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ABSTRACT

The production, growth, and physiological processes of plants respond differently to the varying
concentrations of nanoparticles. Due to the increasing importance and application of nanoparticles, it is
essential to determine the impact on plants physiological systems. Therefore, this study investigated the
effect of different bulk and nano nickel oxide concentrations on biomass production and the enzymatic
system of fennel. The experiment was carried out in a completely randomized design with the applications
of 5 replications and 5 concentrations (0, 20, 100, 400, and 800 ppm) in the greenhouse of the Faculty of
Science, Mashhad Branch, Islamic Azad University. This study analyzed various plants traits, including shoot
and dry root weight and a few antioxidant enzymes. The results showed that root and shoot dry weight were
not affected by the applied treatments. Furthermore, all applied levels of treatment significantly increased
the activity of fennel leaf polyphenol oxidase compared to the control. The bulk treatment at 800 ppm was
exempted, where the application of bulk nickel oxide and nanoparticles decreased dehydrogenase enzyme
activity. In addition, the activity of guaiacol peroxidase increased under all levels of treatments except
100 ppm nanoparticles. The highest amount of phenylalanine ammonia-lyase activity was obtained under
20 ppm treatment with a 61.98% increase compared to the control method. Furthermore, nickel oxide
treatments also increased MDA. The results showed that nanomaterials’ toxicity, caused oxidative stress in
this plant, and the differences in MDA content of leaves explained the higher toxicity of NiO nanoparticles
than bulk form. Moreover, higher activity of leaf antioxidative enzymes in bulk NiO, treatments, especially
Guaiacol Peroxidase, explained the plant’s higher resistance to oxidative stress.

Keywords: Antioxidant enzymes; bulk nickel; fennel; malondialdehyde; nanoparticles; phenylalanine ammonia-
lyase

INTRODUCTION

Nanotechnology is one of the most attractive
branches of science with numerous applications
in various fields, namely agriculture, industry,
biotechnology, electronics, medicine, energy, life
sciences, etc. (Tripathi et al., 2017; Tiwari et al., 2019;
Nair & Chung, 2014). Several studies have been carried
out on nanoparticles due to their distinct physical and
chemical properties, such as particle morphology, larger
surface area, pore size, and high reactivity (Siddiqui et
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al., 2015). Currently, large amounts of these substances
and their diverse applications are studied in various
disciplines and industries. According to Tripathi et al.
(2017), nanoparticles or their intermediate compounds
have both positive and negative impacts on plants and
animals. Most nanoparticles have been reported to have
toxic effects even at very low concentrations, thereby
affecting plants morphophysiological, biochemical,
and molecular properties. However, some also have
positive effects in enhancing plant growth and providing
protection against various stresses (Syu et al.,, 2014;
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Rico et al., 2015; Tripathi et al,, 2016). These effects
tend to vary depending on the plant type, growth stage,
physicochemical properties of the nanoparticles, and
their amount under different conditions (Aghdam et al.,
2016).

Generally, nickel oxide is one of the materials used
in electroplating coatings to prevent the oxidation of
metal surfaces and acts as a catalyst. Over the years,
its application has been widely used as a transparent
p-type semiconductor in optoelectronics, thin-layer
sensors, light-emitting diodes, color-sensitive solar
and fuel cells as electrochromic materials, which
has been the focus of many studies. However, low
concentrations of nickel play various essential roles
in plants, bacteria, and fungi. Its deficiency in plants
reduces growth, induces senescence, meristem, and
leaf chlorosis, changes the nitrogen metabolism, and
causes a decline in iron uptake. In addition, nickel is one
of several metalloenzymes, such as urease, superoxide
dismutase, nickel-iron hydrogenase, methyl-coenzyme
M-reductase, and carbon monoxide hydrogenase, acetyl-
coenzyme A-synthase, A-hydrogenase and RNA (Ahmad
& Ashraf, 2012). A decrease in urease activity also
disrupts nitrogen fixation and reduces the scavenging
effect of superoxide free radicals. Nickel deficient plants
accumulate toxic urea in the leaf tip due to reduced
urease activity (Fageria et al., 2009). Irrespective of the
fact that this element is metabolically important in plants,
its high content in the soil or nutrient solutions is toxic
to most species because it readily absorbs nickel. At the
vegetative stage, high concentrations retard the growth
of the shoot and roots. Subsequently, an increase in
nickel affects the formation of branches, deformation of
various parts, abnormal flowering, biomass reduction,
disruption of root tip mitotic divisions, and iron deficiency
induction, thereby leading to leaf chlorosis necrosis. In
addition, excessive nickel affects nutrient uptake, inhibits
metabolism, photosynthesis, and respiration, reduces
plant quality and ultrastructural changes. Eventually, all
these changes lead to reduced production due to the
presence of high nickel levels (Ahmad & Ashraf., 2012).
The activities of antioxidant enzymes, namely catalase,
ascorbate peroxidase, and superoxide dismutase, have
been studied under nickel oxide treatment. It was
discovered that catalase and superoxide dismutase
enzyme activities in tomato plants were improved when
treated with 2 mg ml* of nickel oxide (nanoparticle)
(Faisal et al., 2013). An increase was also discovered
in catalase activity in Bacopa monnieri when treated
with 10 mg I* of silver nanoparticles (Krishnaraj et al.,
2012). Furthermore, increased activity of this enzyme
was detected in the roots, shoots, and leaves of Velvet
mesquite (Prosopis velutina). On the contrary, increased
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ascorbate peroxidase activity was discovered only in the
shoots and leaves (Hernandez-Viezcas et al., 2011).
Ascorbyl palmitate-loaded chitosan inhibits the activity of
polyphenol oxidase in banana plants. In addition, it was
reported that the nanoparticle form of this compound
is more effective in preventing enzyme activity (Kim et
al., 2013). Bulk silicon and nanoparticles improve the
activity of polyphenol oxidase in maize in the presence
of pathogenic Fusarium sp. (Suriyaprabha et al., 2013).
However, there is limited information concerning the
effects and physiological changes induced by nickel
oxide nanoparticles on medicinal plants.

