gl dry weight to 24.43 pg g dry weight, with a decrease rate of 13.15%, while when
spraying the nutrient element Nano potassium, it did not differ significantly from its predecessor
in this trait, i.e., the average concentration of abscisic acid decreased from 27.45 pg g dry
weight to 24.91 ug g™ dry weight when the concentration of Nano potassium increased from 0 to
4 g L''. As for the single factor (S), the plants growing under an irrigation water level of 50% of
the field capacity value increased significantly in the average of this trait, which amounted to Its
value was 29.14 pg g™ dry weight compared to plants growing under 100% irrigation water level
of the field capacity value, which achieved an average abscisic acid content of 22.74 ug g dry
weight.
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The results shown in Table (4) confirmed the presence of a significant interaction effect between
the effect of spraying with the nutrient element represented by Nano nitrogen and the effect of
water stress on the average ABA concentration, as the highest value of ABA concentration
reached 32.28 micrograms g dry weight in the NoS; treatment, while the lowest value reached
21.79 micrograms g! dry weight in the N»S, treatment. The same table also showed a significant
interaction in the average ABA content for both experimental factors represented by Nano
potassium and water stress. The KoS; treatment gave the highest average of 31.47 micrograms g™!
dry weight, while the lowest average reached 22.20 micrograms g' dry weight in the K>S,
treatment. In addition, there was a significant decrease in the average ABA concentration with an
increase in the concentration of Nano nitrogen and potassium, as the N2K> treatment recorded a
low average of this trait, reaching 23.18 micrograms g™ dry weight, with a decrease of 19.23%
compared to the NoKo treatment, which gave an increase in the level of ABA concentration with
an average of 28.70 micrograms g”! dry weight.

Regarding the triple interactions, there was a clear significant difference in this trait, as the
treatments NoKoS1 and NoK S achieved the highest value of ABA concentration in the leaves of
the plant under study, reaching 32.97 and 32.63 micrograms g dry weight, respectively, while
the lowest value for this trait reached 21.06 micrograms g'! dry weight in the treatment N2K»S».

Table (4) The effect of spraying with Nano nitrogen and potassium on the leaf content of
abscisic acid (micrograms gm™! dry weight) of C. officinalis plants growing under two
different irrigation water levels.

Nano
_Nano potassium o : .
nitrogen spraying (g.L- Irrigation levels (from field capacity value) S N*K
spraying 1 ' %50 S19% 100 S2
(ml.LY) N &
0 32.97 24.42 28.70
0 2 32.63 23.78 28.21
4 31.22 23.74 27.48
0 31.14 23.12 27.13
2 2 26.77 2242 24.59
4 26.33 21.81 24.07
0 30.32 22.75 26.53
4 2 25.59 21.57 23.58
4 25.31 21.06 23.18
S 29.14 22.74
N
0 32.28 23.98 28.13
N*S 2 28.08 22.45 25.26
4 27.07 21.79 24.43
K
0 31.47 2343 27.45
K*S 2 28.33 22.59 25.46
4 27.62 22.20 2491
* N K*N
L.S.D 0.05 N Kl S |k [3N]S5*K] 5s
0.0755 1 0.0755 ] 0.0616 | 0.151 | 0.1371 | 0.1371 | 0.2265

[24] indicated that plants produce molecules that act as negative regulators of various plant
responses, including abscisic acid (ABA), which is an inhibitory hormone that helps plants adapt
to stress, maintains water balance, prevents seed embryos from germinating, and stimulates seed
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and bud dormancy.

In plants, abscisic acid regulates many plant processes, including plant growth and development,
stress physiology (response to biotic and abiotic stresses), antioxidant activities, and important
roles in the cell such as plant adaptation to environmental influences, seed development,
dormancy, budding, and fruit ripening. It is critical for enhancing stress tolerance. This includes
ABA-mediated control of gene expression to increase antioxidant activities to remove reactive
oxygen species [25].

Abscisic acid plays an important vital role in reducing a variety of stress reactions in plants,
including salinity, low temperature and drought stress. Drought is an abiotic stress and is defined
as a prolonged period of limited water supply. It regulates processes involved in plant growth
such as flower induction, seed dormancy, embryo maturation, seed germination, root and fruit
development and ripening by regulating growth, senescence and interactions with other
hormones such as ethylene and defoliation. This was reported by [26] when applying abscisic
acid to selected medicinal plant species to analyze drought tolerance and leaf yellowing.

Abscisic acid (ABA), present in the root hairs of C. officinalis, enhances the biosynthesis of
terpenoids such as the triterpenoid oleanolic acid and the release of their glycosides (saponins),
acting as a potent catalyst. Therefore, phytohormones (plant growth regulators) can be used as
effective stimulants to enhance plant productivity due to their importance in regulating plant
metabolism and their strong influence on plant defense responses. In addition, the application of
ABA to C. officinalis under water-deficit conditions resulted in a decrease in stomatal
conductivity and net photosynthesis, particularly affecting gas exchange parameters while
restricting flavonoid biosynthesis without altering the total flavonoid content in the
inflorescences. These results highlight the multifaceted effect of ABA on C. officinalis, affecting
both physiological parameters and the production of secondary metabolites in response to
environmental stresses [27].
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