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Abstract

Background Over the years, nanoparticles have emerged as a promising approach for improving crop growth, yield,
and overall agricultural sustainability. However, there has been growing concern about the potential adverse effects
of nanoparticles in the agricultural sector and the environment. The present study aimed to investigate the detrimen-
tal effects of high (1000 mg L™") concentrations of copper oxide nanoparticles (CuO NPs) on barley seedlings. The
equivalent concentrations of CuO bulk and the ionic form of copper were also used in the experiments for compara-
tive analysis. CuO NPs were characterized by Field Emission-Scanning Electron Microscopy, Dynamic Light Scattering,
Zeta Potential analysis, and X-ray Diffraction prior to the application. Barley seedlings were subjected to the foliar
application of CuO NP, CuO bulk, ionic Cu, and control group. The presence of CuO NPs in barley leaves was confirmed
72 hours after treatment by energy-dispersive X-ray analysis.

Results The results showed a CuO NPs treatment led to an impairment of nutrient balance in barley leaves.

An increase in hydrogen peroxide content followed by the higher specific activity of catalase and ascorbate per-
oxidase was also observed in response to CuO NPs, CuO bulk, and Cu?* ions. The profile of phytohormones includ-
ing auxins (IAA and IBA), Gibberellins (GA,, GA,, and GA,), abscisic acid (ABA), ethylene (ET), and jasmonic acid (JA)
significantly affected by CuO NPs, CuO bulk, and Cu?* ions. The transcripts of the PR1 gene involved in systemic
acquired resistance (SAR) and LOX-1 and PAL involved in induced systemic resistance (ISR) were significantly upregu-
lated in response to CuO NPs treatment.

Conclusion Our findings suggest that the systemic resistances in barley seedlings were induced by higher accumu-
lation of ABA, ET, and JA under CuO NPs treatment. The activation of systemic resistances indicated the involvement
of both SAR and SAR pathways in the response to CuO NPs in barley.

Keywords Abiotic stress, Antioxidant enzymes, Hordeum vulgare, Phytohormones, Heavy metals, Engineered
nanoparticles

Background

In recent decades, the fields of nanotechnology devel-
oped rapidly, resulting in the emergence of a plethora of
nanomaterials with diverse applications. Nanoparticles
(NPs) is a group of very small atoms or molecules, char-
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chemical characteristics, which include a higher sur-
face area-to-volume ratio, unique size and shape, crystal
structure, thermal stability, and charge [5, 6].

The NPs incorporation into agriculture has gained
significant attention due to their potential benefits in
enhancing plant growth, increasing vyield, reducing
chemical usage, and overall agricultural sustainability [7].
Despite the benefits of NPs, there has been growing con-
cern about the potentially adverse effects of NPs on living
entities [8, 9]. Cota-Ruiz et al. suggested that plants are
capable of accumulating nanoparticles [10]. In particular,
evidence indicates that the accumulation of NPs within
plant tissues could potentially lead to adverse outcomes
that may negatively impact agricultural yield, ecological
balance, and human well-being [11, 12]. As NPs can be
easily transported across the soil-water-plant interface,
they can readily infiltrate plants and interact with bio-
logical processes, causing unpredictable toxic effects. For
instance, it has been demonstrated that the accumulation
of silver nanoparticles (Ag NPs), in plant tissues, imposes
severe phytotoxicity at various levels ranging from mor-
phological to molecular aspects [13].

Copper ions (Cu®*), a common form of copper in soils,
pose significant toxicity risks to plants due to their high
mobility and adsorption capacity. Cu*" ions are read-
ily absorbed by plants, often leading to the disruption
of physiological processes such as photosynthesis, enzy-
matic activity, nutrient balance and hormonal homeosta-
sis [14, 15]. Excessive Cu®>" can generate reactive oxygen
species (ROS), causing oxidative stress and damage to
cellular components such as lipids, proteins, and DNA.
Studies have demonstrated that Cu®* toxicity can inhibit
plant growth and development, reduce chlorophyll syn-
thesis, and impair shoot and root elongation [16].

Among nanoparticles, copper oxide nanoparticles
(CuO NPs) have emerged as a promising candidate for
agricultural applications. CuO NPs possess unique phys-
icochemical characteristics that render them appropriate
for diverse agricultural applications such as plant pro-
tection, nutrient delivery, and soil remediation [5, 17].
Despite the potential benefits of CuO NPs in agriculture,
their overuse can have deleterious effects on plants, due
to their water solubility and tendency to accumulate in
soil [18]. CuO NPs can accumulate in plant tissues, lead-
ing to potential phytotoxicity [19]. In addition, CuO NPs
can also cause environmental pollution if they are not
properly disposed of. Therefore, it is imperative to care-
fully evaluate the potential hazards associated with the
application of CuO NPs in plant production.

Several studies have revealed exposure to varying levels
of CuO NPs or Cu®" ions result in the higher generation
of reactive oxygen species (ROS) in different plant spe-
cies. For instance, Shah et al. demonstrated that different
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concentrations of CuO NPs suppressed the growth rate
and induced oxidative damage Cucumis melo seedlings
[20]. Wang et al. reported that CuO NPs application led
to inhibition of seedling growth, and pollen germination
of different Arabidopsis thaliana ecotypes [21]. Moreo-
ver, other studies have also reported similar findings,
indicating adverse impacts of CuO NPs on the growth,
development, and physiological and molecular processes
of plants [19, 22], indicating the unfavorable impact of
CuO NPs on the proliferation, maturation, and biochemi-
cal and genetic mechanisms of plants.

Numerous studies have documented a link between
NPs and phytohormones. Phytohormones not only play a
regulatory role in plant growth and development, but also
act as a pivotal element in the coordination of plants’ tol-
erance mechanisms in response to external factors [23].
The exposure of cotton to CuO NPs resulted in a remark-
able elevation in Abscisic acid (ABA) content. Moreover,
the concentration of ABA exhibited a direct correlation
with the dosage of the treatment. [24]. Furthermore, Gui
et al. reported a rise in the concentrations of various phy-
tohormones within the root systems of both transgenic
and non-transgenic rice, upon exposure to yFe20O3NPs
[25]. Exposure to nanoparticles could also lead to altera-
tion of genes transcription concerned in biosynthetic
or signaling pathways of some phytohormones, such as
auxin repressor, ABA biosynthetic genes, and ethylene
(ET) signal transduction components [26, 27].

