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Evaluation of the Effectiveness of Safflower (Carthamus tinctorius)
Seeds Amendment with Silicon or Humic Acid During Germination
under CuO (NPs) Phytotoxicity

Rasha M. El-Shazoly

Botany and Microbiology Department, Faculty of Science, New Valley University,
72511, Al-Kharja, New Valley, Egypt.

MELIORATION with silicon (ImM sodium silicate Na,SiO,) or humic acid (50mg L'

HA) was tested in counteracting the phytotoxicity of copper oxide nanoparticles (CuONPs)
at 50, 100 and 150mg L' on Safflower plants (Carthamus tinctorius). Si sustained seed growth
at (150mg L' CuO NPs). The application of HA increased copper concentration in seedling
by about 5 to 10 fold, relative to the control at 50 and 100mg L*'. Fresh weight of safflower
seedlings were reduced significantly at 100mg L' CuO NPs. Si enhanced fresh and dry matter
gain under 100 and 150mg L' CuO NPs, also HA improved dry matter at 100mg L' CuO NPs.
Chlorophyll a and carotenoid contents reduced by about 60% and 50% at CuO NPs (100mg
L), respectively as compared to control. Chlorophyll a and carotenoid contents reduced by
about 60% and 50% at CuO NPs (100mg L), respectively as compared to control. Si or HA
sustained Chl.a content unchanged and improved carotenoids contents at 100mg L' CuO NPs.

Phenolics contents significantly increased under CuO NPs phytotoxicity. External application
of HA provoked more phenolics content. Nano-CuO phytotoxicity reduced H,O, scavenging
and lipid peroxidation inhibition %. Si or HA enhanced significantly lipid peroxidation
inhibition % and H,O, radial scavenging %. Si or HA reflected significant enhancement of
SOD and CAT enzymes under elevating concentrations of CuO NPs. Si enhanced significantly
POD activity at (50, 100 and 150mg L") CuO NPs levels.

Keywords: Antioxidants, Carthamus tinctorius, CuO, Humic acid, Nanoparticles, Phenolics,

Silicon.

Introduction

Food security is a crucial need which can
never be ignored by any society. The parallel
extensive increases in environmental damage
due to unsuitable anthropogenic activities and
human population pressure have the unlucky
consequence that global food production may
soon become inadequate to feed all of the world’s
people (Etesami & Jeong, 2018). Contamination
of agricultural soils in many parts of the world
by heavy metal toxicity such as Cd, Cu, Zn, Ni,
Co, Cr, Pb, and As, is a serious problem. Plant
response to the toxicity of the heavy metal stress
has been studied extensively over the past decade
at physiological and molecular levels (Elisa et
al., 2007; Sudo et al., 2008; Zhang et al., 2009;
Ahmed et al., 2010 and Thounaojam et al., 2012).

Engineered metal oxide nanoparticles (NPs)
emissions are increasing, and expected to
accumulate in aquatic, terrestrial and atmospheric
environments (Tripathi et al., 2017). Timely,
there is a new emerging issue that become a
serious threat to the ecological system including
plants, which is the phytotoxicity of nanoparticles
(NPs). Plant nanotoxicology is an emerging and
less-explored area of research for the plant stress
biologists. However, due to lack of information
on nanoparticles (NPs) toxicity, behavior and fate
even under laboratory conditions, it is not easy to
estimate the severity of nanomaterial impacts on
the ecosystem and human health.

Copper-based  nanoparticles (NPs) are
profusely used due to their optical, thermal,
electrical, antibacterial, and catalytic applications
(Peralta-Videa et al., 2016). As the ultimate

Corresponding author email: rasha_elshazoly2000@yahoo.com

DOI: 10.21608/ejb0.2019.5996.1243

Edited by: Prof. Dr. Wedad Kasim, Faculty of Science, Tanta University, Tanta, Egypt.
©2019 National Information and Documentation Center (NIDOC)



358

RASHA M. EL-SHAZOLY

sink of nanoparticles, soil is supposed to be the
most significant exposure venue for the entry of
nanoparticles into food webs (Remédios et al.,
2012). Therefore, the introduction of nanoparticles
in terrestrial ecosystems may change the profile
of soil-plant systems (Du et al., 2017). Nano-
sized particles of CuO were more phytotoxic
than bulk size (Koce, 2017). However, little is
known about their physiological and biochemical
effects in many agricultural crops (Du et al.,
2017 and Ochoa et al., 2017). It is reported that
nano-CuQO, at different concentrations, alters
plant growth and development by increasing the
reactive oxygen species (ROS) production and
unbalancing homeostasis of essential elements
(Singh et al., 2017 a).

Safflower (Carthamus tinctorius) is an
annual herbaceous plant, belongs to the family
Asteraceae. 1t is a high-quality forage crop that
can be grown in arid and semiarid regions and
it can tolerate hot and drought conditions (Bar-
Tal et al.,, 2008 and Culha & Cakirlar, 2011).
Safflower has long been grown for several
purposes, such as a vegetable, an edible and
industrial oil, a spice and as birdfeed (Johnston
et al.,, 2002). Historically, it has been mainly
cultivated for medicinal purposes and extracting
cartamin from its florets which is used for
coloring foods and clothes (Knight, 2007).
Furthermore, safflower seeds could be used for
ruminant’s diet production as a possible source
of polyunsaturated fatty acids (Kott et al., 2003).
Its extracts are composed mainly of phenolic
compounds, including flavonoidsand serotonins
which have been proved to possess antioxidant
effects (Han et al., 2010 and Culha & Cakurlar,
2011).