Fennel plant (Foeniculum vulgare Mill.) is a
perennial and aromatic medicinal substance found
in the ubiquitous and indigenous Mediterranean
region (Barros et al., 2010). This herb has various
pharmacological uses and important in the food and
cosmetics industries (Diao et al., 2014; Moser et al.,
2014; Rather et al., 2016). In addition to essential oil,
the fennel plant contains lipids and phytosterols used
for commercial purposes (Barros et al., 2010; Nguyen et
al., 2015). There have been numerous reports regarding
the biological effects of essential oils, including the
hepatoprotective, antioxidant, anti-tumor, anti-diabetic,
anti-inflammatory, anti-fungal, antimicrobial, and
antibacterial effects (Diao et al., 2014).

Medicinal plants have a variety of secondary
metabolites used in the production of herbal medicines.
Various studies have shown that nanoparticles improve
the biosynthesis of these metabolites by inducing the
plant defense system. Therefore, this research is a
valuable step towards metabolite engineering and the
production of herbal medicines.

Studies on the importance of antioxidant enzymes
in protecting plant cells, the effect of nickel oxide
nanoparticles on fennel, and its uses and availability
in agriculture have never been studied. Therefore, this
research was carried out to investigate the effect of
bulk and nano nickel oxides on biomass and antioxidant
enzyme production of fennel.

MATERIALS AND METHODS

Experiment Details and Treatments

This experiment was carried out to study the effect
of nano and bulk nickel oxide on fennel plants’ shoot
and roots using a completely randomized design with
5 replications and concentrations (0, 20, 100, 400, and
800 ppm). Each pot contained 10 fennel seeds planted
at a depth of 1 cm and arranged in a greenhouse w
irrigation conducted. The temperature varied between
25 and 30 °C and on a daily photoperiod of 16 hours light
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and 8 hours of darkness with the seeds obtained from
Pakan Isfahan Seed Company. The conventional shaker
was used to obtain a uniform solution of nano-nickel
oxide by placing it in an ultrasonic bath for 30 minutes
before spraying it on the pots. NiO nanoparticles were
obtained from the US Research Nanomaterials with the
bulk derived from Merck. The required concentrations
were poured into a wash bottle, with the foliar spray
applied on a weekly basis, with the treatment process
recorded each time. Subsequently, the treatments were
freshly prepared before each application, with distilled
water spray used as a control. The experiment lasted for
82 days, and a total of 5 foliar spray treatments were
applied.

Investigation of Nanoparticle Properties

The investigation of nanoparticle properties such as
particle motion, zeta potential, and bulk and nano nickel
oxide sizes were performed with the Cordouan-Vasco
Particle Size Analyzer using Nano Q software in Ferdowsi
University of Mashhad. Conversely, the nanoparticles
dissolved in a suitable solvent with deionized water at pH
= 6 were initially inserted into the ultrasonic apparatus
used to create uniform scattering for 20 minutes at
ambient temperature. After the nanoparticles were
dispersed in the solvent, the sample was immediately
transferred to a Zeta Sizer. This equipment determines
the particle size by measuring the particles” Brownian
motion in a sample, using Dynamic Light Scattering
(DLS). In addition, the sizes are interpreted by applying
proven theories with the crystalline properties of nickel
oxide investigated using X-ray diffraction (XRD).