Apart from regulating responses to abiotic factors,
stress-related phytohormones are able to trigger sys-
temic immune responses in plants affecting both patho-
genic and beneficial microbe interactions. There are two
main systemic defense mechanisms in plants that play a
pivotal role during biotic interactions, namely SAR (sys-
temic acquired resistance) and ISR (induced systemic
resistance). These responses to biotic stresses are elic-
ited through the action of phytohormones including ET,
ABA, jasmonic acid (JA), and salicylic acid (SA) [28, 29].

Certain genes are associated with different defense
pathways, such as PR proteins (pathogenesis-related
proteins) typically expressed in conjunction with the
SAR pathway, and the lipoxygenase (LOX-1) and pheny-
lalanine ammonia-lyase (PAL) genes have been linked
to the ISR pathway [28, 30]. Numerous reports have
reported the enhanced expression of PR proteins under
both biotic and abiotic stresses. PR proteins are instru-
mental in enhancing defense mechanisms in plants and
serve as indicators for defense signaling pathways that
confer enduring protection against stressors [31, 32].
Furthermore, Abdelkhalek and Al-Askar. discovered that
spraying tomato plants with zinc oxide nanoparticles
(ZnO NPs) either before or after being infected with the
TMYV (tobacco mosaic virus) increased the expression
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of certain systemic immune genes including PAL, PR-1,
CHS, and POD [33].

Barley holds significant importance as a cereal crop,
cultivated extensively across the globe due to its eco-
nomic value. Additionally, it serves as a valuable model
for studying the plants response to environmental
stresses and external factors. However, there is limited
understanding of the impact of NPs on cereal crops like
barley, particularly that of CuO NPs, on the signaling
pathways of ISR and SAR through changes in phytohor-
mones content and the expression of defense gene (PR-
1, PAL, and LOX-1). In this context, understanding the
effects of CuO NPs can provide insights into the detri-
mental impacts on various physiological and biochemical
processes, plant health, and risk assessment.

Given the multifaceted functions of phytohormones
in responding to external abiotic stresses and their role
in triggering the systemic resistances, this study was
designed with two main objectives. Firstly, we aimed to
investigate the changes in the antioxidant activity and
phytohormones level and possible activation of ISR and
SAR pathways in barley in response to CuO NPs. Sec-
ondly, we aimed to compared and contrast these effects
to impacts induced by bulk CuO and ionic form of Cu.

Methods

Characterization of CuO NPs

CuO NPs (size<100 nm) and CuO bulk (100-10,000
nm) were purchased from Iranian Nanomaterials Pio-
neers Company. NPs were characterized by Field Emis-
sion-Scanning Electron Microscopy (FE-SEM, TESCAN
MIRA, USA) (Supplementary Fig. 1), Dynamic Light
Scattering (DLS) (Supplementary Fig. 2), Zeta potential
analysis (DLS/ZETA Potential, Nano-flex2 Model, Ger-
many) (Supplementary Table 1), and X-ray Diffraction
(XRD, Philips PW1730, Netherlands) (Supplementary
Fig. 3). Seventy-two hours after the foliar application of
CuO NP solution (Refer to section 2.3) on barley leaves,
Energy-dispersive X-ray (EDX) analysis was performed
using a Scanning Electron Microscopy (FEI ESEM
QUANTA 200, USA) configured with an EDAX EDS
system (EDAX EDS Silicon Drift 2017 detector, USA) to
confirm the existence of CuO NPs in barley leaves (Sup-
plementary Figs. 4 and 5, Supplementary Tables 2 and 3).

Plant materials and growing condition

Seeds of barley (Hordeum vulgare L., Zehak cultivar)
were obtained from the Seed and Plant Improvement
Institute (SPII). The seed sterilization process involved
brief immersion in 70% ethanol for two minutes, fol-
lowed by a five-minute soak in 6% sodium hypochlorite
solution. Afterward, the seeds were thoroughly rinsed
with distilled water. Sterilized seeds were planted in 90
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mm plastic pots, with a growing medium consisting of
a mixture of two-thirds peat moss and one-third perlite.
Pots were maintained under controlled environmen-
tal conditions, with a day/night temperature range of
25+2°C (16 hours of light) to 20+ 2°C (8 hours of dark-
ness). The humidity was maintained at 65-70%, and the
plants received a light intensity of 340 pmol m~2s~" for
three weeks. All plants received daily irrigation with
deionized water and weekly half-strength Haugland solu-
tion throughout the cultivation period.

Preparation and application of CuO NPs, CuO bulk,

and ionic Cu suspension/solution

In this study, micro and nano-sized copper oxide were
used as counterparts to compare the effect of copper at
different sizes, whereas the ionic form of Cu was used to
distinguish the impacts of ions and particles. Suspensions
of CuO NPs and CuO bulk were prepared at 1000 mg.
L7 in 250 mL volumetric flasks, using Millipore water.
The ionic copper solution was prepared by dissolving 2
g of copper sulfate (CuSO,.5H,0) (Cu content equal to
the Cu content of in nano and bulk suspension) in 250
ml of deionized water. In order to prevent aggregation,
suspensions, and solutions underwent a 30-min sonica-
tion process using an ultrasonic water bath at a tempera-
ture range of 20-25°C and a power output of 180 watts.
(Model Elma S30/H - HU193, Germany). Twenty-one
days after sowing, pots were randomly divided into 4
groups (Control, CuO NP treatment, CuO bulk treat-
ment, and ionic Cu treatment). The respective solutions
were applied by spraying on the leaf surface of the plants,
while the control group received deionized water. Sam-
ples were carefully taken 72 hours after foliar treatment
from identical phyllotaxis positions. The external Cu was
removed from the leaves by rinsing before drying or pres-
ervation at —80°C.

Measurement of Cu and other nutrients content

Dried barley leaves were subjected to digestion utilizing
5 mL of HNO; (67-70%) and heated for a duration of
45 minutes at 115°C on a DigiPREP MS digestion block
(SCP Science, NY) and were subsequently diluted to a 50
mL volume using Millipore water and were analyzed uti-
lizing inductively coupled plasma optical emission spec-
troscopy (ICP-OES, Perkin-Elmer Optima 8300 DV) [34].

Determination of hydrogen peroxide (H,0,) content

Fresh leaves (0.5 g) were first blended in a solution con-
taining 0.01% trichloroacetic acid (TCA) and then sub-
jected to centrifugation at 12,000 g for 15 minutes at a
temperature of 4 degrees Celsius. After centrifugation,
the resulting supernatant was combined with 500 pL of a
phosphate buffer (100 mM) and 2 ml of a 1 M potassium
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iodide solution. This mixture was then left in the dark for
one hour. Subsequently, the absorbance of the resulting
solution was measured at a wavelength of 390 nm using
a spectrophotometer (Shimadzu UV-1601PC, Japan). The
concentration of hydrogen peroxide (H,O,) in the sam-
ples was determined by comparing the absorbance to a
standard curve generated by measuring the absorbance
of H,O, standard solutions prepared in 1% TCA. The
results were expressed in umol per gram (umol. g—*) [35].

Determination of antioxidant enzymes activity

Leaf samples (0.25 g) were finely ground in an ice-cold
mortar, with the addition of a 100 mM phosphate buffer
(pH 7) that also contained 1% PVP (Polyvinylpyrro-
lidone) and 1mM EDTA (Ethylenediaminetetraacetic
acid). Following homogenization, the mixtures were then
subjected to centrifugation at 10,000 g for 15 minutes at
4°C. The resulting supernatants were divided into smaller
portions (aliquots) and stored at —20°C for subsequent
measurements of antioxidant enzyme activity. Further-
more, the protein content in these samples was deter-
mined based on Bradford [36].

Determination of catalase (CAT) specific activity was
conducted based on the method described by Aebi [37].
To initiate the enzymatic reaction, 100 pl of enzyme
extract was added to a mixture consisting of 1 ml of
potassium phosphate buffer (50 mM, pH 7.0) and 100
ul of H,0O, (100 mM). Over a period of 3 minutes, the
changes in absorbance resulting from the decomposition
of H,0, were monitored at a wavelength of 240 nm. The
specific activity of catalase was quantified and expressed
as U. mg protein™'.

The specific activity of ascorbate peroxidase (APX) was
conducted following the protocol outlined by Nakano
and Asada [38]. To initiate the reaction, a 1 ml mixture
was prepared, comprising 50 mM potassium phosphate
(pH 7), 0.2 mM EDTA, 0.5 mM ascorbic acid, and 50 pl
of enzyme extract. The addition of H,0O, (0.25 mM) to
the mixture triggered the reaction, and the absorbance
was recorded at a wavelength of 290 nm over a 3-minute
period. The activity of APX was quantified and expressed
as U. mg protein .

The specific activity of superoxide dismutase (SOD)
was assessed by determining the inhibition of photo-
chemical reduction of NBT (nitroblue tetrazolium) fol-
lowing the method outlined by Giannopolitis and Ries
[39]. The reaction mixture comprised 195 mL of 0.1 M
potassium phosphate buffer (pH 7.5), 150 mM methio-
nine, 1.2 mM Na,EDTA, 24 uM riboflavin, 840 uM NBT,
and 50 pL of plant extract. The reaction was initiated by
exposing this mixture to light. As a reference, an identical
solution without exposure to light was used as a blank.
Furthermore, a control was prepared by subjecting an

Page 4 of 16

irradiated reaction mixture to light without including
enzyme extract. To measure SOD activity, the absorbance
of the samples was recorded at 560 nm using a spectro-
photometer. One unit (U) of SOD activity was defined as
the quantity of enzyme necessary to cause a 50% reduc-
tion in the NBT reduction reaction within one minute.
The data were expressed as units per milligram of protein
(U. mg~! protein).

Determination of phytohormones content
Phytohormones were extracted by the method described
by Singh et al. [40]. Barley leaves (1 gr) were finely
blended in a solution of 80% methanol, and 100 mg. 1™
BTH (butylated hydroxytoluene). After homogenization,
these mixtures were left in the dark at a temperature of
4°C overnight. Additionally, stable isotope-labeled hor-
mones were introduced as internal standards for analy-
sis. The mixture then was subjected to a freezing and
thawing process, and centrifugated at 9000xg at 4°C for
30 minutes. the resulting solution was then vacuum-
evaporated using a Buchi Rotavapor Re Type apparatus.
Afterward, the solution was redissolved methanol (1 ml,
HPLC grade) and filtered prior to analysis. The phyto-
hormones content was determined by an HPLC system
(Agilent 1260, Agilent, USA) equipped with binary 1260
infinity LC G1312B reciprocating pumps, a variable UV-
VIS detector system (G1314F VWD UV detector, Agi-
lent), an integrator, and Agilent Lab Advisor software.
Reverse-phase chromatography was performed using a
C-18 reverse-phase HPLC column according to Liu et al
[41]. The running conditions consisted of a mobile phase
comprising methanol: 0.4% acetic acid (80:20, vol/vol),
flow rate set at 1.0 ml/min, injection volume of 5 um, and
detection at 290 nm. Both internal and external stand-
ards such as ABA, SA, JA, Indole-3-acetic acid (IAA),
Indole-3-butyric acid (IBA), trans-zeatin (t-ZR), dihy-
drozeatin (DHZ), and gibberellins (GAs) were employed.
To qualitatively characterize the compounds, co-injec-
tion and retention time (Rt) were compared. Moreover,
the peak areas of the reference compounds were com-
pared with those of the samples analyzed under identical
elution conditions to determine the concentrations of the
compounds.