Biomass Production

To determine the biomass, each plant’s total
weight was measured using a weighing scale of 0.001
g precision (Sartorius TE2145srd=0.1 mg). The shoots
and roots were further separated from the collar area
and wrapped in aluminum foil, which was put in the
oven at 70 °C for 72 hours to dry. Consequently, the
shoot and root dry weights were measured using the
same scale.

Extraction of Soluble Leaf Proteins and Enzymatic
Extract

This experiment was carried out using 250 mg
of fresh leaf tissue and 1.5 ml buffer extract (100
mM sodium phosphate buffer with an acidity of 7.4)
pulverized in the cold (on the ice) Chinese mortar.
All protein extraction steps were carried out at a
temperature of 4 °C. Immediately after the tissue’s
crushing and homogenization, the extract was poured
into a microtiter and cooled for 13 min at 13,000 g

and 4 °C (Vision VS-15000CFN II CE). The obtained
supernatant was used to measure the soluble protein
content and enzyme activity (Lee et al., 2012; Sunkar,
2010; MacAdam et al., 1992).

Measurement of Enzyme and Malondialdehyde
Polyphenol Oxidase Activities

The measurement of polyphenol oxidase activity
was carried out according to Raymond et al., 1993. A
spectrometer was used to record the absorbance at 430
nm (Shimadzu UV/1100) and was finally calculated in
terms of absorption changes per minute mg leaf fresh
weight (AA min mg fw?) (Kim and Kim, 2013).

Guaiacol Peroxidase Activity

The activities associated with Guaiacol peroxidase
were in accordance with the research carried out by
MacAdam et al. (1992), with the optical absorption
changes recorded at 436 nm using a spectrophotometer
(Shimadzu UV / 1100). The absorbance changes per
minute mg! leaf fresh weight (AA min mg fw) was also
calculated based on MacAdam et al. (1992).

Phenylalanine Ammonia Lyase (PAL)

The amount of Phenylalanine Ammonia Lyase
(PAL) was measured based on the enzyme’s ability to
convert phenylalanine to trans-cinnamic acid (Beaudoin-
Eagan and Thorpe, 1989). The optical absorption of
the samples was recorded at 290 nm with a Shimadzu
UV/1100 spectrophotometer. Therefore, to determine
the amount of PAL enzyme, a standard curve was
drawn by generating different trans-cinnamic acid
concentrations. Afterward, the content was calculated
in pug of cinnamic acid produced per g of fresh leaf
weight using the standard curve line equation, which
is stated as follows Y=0.07X + 0.01, in which Y is the
optical absorption of the solution containing cinnamic
acid and X is the cinnamic acid concentration (g mlp).

Dehydrogenase Enzyme

The amount of dehydrogenase enzyme was
measured by reducing the Triphenyl Tetrazolium Chloride
(TTC) to Triphenyl Formazan (TPF). Conversely, 0.5 g
of young roots were washed and dried before being
measured. The roots were placed in tubes containing
2 ml of 0.4% TTC (0.4 g TTC with 100 ml distilled
water) and 1 ml of 0.06 mol I phosphate buffer with
7 % acidity. They were then stored at 7 °C for 3 hours
(refrigerated). Subsequently, 1 ml of 1 mol I* sulfuric
acid was added to the tubes, and TPF was formed. The
optical absorption of the supernatant was immediately
recorded at a wavelength of 485 nm (Wang et al., 2012).
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MDA Content

Lipid peroxidation was determined by measuring
the MDA accumulation using Thiobarbituric acid based
on the method proposed by Velikova et al. (2000).
The crude extract was mixed with an equal volume
of Thiobarbituric acid solution (5 % TBA) containing
Trichloroacetic Acid (20 % TCA) and placed in a boiling
bain-marie (95 °C) for 30 min. However, it was rapidly
cooled in an ice bain-marie. After centrifugation at
3000 rpm for 5 min, the absorbance of the sample was
measured at 1 and 2 nm using a spectrophotometer
(Shimadzu UV/1100). The MDA amount was calculated
based on the difference in absorbance from 600 to 532
multiplied by the extinction coefficient of 1.55 x 10° in
micromoles g* of fresh weight (umol g Fw?) (Poonam
et al., 2013).