The leaf samples were placed in vials containing filter
paper soaked in 1 ml of deionized water and sealed with
rubber serum caps. The samples were then incubated in
darkness at a temperature of 27°C on a rotating shaker
(100 rev. mm) for six hours. After the incubation period,
a gas sample of 1 ml was extracted from each flask’s head-
space, and subsequently, the content of ethylene was
assessed using a Shimadzu GC-MS model QP2010 SE
gas chromatograph that was fitted with a flame ionization
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detector, an alumina column, a turbomolecular pump,
and a rotary pump.

Gene expression analysis

The specific primers for lipoxygenase 1 (LOX-1), Patho-
genesis-related proteinl (PR-I), and Phenylalanine
ammonia-lyase 1 (PAL-1) were designed based on the
sequences from the NCBI database by Vector NTI soft-
ware (Supplementary Table 4). RNA extraction and
quantification, cDNA synthesis, and quantitative real-
time PCR were performed according to Ahangir et al.
[42]. Actin served as an internal control for normaliza-
tion. The relative expression genes and statistical signifi-
cance were assessed by REST software [43].

Statistical analysis

The experiments were structured using a complete ran-
domized design (CRD). The results represent the means
of three independent replications, and standard error
(SE) is indicated. After confirming the normal distribu-
tion of data, statistical assessment was carried out using
analysis of variance (ANOVA) at a significance level of
P <0.05. Subsequently, Duncan’s multiple range test was
conducted to compare the means, and all analyses were
performed using SPSS software (version 21).

Results

Nutritional status

The result of the application of CuO NPs, CuO bulk, and
Cu®* ions on nutrient content in barley leaves is pre-
sented in Table 1. Leaf copper (Cu) content significantly
increased in response to all treatments. The Cu’*" ion
treatment led to a significant 15.67-fold increase in Cu
content in barley leaves. Furthermore, the CuO NPs and
CuO bulk treatment significantly increased Cu content
by 77% and 26%, respectively, as compared to the con-
trol. The application of CuO NPs, CuO bulk, and Cu**
ions resulted in a significant (?<0.05) reduction of leaf
nitrogen (N) content by 19%, 8%, and 24%, respectively.
The calcium (Ca) content declined by approximately
28% under both the CuO NPs and Cu®*" ions exposure.
The CuO bulk treatment caused an 8% decrease in the
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leave Ca content, as compared to the control group. The
leaf zinc (Zn) content decreased by 43%, 27%, and 52%
in response to CuO NPs, CuO bulk, and Cu®" ions treat-
ments, respectively, as compared to the control group.
Similarly, the application of CuO NPs, CuO bulk, and
Cu*" ions led to a significant (P<0.05) reduction (36%,
43%, and 16% reduction, respectively) in the magnesium
(Mg) content of barley leaves.

Hydrogen peroxide content (H,0,) and antioxidant
enzymes activities

The barley seedlings exhibited a significant increase
(P<0.05) in their hydrogen peroxide content by 33%
upon the application of CuO NPs. Furthermore, the
application of CuO bulk, and Cu®" ions caused a sig-
nificant (2 <0.05) elevation of 20% and 43% in the H,O,
content, respectively, as compared to the control group
(Fig. 1a).

The specific activity of the SOD enzyme in barley leaves
remained unaffected by the application of CuO NPs and
CuO bulk, whereas the addition of Cu®* ions resulted in
a significant increase (22%) in the SOD activity (Fig. 1b).

Application of CuO NPs, CuO bulk, and Cu*" ions
significantly increased (P<0.05) the specific activity
of APX and CAT in barley leaves. The highest activity
of these two enzymes was observed in Cu®" ions treat-
ments (Fig. 1c, d). The specific activity of APX increased
1.82-fold, 1.48-fold, and 2.16-fold in response to CuO
NPs, CuO bulk, and Cu*" ions treatment, respectively
(Fig. 1c). Similarly, the specific activity of CAT exhibited
a 57%, 37%, and 89% increase in response to the applica-
tion of CuO NPs, CuO bulk, and Cu** ions, respectively
(Fig. 1d).

Phytohormone content

Significant alterations in the phytohormones content of
barley seedlings were observed as a result of CuO NPs,
CuO bulk, and Cu*" ions treatments. The IAA content
exhibited a significant decrease (P<0.05) in all three
CuO NPs, CuO bulk, and Cu* ion treatments, as com-
pared to the control group. The highest decrease in [AA

Table 1 Effects of CuO NPs, CuO bulk, and Cu ion treatments on nutrient contents in the leaves of barley. Data are presented as
mean + standard Error (SE). Different letters indicate a significant difference (p <0.05) according to Duncan’s multiple range test

Treatment Nutrient content (ug.g~")

Cu Ca Zn N Mg
Control 686+0.11d 1.57£000a 33443+557a 16.73£0.20 a 1.06+0.01 a
CuO NPs 12.19+0.28 b 1.10+0.01 ¢ 18730+1733 ¢ 1351+£038¢ 0.67+0.05c
CuO bulk 867+0.52 ¢ 144+001b 24094+1206b 15.25+0.09b 0.88+0.02 b
Cuion 15.70+£0.13a 1.12+0.00 ¢ 1595941269 ¢ 12.56+046 ¢ 0.60+0.06d ¢
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Fig. 1 Effects of CuO NPs, CuO bulk, and Cu ion treatments on H,O, content (a), activity of superoxide dismutase (b), ascorbate peroxidase (c),
and catalase (d) enzymes in barley leaves. Data are presented as mean + standard error (SE). Different letters indicate a significant difference

(p<0.05) according to Duncan’s multiple range test.

content was observed in Cu?* ion (57%) and CuO NPs
(52%) treatments (Fig. 2a). The IBA content significantly
(P<0.05) reduced by 76%, 71%, and 79% in CuO NPs,
CuO bulk, and Cu®" ion treatments, respectively, as com-
pared to the control. However, no significant differences
were observed between the different treatments (Fig. 2b).

Figure 3 depicts the effects of CuO NPs, CuO bulk,
and Cu’" ions treatments on the gibberellins content in
barley leaves. The application of CuO NPs and Cu** led
to a significant (P<0.05) decrease in the GA;, GA,, and
GA, content in barley leaves, as compared to the con-
trol group (Fig. 3). Nevertheless, the utilization of CuO
bulk merely resulted in a significant decrease in the GA,
component and did not exert a considerable impact on
the concentrations of GA; and GA,. Application of CuO
NPs and Cu®" ion treatments resulted in an approximate
reduction of 62% and 69%, in GA,, and 51% and 39%, in
GA, content, respectively. An 83%, 78%, and 54% reduc-
tion in the GA, content was observed in CuO NPs, CuO
bulk, and Cu®" ions treatments, respectively.

The impacts of CuO NPs, CuO bulk, and Cu®" ions
treatments on the cytokinins content of barley leaves
are presented in Fig. 4. The content of trams-zeatin
(Fig. 4a) and dihydrozeatin (Fig. 4b) were not significantly
(P<0.05) affected by either of the treatments.

The content of stress-related phytohormones in bar-
ley leaves also affected the application of CuO NPs,

CuO bulk, and Cu** ions (Fig. 5). The content of JA
significantly (P<0.05) increased in response to CuO
NPs and Cu®* ions treatments and exhibited a 1.73 and
2.03-fold increase compare to the control, respectively,
whereas, CuO bulk application, did not affect the JA
content (Fig. 5a).

CuO NPs, CuO bulk, and Cu®* ions treatment led to a
46%, 20%, and 60% increase in ET content, respectively
(Fig. 5b). Notably, the highest increase was observed in
plants treated with Cu®* ions.

The imposed CuO NPs, CuO bulk, and Cu** ions
treatments led to a significant (P <0.05) decrease in the
SA content of barley leaves (Fig. 5c). The most signifi-
cant decline in SA content was recorded in Cu*" ions
treatment by approximately 95%, as compared to the
control group. Furthermore, the application of CuO
NPs and CuO bulk also led to a significant decline of
73% and 44% in SA content, respectively.

All CuO NPs, CuO bulk and Cu?* ions treatments
resulted a significant (P<0.05) rise in ABA levels, as
compared to the control group. The use of CuO NPs,
CuO bulk, and Cu*" resulted in 43.0, 35.33, and 44.68-
fold increases in ABA content of barley leaves, respec-
tively (Fig. 5d).
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Alteration in the gene expression patterns

Quantitative real-time PCR results revealed that expo-
sure to CuO NPs, CuO bulk, and Cu®* ions significantly
affected LOX-1, PAL, and PR-1 gene expression in barley
(Fig. 6). A significant up-regulation of the LOX-1 gene
was observed in all treatments, particularly, CuO NPs
and Cu*" ions, resulting in of 7.63 and 7.35-fold increase,
respectively. A significant increase in PAL gene tran-
scripts was also observed in CuO NPs, CuO bulk, and
Cu®* ions treatments, with a 1.66, 1.55, and 5.75-fold
increase, respectively, as compared to the control. Expo-
sure to CuO NPs, CuO bulk, and Cu** ions led to the
upregulation of PR-1 gene with 4.56, and 1.47, and 64.35-
fold compared to the control group.

Discussion

Several studies indicated that the growth rate and devel-
opmental process of crops can be adversely affected by
the presence of metal and metal oxide nanoparticles [44].
This effect is most likely caused by the discharge of toxic
metal ions from these nanoparticles [45, 46], which sig-
nificantly reduces mineral absorption by plants [47-49].
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In our study, foliar administration of CuO NPs resulted
in a significant decline in the nutrient content of barley
leaves. Consistent with our findings, the foliar application
of Ag NPs (1000 mg.L™%; size: 35 nm) led to the reduc-
tion in the mineral nutrient of tomato [50]. Similarly,
Dimkpa et al. observed a reduction in the shoot concen-
tration of Zn and Ca with the application of CuO NPs at
sizes of 100, 250, and 500 mg.kg’1 with a dimension of
50 nm [51]. Peralta-Videa et al. reported that the pres-
ence of even small amounts of CeO, and ZnO NPs in
NP-amended soil can disrupt the absorption of crucial
nutrients in soybean plants [52]. Furthermore, the altera-
tion in nutrient content (Fe, Cu, Mg, Zn, and Na) in the
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transgenic cotton has been observed as a result of CeQO,
and SiO, NPs treatments [53—55].

In the current study, the contents of Cu in the barley
leaves significantly increased due to CuO NPs treat-
ment. The presence of nanoparticles in the leaves was
also observed and verified through the utilization of SEM
images (supplementary Figs. 4 and 5). Accumulation of
Cu in alfalfa was also reported in response to the applica-
tion of CuO NPs sized between 10—100 nm at concentra-
tions of 5, 10, and 20 mg L' [56]. The notion that heavy
metal elements restrict mineral absorption in plants has
been widely accepted [48, 49]. In our study, the highest
Cu content and the nutritional imbalance were observed
in Cu®*" ion treatment followed by CuO NPs treatment
and bulk CuO. Due to their small size, CuO NPs can be
more readily taken up by plants compared to bulk CuO.
CuO NPs may also release copper ions more rapidly
than bulk CuO due to their higher surface area and dis-
solution rate. The higher nutrient imbalance CuO NP
treatments compared to bulk CuO may be attributed to
higher solubility and bioavailability, leading to increased
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competition with other essential elements. These find-
ings suggest that while CuO NPs contribute to nutrient
imbalances, the effects are not solely nanoparticle-spe-
cific but are also linked to the release of Cu** ions. The
minor changes in nutrient contents of CuO bulk treat-
ment can be attributed to the lower surface area and ioni-
zation rate. The observed reduction in nutrient content,
such as Zn and Mg, can be attributed to the interference
of Cu with the uptake of other essential elements. It has
been reported that excessive Cu can inhibit the absorp-
tion pathways of other nutrients by interaction and com-
petition with metal transporters. Furthermore, under Cu
toxicity, alteration in the expression of genes involved in
nutrient uptake can negatively affect nutrient homeosta-
sis in plants[15, 16]