Data Analysis

This was carried out using SPSS software.
Furthermore, the comparison of means was performed
using ANOVA, while Duncan tests and graphs were
prepared using MS Excel.

RESULT AND DISCUSSION

Characters of Bulk and Nanoparticles of Nickel
Oxide

Figures 1 and 2 indicate the mobility and zeta
potential of nanoparticles and bulk nickel oxides.
The dielectric constant, mean particle mobility, and
Zeta mean of the nickel oxide nanoparticles equaled
79.58, 0.58 pm s*V-'icm?, and 93.7 My, respectively.
Subsequently, values of 79.44, -1.86, and -25.10 were
obtained for the bulk nickel oxide. Figures 3 and 4 show
the nanoparticle and bulk nickel oxide sizes, measured
with a nanoparticle sizer (D mean 47/36) and (D mean
220/92).

X-ray diffraction is a method for studying the crystal
structure of materials, and it usually has a wavelength
of approximately 0.5 to 2.5 A. Electromagnetic radiation
with a wavelength between 0.01 and 10 nm was
used in carrying out this experiment. In addition, the
wavelength is shorter than the UV and longer than the
gamma-ray. According to the XRD results, the elements
in the nickel oxide nanoparticles included nickel oxide
and particles. There was also a single-phase within the
bulk nickel oxide, as shown in Figure 5.
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Figure 1. a) Particle motion and b) Zeta potential of
nickel oxide nanoparticles using Zeta Sizer
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Figure 2. a) Particle motion and b) Zeta potential of nickel oxide bulk using Zeta Sizer
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Figure 5. X-ray diffraction a) nickel oxide nanoparticles and b) bulk nickel oxide
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Shoot and Root Biomass

According to Table 1, the effect of different
nanoparticle and bulk nickel oxide treatments was
insignificant on root and shot dry weight of fennel (p <
0.05). The mean comparison showed that all treatments
had an insignificant difference compared to the control
and all were in one statistical group.

The highest shoot dry weight was observed at 400
ppm treatment compared to the control, and the least
was determined at 800 ppm with 47 % decrease, as
shown in Fig 6. Based on several studies, the response
of plants dry matter production to the application of
various forms of essential elements is contradictory.
The pore diameter of the plant cell wall is within the
range of 5 to 20 nm. The roots, which are the gateway
to the nutrients, are extremely porous within the

Table 1. ANOVA analysis of studied traits

range of nanometers. The nanoparticles tend to be
absorbed through these pores or by combining with
transporter molecules or root exudates, including the
use of endocytosis or ion channels (Rico et al., 2011).
Nutrients uptake improvement had a positive effect
on plant growth. According to Zhang et al. (2008),
spraying titanium nanoparticles on cucumber leaves
for several hours enhances photosynthesis, which in
turn increases root growth. Chutipaijit (2015) stated
that the application of nano titanium dioxide increases
the metabolism and growth of rice crops. In contrast,
increased concentrations of nanoparticles have a
negative effect on the germination of some seeds,
such as tobacco (Frazier et al., 2014) and meadow
grasses (Azimi et al., 2014). This is indicated by the
higher absorbance of nanoparticles by the seed coat,

Traits Sum of square df Mean Square F P-value
Between groups .000 8 .000 .568 791
Root dry weight ~ Within groups .000 18 .000
Total .000 26
Between groups .033 8 .003 13.72 .025
Shoot dry weight  Within groups .006 18 .000
Total .039 26
Between groups .004 8 .000 6.005 .001
Polyphenol oxidase yyuin groups 001 18 000
enzyme
Total .005 26
Between groups .073 8 .009 3.220 .019
Dehydrogenase \yuihin groups 051 18 003
enzyme
Total .123 26
Between groups .168 8 .021 4.142 .006
Guaiacol peroxidase Within groups .091 18 .005
enzyme
Total .260 26
Phenylalanine Between groups 38.205 8 4.776 3.110 .022
ammonia-lyase Within groups 27.636 18 1.535
enzyme Total 65.841 26
Between groups .008 8 .001 2.700 .038
Malondialdehyde yy4in aroups 007 18 000
enzyme
Total .015 26
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thereby causing toxicity, decreases water absorption,
germination, and seedling growth. Lee et al. (2012)
reported that silver nanoparticles had no inhibitory
effect on mung bean plants growth while zinc retarded
sorghum growth. Furthermore, the response of plants
to nanoparticles in agar medium is different from those
in the soil. Ahmed (2016) studied the effect of nickel
oxide nanoparticles on tomatoes at a concentration
of 50 ppm and found that it positively affects growth
and biomass production. However, at 100 ppm, plant
growth was retarded. In another study, inhibition of
leaf proliferation and fresh weight loss was observed
in Spirodela minor L. and Lemna minor L. algae under
nanoparticles and bulk nickel oxide treatments (Torbati,
2018). Studies carried out on fennel, titanium dioxide
nanoparticles caused a decline in plant growth and
biomass production (Feizi et al., 2013). Yang and Watts
(2005) stated that the effect of nano titanium dioxide
had a toxic effect on the studied plants, such as radish,
ryegrass, lettuce, maize, and cucumber, with inhibited
root growth. Therefore, it is speculated that the uptake
efficiency and nanoparticles’ effect have varying impacts
on different plants’ growth and metabolic activities (Nair
et al., 2010).
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Figure 6. Comparison of the average shoot dry weight
of fennel under different nanoparticles and bulk nickel
oxide treatments