Copper-based NPs have been noted for their diverse
range of shapes and oxidation states. CuO NPs are more
hazardous than Cu NPs, due to their oxidizing charac-
teristics. These nanoparticles can be further oxidized to
either Cu* (Cu,0) or Cu**" (CuO) [57], which give rise to
the formation of ROS and oxidative stress. Higher gen-
eration of ROS, such as H,0O, can ultimately damage cell
macromolecules [58]. Accumulation of CuO NPs in the
plant affects the physiological processes that also induce
ROS formation [59]. The present study highlights the sig-
nificant elevation of H,O, content in barley leaves upon
exposure to different Cu treatments. The increased ROS
generation in CuO NP-, bulk CuO, and Cu**-treated bar-
ley seedlings confirm that Cu-induced stress, rather than
a nanoparticle-specific effect, plays a major role in trig-
gering oxidative responses. However, the higher ROS
accumulation observed in CuO NP treatments compared
to bulk CuO suggests that nanoparticles, due to their
increased surface area and dissolution rate, may exacer-
bate oxidative stress. The ability of CuO NPs to generate
ROS has been documented in several studies, confirm-
ing their potential to induce stress responses in plants
beyond what is observed with bulk materials. For exam-
ple, Chung et al. reported that the generation of malondi-
aldehyde (MDA) and H,O, was also increased in Brassica
rapa ssp. rapa treated with CuO NPs, ultimately leading
to DNA damage as indicated by the DNA ladder test [60].

The harmful outcomes of ROS can be overcome by the
activation of antioxidative enzymes responsible for the
dismutation of superoxide (SOD) and H,O,-metabolism
(APX and CAT). These enzymes play a crucial role in
maintaining the equilibrium of ROS in plants [61, 62].

The process of converting H,0O, into water and oxy-
gen is aided by enzymes APX and CAT in different
cell organelles including chloroplasts, cytosol, mito-
chondria, and peroxisomes [63]. Our data revealed
the heightened APX and CAT enzymatic activities in
barley seedlings that were exposed to Cu** ions, CuO
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NPs, and CuO bulk treatments, respectively, which
were proportionate to the H,O, content of each treat-
ment. Higher activity of APX and CAT have enabled
the plants to effectively counteract the adverse effects
of excessive H,0O, in tomato plants [64]. Yusefi-Tanha
et al. indicated that the type and concentration of
copper compounds, as well as their interactions dif-
ferentially impacted MDA content and the activity
of different antioxidant enzyme biomarkers, includ-
ing SOD, CAT, POX, and APX in soybean (soil-grown
Glycine max) [65]. Moreover, the impact of CuO NPs
on the process of lipid peroxidation and the efficacy of
antioxidant biomarkers in soybean leaves at 120 days
after plantation was correlated with both the size of the
particles and their concentration. In contrast, our find-
ings are distinct from some other studies, which docu-
mented a decline in the activity of antioxidant enzymes
such as CAT and APX under CuO NPs stress [56, 66].
Therefore, it is imperative to examine the varied effects
of NPs on different enzymes, which are linked to fac-
tors such as dimension, surface area, concentration,
and exposure time, as well as the age and species of
the targeted plants [67]. The results of our study also
demonstrate that the level of SOD activity was higher
in response to Cu?* ion treatment than CuO NPs and
CuO bulk treatments, indicating of Cu** ions pose the
most toxic effects within the plant cell.

Physiological and developmental processes in plants
are regulated by chemical compounds commonly known
as phytohormones. There are five primary plant growth
hormones: Auxins (IAA and IBA), cytokinins (t-ZR and
DHZ), GAs, ABA, and ET [22]. Other compounds like
SA and JA, help plants defend against biological and
environmental stressors [68, 69]. The presence of nano-
particles in plants may cause changes in phytohormone-
related processes. This occurs due to the distribution and
accumulation of NPs in different parts of the plant, which
alters the synthesis, concentrations, and signaling path-
ways of specific phytohormones [70, 71].

In the present study, CuO NPs treatment imposed an
adverse on the production of endogenous auxins (IAA
and IBA) in barely compared to the control groups. This
observation is in agreement with the suppression of IAA
levels in A.thaliana under ZnO NPs [72]. In addition to
hindering auxin biosynthesis, it has been reported that
auxin signaling pathways can be negatively influenced
by NPs [72]. Sun et al. suggested that Ag NPs, could be
traversed plant cells via plasmodesmata and hinder the
binding of auxin to its receptor [73]. Wang et al. reported
that Cu NPs treatment led to a decrease in the expression
of the auxin signaling F-box protein, involved in negative
feedback regulation during auxin signaling process [21].

Our study showed that the application of Cu*" ion,
CuO bulk, and CuO NPs had no significant effect on
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t-ZR and DHZ levels in barley seedlings. In line with our
findings, CeO, NPs did not alter the t-ZR content in the
leaves and roots of Bt-transgenic cotton compared to the
control group [71].

The contribution of GAs to plant growth, development,
and response to stressors is significant [74]. The impacts
of nanoparticles on the content of endogenous gibberel-
lin in plants have been documented [75, 76]. The results
of the present study revealed that the use of CuO NPs,
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CuO bulk, and Cu** ion treatments led to a reduction
in gibberellin (GA,, GA,, and GA,) levels. Similar to our
results, the concentration of GA decreased significantly
upon exposure to different doses of CuO NPs (10, 200,
and 1000 mg.L™!) in cotton leaves [71]. This phenom-
enon may be caused by the ability of Cu to downregu-
late the transcription of GAs biosynthetic pathways. In
a comparative analysis, it was noted that spinach plants
exposed to Cu stress displayed a protective response to
stress-induced damage when exposed to lower concen-
trations of gibberellin through increased proline and
antioxidant enzyme contents. Conversely, these param-
eters were adversely affected by higher concentrations of
gibberellin, resulting in higher oxidative damage [77].

Exposure to nanoparticles is likely to elicit a rapid
response in the ABA signaling pathway of plants [78,
79]. Our results indicated that the ABA content in barley
leaves significantly increased following exposure Cu NPs,
CuO bulk, and Cu** ions. Our results are corroborated
by the findings of Le Van et al. which observed a rise in
ABA levels of cotton exposed to the high concentrations
of CuO NPs (200 and 1000 mg.L™!) [80]. Similarly, Yue
et al. found that La,O5 nanoparticles increased the ABA
content in maize seedlings, causing the ABA receptor to
activate the ABA signaling pathway and improve stress
tolerance by triggering the plant’s antioxidant defense
mechanisms [81]. Vankova et al. found that exposure to
various concentrations of ZnO NPs (20 and 100 mg L)
resulted in a significant increase of ABA content in A.
thaliana’s leaves and apices [72]. The elevation in ABA
content in Arabidopsis plants exposed to Ag NPs was
consistent with the increased expression of NCED3 and
RD22, two genes related to the biosynthesis and signal-
ing of ABA [27, 72]. The protective mechanisms of ABA
against metal NPs may be similar to its role in response
to metal ions stresses. Our results demonstrated a similar
increase in ABA content in CuO NPs and Cu®" ion treat-
ment in barley leaves. Tao et al. discovered that the appli-
cation of ABA on grapevine and lettuce plants under Cd
and Zn stress resulted in a decrease in metal bioaccumu-
lation, increased biomass, and up-regulated the zinc/iron
transporter protein (ZIP) family [82]. Additionally, Song
et al. also demonstrate that ABA plays a key role in the
mitigation of Zn toxicity by enhancing the expression of
genes that are associated with the detoxification of heavy
metals in grapevine plants [83]. The occurrence of ABRE
(ABA-responsive elements) in specific gene promoter
regions indicates that ABA has a notable impact on gene
expression when subjected to metal stress, including
exposure to gold nanoparticles [84]. In a study on Cd-
stressed rice, the overexpression of the OsNCED4 gene
was observed, which suggests the importance of ABA in
coping with Cd toxicity [85].
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The ISR pathway is induced by the accumulation of ET
and JA, and plays crucial roles as a fundamental com-
ponent of the plant immune system. Our study revealed
that exposure to CuO NPs, Cu?* ions, and CuO bulk led
to a significant rise in ethylene content in barley. This
finding is in line with previous studies from Azhar et al.
and Khan et al. demonstrating a correlation between
nanoparticle exposure and an increase in ET biosynthesis
and signaling in plants [59, 86]. Moreover, Asgher et al.
and Betti et al. reported that plants can reduce the nega-
tive effects of environmental stresses (including trace ele-
ments) by producing more ET, which serves as a defense
mechanism to alleviate oxidative damage [87, 88]. More
specifically, Rather et al. observed elevated levels of ET
in the leaves of Brassica nigra when exposed to copper-
induced oxidative stress [89]. This was likely due to the
activation of ACS genes responsible for ET biosynthe-
sis. Metal toxicity is presumed to amplify the expression
of ACO and ACS genes coding two enzymes in ET bio-
synthesis in plants leading to an increase in ET produc-
tion [86]. Additionally, Cu accumulation can lead to the
upregulation of ERF-responding and ACS genes which
can result in an overproduction of ethylene as a means to
++regulate oxidative stress [90].

Jasmonic acid (JA) is synthesized through the activ-
ity of the LOX-1 enzyme and originates from polyun-
saturated fatty acids. Its crucial role in regulating the
induced systemic resistance (ISR) pathway has been
well-established [91, 92]. When plants are exposed to
biotic and abiotic stresses, the levels of JA, precursors,
and derivatives increase. These compounds can improve
the plants’ chemical defense and resistance against stress
[93]. For instance, Jasmonates have been found to assist
plants in coping with metal-induced stress caused by
Cd, As, Pb, Cu and Ni [94]. Our findings revealed that
the foliar application of Cu*" ions and CuO NPs have
significantly increased the endogenous concentrations
of JA in barley. Kasote et al. reported that JA-mediated
defense responses are induced after the priming of water-
melon seeds with a low concentration of Fe NPs [95].
CuO NPs treatment in A. thaliana also led to modifica-
tion in the JA pathway by upregulation of its precursors
(e.g. dinor-12-Oxo-phytodienoic acid) [96]. Furthermore,
Shang et al. found that copper sulfide nanoparticles also
increased the JA production in Oryza sativa against fun-
gal infection by Gibberella fujikuroi [97]. Accumulation
of JA in A. thaliana leaves in response to low concentra-
tions of ZnO NPs has been reported [72].

Nanoparticles have been shown to alter salicylic acid
(SA) levels in plants, which modifies resistance against
viral infections, increases biomass, and activates anti-
oxidant systems [79, 98]. In the present study, the appli-
cation of CuO NPs, CuO bulk, and Cu®* ions led to a
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significant reduction in SA content. This effect can be
ascribed to the antagonism between SA and ABA [72].
It has been well documented that ABA promotes the
down-regulation of SA biosynthetic components and
also inhibits SA responses when the plant is under patho-
gen attack or stress [99, 100]. The reduction of SA lev-
els in the present study is in line with the notable rise in
ABA content due to CuO NPs, CuO bulk, and Cu®* ions.
Consistently, Vankova et al. reported a decrease in SA
levels in apices of A. thaliana at high concentrations of
ZnO NPs [72]. Zhao et al. indicated that the Arabidopsis
plants with reduced levels of endogenous SA due to the
presence of the nahG (naphthalene hydroxylase G) gene
showed increased resistance to Cd stress [101]. In con-
trast, the mutant sncl, with higher levels of endogenous
SA, was more vulnerable to Cd stress compared to the
control group.

While our results confirm that Cu exposure disrupts
phytohormonal homeostasis, they also highlight the dif-
ferential impact of CuO NPs compared to bulk CuO. The
more significant changes in IAA, GAs, ET, ABA, SA, JA,
and ET in CuO NP-treated plants compared to the bulk
CuO, suggest a greater capacity to induce stress response
mechanisms, possibly due to their enhanced bioavailabil-
ity and surface reactivity, and dissolution rate.