In another experiment, plants exposed to
nanoparticles and bulk nickel oxide treatments did not
show any signs of toxicity, including retarded shoot and
root growth, deformed parts, abnormally shaped flowers,
a decline in biomass production and germination, iron
chlorosis as well as root and leaf necrosis (Ahmad &
Ashraf, 2012). Therefore, it was inferred that the fennel
and those plants were able to withstand the varying

concentrations of nickel. Some studies reported that
anything above 10 mg kg! dry weight is regarded as
a critical level of nickel in susceptible species (Kozlov,
2005), while for normal tolerant, it is less than 50 mg kg'*
dry weight (Asher, 1991) and 1000 mg/kg dry weight for
hyper nickel accumulators (Pollard et al., 2002). Several
factors, such as concentration and duration of nickel
retention in the soil, cultivation conditions, growth
stage, and plant species, affect plants’ nickel toxicity
(Gupta et al., 2008).

Polyphenol Oxidase Activity

Table 1 showsthat the effect of different nanoparticle
and bulk nickel oxide treatments on polyphenol
oxidase activity was significant at p < 0.05. The mean
comparison in Figure 7 showed that all the treatments
applied significantly increased polyphenol oxidase
activity in fennel leaf compared with the control group.
The least enzyme activity was observed in the control
treatment, while the highest percentage of 134.37 %
was observed in 400 ppm nickel nanoparticle treatment.
Also, all concentrations of bulk and nanoparticles had an
insignificant difference. However, high concentrations of
nanoparticles showed more additive effect than the bulk
application.

These enzymes are believed to be a resistance
mechanism or an aspect of the process. According
to various studies, antioxidant enzymes’ activity is a
biochemical marker used to predict the resistance to
a variety of physicochemical and biological stresses.
One of the most important biochemical changes in
plants exposed to stress is the production of oxidizing
molecules, which are the main causes of damages within
the cell. These compounds are called reactive oxygen
species (ROS) and tend to damage macromolecules
and cellular organelles. ROSs reduces mitochondrial
respiratory activity with the ability to stabilize carbon
dioxide in chloroplasts as well as increase electrolyte
leakage in the cell. It also aids in certain specific enzymes
inactivation by oxidizing the amino acids in the proteins
and the cofactors attached to them. They also damage
the DNA molecule’s sugars and bases and eliminate
them, thereby causing mutations and various genetic
effects. These compounds ultimately destroy pigments
and other vital macromolecules of the plant as well as
inhibits photosynthetic and respiratory processes (Gill &
Tuteja, 2010; Huang et al., 2012). ROS production and
oxidative stress are mechanisms of metal nanoparticle
toxicity (Ma et al.,, 2010). Cramer et al.,, (2011) stated
that plant cells are protected against reactive oxygen
species’ damage by an enzymatic antioxidant defense
system. Polyphenol oxidases are antioxidant enzymes
present in plant cells. They are a group of copper-
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Figure 7. Activity of Fennel Polyphenol Oxidase under
different nano and bulk Nickel Oxide treatments

containing proteins found in a wide range of organisms.
These enzymes act as catalysts in reactions involving
oxygen. The first reaction is the hydroxylation of mono
phenols, which leads to the formation of O-dihydroxy
phenols. On the contrary, the second reaction involves
the oxidation of O-di compounds. However, it catalyzes
hydroxyl phenols to quinones. Therefore, polyphenol
oxidase oxidizes phenolic compounds and reduces the
amount of these compounds in leaves and roots under
stress. The altering of peroxidation kinetics causes a
decrease in membrane fluidity and inhibits free radicals
release, thereby improving the plant's resistance to
stress (D’Souza & Devaraj, 2013). This enzyme activity
was maximal at a temperature of 40 and 50 °C, while
its inhibition was observed at 60 °C (Mizobutsi et al.,
2010). Apparently, only a few studies have been carried
out on the effect of nanoparticles and bulk nickel oxide
on polyphenol oxidase activity in plants. Conversely,
changes in the activities of other antioxidant enzymes,
namely catalase, ascorbate peroxidase, and superoxide
dismutase based on nickel oxide treatment, have
been studied. The catalase and superoxide dismutase
activities in tomato plants treated with 2 mg ml* of
nanoparticle nickel oxide showed an increase of 6.8
and 1.7, respectively (Faisal et al., 2013). Krishnaraj
et al. (2012) stated that an increase was detected in
catalase activity (Bacopa monnieri) when 10 mg I'of
silver nanoparticles were added. In accordance with
the study carried out on the effect of nano-oxide on
Velvet mesquite (Prosopis velutina). It was discovered
that catalase activity increased in the roots, shoots, and
leaves, with a rise in ascorbate peroxidase in shoots
and leaves (Hernandez-Viezcas et al, 2011). Ascorbyl
palmitate-loaded chitosan nanoparticles were also
discovered to inhibit polyphenol oxidase activity in the
banana plant. It was reported that the nanoparticle
form of this compound was more effective in preventing
enzyme activity (Kim et al, 2013). The application of
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silicon in bulk and nanoparticles on maize plants in the
presence of pathogenic Fusarium sp. showed that the
polyphenol oxidase activity was higher in the nanoparticle
treatment than the bulk form (Suriyaprabha et al,
2013). In this study, a significant increase in polyphenol
oxidase activity was observed across all nickel oxide
treatments compared to the control.

Dehydrogenase Enzyme

According to Table 1, the effect of different nano
and bulk nickel oxide treatments on dehydrogenase
enzyme was reported to be significant at p < 0.05. The
mean comparison showed that the application of nickel
oxide both in bulk and nanoparticles decreased this
enzyme activity. The only exception was the 800 ppm
bulk treatment shown in figure 8. Also, all the treatments
except 20 ppm and 400 ppm of the bulk, including 800
ppm of nano nickel, had an insignificant difference
compared to the control treatment. The highest amount
of enzyme was observed at a concentration of 800
ppm treatment while the least was detected at 20 ppm
and was 59.49 % lower than the control group. The
activity of dehydrogenase enzyme at 800 ppm bulk
was significantly higher than a similar concentration
of nanoparticles. However, at concentrations of 20,
100, and 400 ppm, the amount of dehydrogenase
enzyme was observed to be higher when nickel oxide
nanoparticle was used (Figure 8). Dehydrogenases are
a group of biological enzymes classified according to
the reaction type, except oxidoreductases and catalyze
oxidation-reduction processes. They are involved in
biological cycles and synthesis pathways of various
compounds present in plants. For example, pyruvate,
malate, isocitrate, succinate, and alpha-ketoglutarate
are dehydrogenases present in the TCA cycle. NAD (P)
H dehydrogenase is also an enzyme in the electron
transport chain that plays an important role in the
production of ATP. Glucose-6-phosphate in the pentose
phosphate pathway, glyceraldehyde-3-phosphate, and
malate in the Calvin and glyoxylate cycles, respectively
as well as glutamate, are also involved in ammonium
fixation. Alcohol and lactate dehydrogenases are
anaerobic respiratory enzymes. The increased activity
of two enzymes, namely betaine aldehyde and
glyceraldehyde-3-phosphate dehydrogenases, in plants
exposed to stress has also been reported. Shikimate
3-dehydrogenase is also involved in the Shikimate
pathway, which is important in secondary metabolites’
biosynthesis (Taiz et al., 2015). Studies have shown that
NAD* and NADP* are better coenzymes or substrates of
dehydrogenase enzymes (Curien et al., 2005). Moreover,
due to their importance, the effect of nanoparticles has
received little attention. Wang et al. (2012) researched
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Figure 8. The amount of fennel root dehydrogenase
enzyme under different nano and bulk nickel oxide
treatments

the effect of oxidized multiwalled carbon nanotubes on
wheat plants and found an increase in dehydrogenase’s
electron transfer reactions. Kumar et al. (2012) stated
that plants affected by titanium dioxide nanoparticles
also have increased dehydrogenase activity, responsible
for water uptake and increased production of biomass.
It is believed that this enzyme also regulates the uptake
of substances. Dehydrogenase activity is an important
indicator of root viability. Several studies have stated the
role of this enzyme in water uptake and improvement
of plant growth (Wei et al, 2010). It is reported that
the effect of nickel at a concentration of 0.5 - 0.5 mM
decreased the dehydrogenase enzyme in pea (Seregin
& Kozhevnikova, 2006), which is in line with the results
of this study as well.