The ISR and SAR pathways are two forms of immune
systems in plants activated by phytohormones as a result
of biotic interactions [28, 29]. Nonetheless, it has been
proven that abiotic stresses can also trigger the activa-
tion of these pathways. [92, 102]. SAR is triggered by
SA and is associated with the transcriptional activation
of PR proteins [103]. Despite the decrease in SA con-
tent in response to CuO NPs, CuO bulk and Cu 2" ions
treatment in the present study, the expression of PRI
significantly increased in barley seedlings. Dey et al.
reported that in barley, the induction of SAR in response
to pathogen attack was not associated with the endog-
enous SA, and alternatively, the pathway was triggered
by the increase in ABA content, which is consistent with
an elevated ABA content observed in the present study
[104]. The induction of the ISR pathway is linked to ET
and JA, causing the upregulation of various genes such
as PAL and LOX [28]. In the present study, the expres-
sion of LOX-1, PAL, and PR-1 genes was significantly
increased in response to CuO NPs, CuO bulk, and Cu
¥ jons treatment in accordance with the accumulation
of phytohormones, ET, JA, and ABA. Similar findings
were reported by Derbalah et al. reported that the zirco-
nium oxide nanoparticles stimulated systemic resistance
in cucumber plants infected with Rhizoctonia solani and
caused an upregulation of PALI, PR-1, and LOX-1 genes
[105]. Similarly, Abdelkhalek and Al-Askar. reported that
spraying tomato plants with biosynthesized ZnO NPs
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prior to or after inoculation with tobacco mosaic virus
(TMV) increased the expression of PAL and PR-1 genes
[33]. In a study, Cai et al. examined the effects of Fe;O,
NPs through foliar spraying on Nicotiana benthamiana
plants as a means of enhancing their defense mechanisms
against TMV and reported an increased expression of
PR genes [79]. Chun and Chandrasekaran. reported an
increase in the expression of PR genes, specifically PR-1
and PR-2 (beta 1,3-glucanase), in tomato plants treated
with chitosan nanoparticles after 24 hours of exposure
to the wilt-inducing agent Fusarium andiyazi [106].
Gopalakrishnan Nair et al. observed an upsurge in PAL
gene expression in soybean plants subjected to CuO NPs
[107].

The phenylpropanoid pathway is dependent on the
activity of the PAL enzyme which synthesizes a vari-
ety of phenols and flavonoids, thereby facilitating the
elimination of ROS [108]. Heavy metals, including Cu,
have the ability to regulate PAL and other stress-related
plant enzymes [109]. Multiple studies have proven that
the application of Cu and Zn could elevate the levels of
PAL expression and activity [110-112]. Our research
demonstrates a considerable upregulation of PAL gene
expression in response to Cu®*, which is consistent with
Ali et al. who observed the induction of PAL activity by
copper stress in root cultures of Panax ginseng [111].
LOX is the primary enzyme involved in the JA synthe-
sis pathway, a crucial hormone that regulates ISR [91].
Bhardwaj et al. discovered that LOX expression in Cara-
gana jubata plants was affected when exposed to ABA,
methyl jasmonate (MJ]), and SA [113]. Additionally, fur-
ther stimulation of LOX-1 expression in mature Arabi-
dopsis plants was observed with the use of JA and nitric
oxide (NO). ABA and M]J were found to have the most
significant influence on LOX-1 expression [114]. Schaf-
fer et al. reported that in Malus domestica, the tran-
scription of LOX-1, LOX3, and LOX7 genes is induced by
ethylene [115]. Moreover, it has shown that arsenic stress
alters the transcription levels of LOX in O. sativa [116].
Li et al. found that JA and ABA increased the expression
of TcLOX-1 and TcLOX-2 in Tsuga chinensis, but not SA,
which aligns with the results of our study [117].

Based on our results, the upregulation of ISR and SAR
genes in barley seedlings treated with CuO NPs, bulk
CuO, and Cu®" ions suggest that at high Cu concentra-
tions, these responses are mainly due to Cu-induced
stress rather than nanoparticle-specific effects. However,
the higher expression of LOX-1, PAL, and PR-1 genes in
CuO NP-treated plants highlights the potential role of
nanoparticles in enhancing stress signaling and response,
as compared to bulk CuO, presumably by a higher rate
of ROS production. These results indicate that while CuO
NPs at high concentrations do not elicit unique stress
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responses, their physicochemical properties may exacer-
bate plant responses compared to bulk CuO. The distinc-
tive properties of CuO NPs, such as their small size, high
surface area, and rapid dissolution rate compared to bulk
CuO, may result in a faster release of copper ions com-
pared to bulk CuO, leading to a more acute toxicity.

Conclusions

This study demonstrated that exposure to CuO NPs, bulk
CuO, and Cu** ions induced oxidative stress and activ-
ity of antioxidant enzymes, decreased nutrient concen-
trations, and disrupted hormonal homeostasis in barley
seedlings. Our findings indicate that CuO NPs, bulk
CuO, and Cu** ions led to an increase in stress-related
hormonal content, including increased levels of ABA, JA,
and ET leading to activations of ISR and SAR pathways
by upregulation of key genes (LOX-1, PAL, and PR-1).
While Cu®" ions induced the strongest stress responses,
CuO NPs elicited a more pronounced effect compared
to bulk CuO, suggesting that their nanoscale properties
contribute to greater physiological and molecular effects.
However, the lack of a completely distinct response to
CuO NPs, compared to bulk and ionic Cu, suggests that
the effects of high concentrations of CuO NPs are not
unique but rather an enhancement of general Cu-induced
toxicity. Future research should focus on differentiating
the specific nanoparticle-mediated effects rather than
general Cu toxicity by controlling for ion dissolution
rates or stabilized nanoparticles. A deeper mechanistic
understanding of CuO NP interactions with plant cellu-
lar pathways will be essential for assessing their potential
risks and benefits in agricultural applications.
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