Heavy metals directly inhibit enzymes such as
dehydrogenase by interacting with the protein SH-
groups and change the protein conformation, thereby
leading to the inactivation of the enzymes. Presently,
hundreds of enzymes are known to be inhibited by SH-
group binding, with concomitant metabolic disorders.
All these data led to the conclusion that, at high Ni
concentrations, most enzyme activities tend to diminish.
On the contrary, some of them, particularly those of
antioxidant enzymes, increased. In most cases, it is
unknown whether these changes in enzyme activities
stem directly from Ni?* effects, such as binding to SH-
groups, histidine, displacing the metals from metal-
enzyme active centers, or indirectly, when mediated by
the chain of reactions that affect the expression of the
corresponding genes or exhaust their substrate pools.
The inhibition of enzyme activities by heavy metals is
one of the causes of declining cell metabolism (Seregin
& Kozhevnikova, 2006), as reported in this research.

Activity of Guaiacol Peroxidase

Table 1 shows that the effect of different nano
and bulk nickel oxide treatments on foliar guaiacol

peroxidase activity was significant at p < 0.05. The
means comparison showed that there was an increased
activity of this enzyme across all treatments except that
which was with a concentration of 100 ppm nanoparticle,
as shown in Figure 9. However, the increase in value
varies with the different levels of treatment. The highest
amount of enzyme activity compared to control was
observed in 800 and 20 ppm bulk treatments, which
statistically remained in one group. The least enzyme
activity was observed in the 100 ppm treatment, which
was 18 % less than the control (Figure 9). Guaiacol
peroxidase is one of the antioxidant enzymes involved
in detoxifying a variety of reactive oxygen species
(D'Souza & Devaraj, 2013). The hydrogen peroxide in
this enzyme serves as an electron acceptor, thereby
resulting in the oxidized donor reaction, which produces
water (Saeidian & Ghasemifar, 2013). In addition, it
belongs to the group of peroxidase enzymes. Generally,
it catalyzes the oxidation and reduction reaction between
H,0,, which acts as the electron acceptor, and many
other types of substrates. The presence of peroxidase at
various cellular sites such as the nucleus, mitochondria,
ribosomes, walls, and membranes has been established.
This compound forms the initial defense of the plant.
Increased peroxidase activity has been observed
following exposure to a variety of stresses. The level
of hydrogen peroxide in the cell is regulated by a range
of enzymes, including catalase and peroxidase. These
enzymes are involved in several biological processes,
and their increased activity in plants indicates the
initiation of their defense mechanisms against stress
(Smirnova et al.,, 2010). Torbati (2018) carried out a
research which involves increased concentrations of
nano and bulk nickel oxide in algae Spirodela minor
L. and Lemna minor L. It was concluded that nano
nickel oxide, particularly at high concentrations, has
more negative effects than the bulk. Increased activity
of guaiacol peroxidase was also reported in plants
treated with high concentrations of bulk copper (Yruela,
2005). Furthermore, increased activity of oxidase
and peroxidase enzymes was also observed in plants
treated with multiwalled carbon nanotubes due to the
cell wall’s interaction (khodakovskaya et al., 2012). In
an experimental study, the effect of approximately 1 to
40 mM of nickel increased peroxidase activity in wheat
(Seregin & Kozhevnikova, 2006). Krishnaraj et al. (2012)
stated that the increased activity of guaiacol peroxidase
was discovered in Bacopa monnieri when treated with
silver nanoparticles. These results are consistent with
this study, and it was concluded that increasing the
activity of guaiacol peroxidase is a type of plant defense
mechanism against stress.
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Figure 9. Activity of leaf Guaiacol Peroxidase activity
under different nano and bulk Nickel Oxide treatments

Phenylalanine Ammonia Lyase

Table 1 shows that the effect of different nano
and bulk nickel oxide treatments on the amount of
phenylalanine ammonia-lyase in fennel was significant at
P < 0.05. Comparing the mean showed that the highest
amount of enzyme activity was realized from the 20
ppm bulk, which showed a 61.98 % increase compared
to the control (Fig 10). Enzyme activity in all treatments
except the 20 ppm was insignificantly different from the
control group (Fig 10). It was also lower in Ni and NPs
at 100, 400, and 800 ppm treatments, while no trend
was observed at 20 ppm (Fig 10). The phenylpropanoid
pathway starts with phenylalanine degradation,
which is catalyzed by phenylalanine ammonia-lyase
(PAL). This pathway leads to the formation of various
derivatives such as phenolic, lignin, suberin, flavonoids,
isoflavonoids, coumarins, and soluble esters, many of
which are involved in defense responses. This enzyme
activity is affected by a number of factors such as light,
temperature, growth regulators, inhibitors of protein
and RNA synthesis, wounds, including mineral nutrition.
It also plays an important role in the production of
secondary metabolites. Therefore, it is necessary to
study its activity in medicinal plants. Torbati (2018)
reported that the treatment of two plant species with 10
and 50 mg L of nano and bulk nickel oxide respectively,
significantly increased flavonoids. Subsequently, an
increase in the amount of flavonoids was observed in
Brassica nigra after it was treated with ZnO nanoparticles
(Zafar et al., 2016). The results of these experiments
are consistent with the present study. Suriyaprabha et
al. (2013) stated that the effect of bulk and nano silicon
on phenylalanine ammonia-lyase activity contained
in corn was prohibited with increasing concentration
of nanoparticles compared to control. However, with
silicon application, it was insignificantly different from
the control.
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Figure 10. Amount of Phenylalanine Ammonia Lyase
of Fennel under different nano and bulk nickel oxide
treatments

Malondialdehyde Content

According to Table 1, the effect of different nano
and bulk nickel oxide treatments on the amount of
malondialdehyde was insignificant at p < 0.05. The
means comparison showed that the highest amount of
this enzyme was obtained at 20 and 800 ppm nickel
oxide treatments, which were increased by 68% and 61
%, respectively, when compared with the control (Figure
11). The least level of malondialdehyde was observed
at 20 ppm bulk, which was decreased by 63%. Based
on all the nickel oxide concentrations, the amount of
malondialdehyde in the nano form was higher than the
bulk (Figure 11). Oxygen-free radicals produce aldehydes
such as MDA by peroxidation of unsaturated fatty acids.
As a result of lipid peroxidation, there was an increase
in permeability, and membrane destruction, which led to
the occurrence of cell death (Gill & Tuteja, 2010). MDA
content is the second end product of unsaturated fatty
acid oxidation, and it is generally used as a measure of
lipid peroxidation, which acts as an indicator of oxidative
stress to assess the extent of membrane damage under
such conditions (Watanabe et al., 2000). Investigating
the effect of nano nickel oxide in accordance with
acetaminophen at concentrations of 0 to 1000 mg
kg' on barley showed an increase in nanoparticle
concentration, membrane lipid peroxidation, and MDA
content (Soares et al., 2016). Torbati (2018) stated that
MDA levels increased with increasing concentrations of
nano nickel oxide (50 mg L%) in algae (Spirodela minor
L.) and Lemna minor L. However, a similar concentration
of bulk nickel oxide only increased the MDA in algae
(Spirodela minor L.). According to Faisal et al. (2013),
lipid peroxidation activity was 2.7 times higher than
the control at a concentration of 2 mg/ml nano-nickel
oxide. The production of malondialdehyde by different
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nanoparticles has been reported in numerous plants
under various stresses (Saison et al., 2010). This study
discovered that nano nickel oxide treatments also
increased MDA compared to the control group. This was
due to increased oxidative stress and lipid peroxidation.
MDA levels indicate ROS accumulation and the invasion
of these molecules into the membrane due to plant
toxicity by pollutants (Tarrahi et al., 2017).
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Figure 11. Malondialdehyde content of fennel plant
under different nano and bulk nickel oxide treatments

CONCLUSION

Based on this study, the treatment with bulk
and nano nickel oxide did not affect the biomass
production (shoot and root) in the fennel. Furthermore,
by examining the activities of important antioxidant
enzymes and membrane lipid peroxidation index, it was
stated that the treatment with nano and bulk nickel
oxide had a stimulating effect on polyphenol oxidase,
guaiacol peroxidase, and phenylalanine ammonia-lyase.
In contrast, there was a decrease in the amount of
dehydrogenase enzyme in the root and an increase in the
lipid peroxidation of nickel oxide treatments. However,
the response to the bulk and nano forms was different.
The results suggested that nanotoxicity caused oxidative
stress in this plant, while the differences in MDA content
of the leaves imply an increase in NiO nanoparticles’
toxicity. Moreover, higher activity of leaf antioxidative
enzymes in bulk NiO, treatments, particularly Guaiacol
Peroxidase, depicts increased resistance of the plant to
oxidative stress.
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