Although silicon (Si) is not considered so far
as essential nutrient for plants, it is classified by
many authors as beneficial or useful element, as
it might have an important role in metabolic or
physiological and/or structural activity (Liang
et al., 2015). According to the newly established
definition of essentiality of elements proposed
by Epstein & Bloom (2005), the essentiality
for Si may be finally recognized in higher
plants. Si-fertilizer is a high-quality fertilizer
for developing ecologically green agriculture
as it is noncorrosive and pollution-free. It has
been testified for biomass, yield and quality
improvement of a broad range of crops including
monocotyledonous, some dicotyledonous, some
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vegetables and fruits, which actively take up and
accumulate high amounts of Si in their organs
(Liang et al., 2015). The content of Si in plants is
equivalent to or more than the major nutrients N,
P, and K, which are supplied through fertilizers
(Meena et al., 2014). Si improved survival of
higher plants exposed to different biotic and
abiotic stresses (Liang et al., 2015).

Humic substances refer to a class of naturally
occurring organic materials commonly found
in soils, sediment sand natural waters, which
derive from the decomposition of plant and
animal residues (MacCarthy, 2001). Humic acids
(HA) represent the fraction of humic substances
insoluble in water under acidic conditions,
which becomes soluble and extractable at higher
soil pH. Molecules of HA are characterized by
acidic groups such as carboxyl and phenol OH
functional groups (Hofrichter & Steinbeuchel,
2001) and when applied to the soil, play an
important role in the transport, bioavailability
and solubility of HA (Lagier et al., 2000). It has
been demonstrated that HA contribute to reducing
the physical mobility (diffusion, mass flow) of
various metal species (e.g., Cu, Pb, Zn, Ni) in
the soil and thus reduce the consequent risk of
lateral or vertical contamination of water bodies,
as acetic acid extraction of metals which is
generally reduced with HA (Halim et al., 2003). A
few researches have already found that HA could
affect the toxicity of some NPs to algae; where
HA adsorbed by NPs weakened the biological
toxicity of these NPs (Li et al., 2011 and Lin et
al., 2012). However, dissolved nature organic
materials (NOMs) were also observed to increase
algae toxicity of CuO NPs as the result of higher
Cu*release, lesser degree of aggregation and
enhanced internalization of CuO NPs (Wang et
al., 2011). Therefore, the influencing mechanism
of NOMs to the toxicity of NPs should continue
to be explored.

The use of silicon and humic acid in
improving the tolerance of plants to nanotoxicity
has not been explored extensively so far, and little
attention is devoted to it in the current literature.
Therefore, the objectives of this research were
to determine the impact of silicon and humic
acid in alleviating the toxic effect of elevated
concentrations of CuO NPs on the physiological,
and biochemical traits of safflower plants grown
in sand.
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Materials and Methods

Source of CuO nanoparticle and suspension
preparation

CuO Nanoparticles (CuONP) tested for
phytotoxicitywere purchased from Sigma-
Aldrich. Sizes, specific surface areas, and purities
of compounds were adopted (where available)
from the manufacturers. CuO (size <50nm, surface
area 29m?/g). Tested CuO Nano at a concentration
of 150mg L' were sonicated for 30min to ensure
dispersion in the solution and diluted further to
obtain the remaining concentrations of 50 and
100mg L.

Sand matrix preparation and plant growth

Silica sand was sieved for particle sizing
and soaked overnight in 1% HCL, then washed
thoroughly with distilled water before drying and
use. Sand (300g) was weightedper box (8x8cm),
lined with polyethylene bags. This solid matrix
will provide a more representative indication of
the impact of NPs on plants under environmentally
relevant conditions. The seeds of Safflower
(Carthamus tinctorius L.) were surface-sterilized
in 10% hydrogen peroxide (H,O,) for 15min and
rinsed thoroughly with distilled water and then
five seeds were sown at separate locations per box
at depths of about 0.5cm. Quartz sand treated with
elevated CuO NPs levels (0, 50, 100, and 150mg
L"), individually or in combination with ImM
sodium silicate (Na,SiO,) or 50mg L' humic acid
(HA) at approximately 100% of the field capacity
at 11% water content. Only H,O was added for
the absolute control. Each box represented as
an experimental unit. All experiments were
performed in six replications. The seeds were
grown at 24°C for 8 days. The root length and
shoot height of seedlings were measured over the
course of 8 days and compared to the untreated
control. After measurement, whole seedlings were
washed twice with distilled water, dried gently
with filter paper. The seedlings were quickly
weighted for fresh weights determination, then
oven-dried at 70°C for 48h in order to determine
dry weights. The Cu content in seedling tissues
from all treatments was measured by Atomic
Absorption  Spectroscopy (AAS) after HNO,
digestion according to Sawhney & Frink (1991).

Preparation of seedling extract

Fresh seedlings were immediately weighted
and ground in a chilled mortar and pestle with
6ml buffer solution containing 50mM TrisHCI

(pH 7), ImM sodium EDTA and 3mM MgClI,.
The extract was centrifuged at 4°C for 10min at
5000rpm. The resultant supernatant was used for
the enzymatic and non-enzymatic antioxidants
determinations, in addition to the antioxidant
potential determinations.

Photosynthetic pigments

The photosynthetic pigments (chlorophyll
a, b and carotenoids) were extracted from fresh
plumule samples by suspending them in 5ml of
95% C,H,OH at 60°C, until colorless. Then the
total volume completed to 10ml with 95% C,H.OH
and absorbance readings were determined at
663, 644 and 452nm spectrophotometerically.
Chlorophylls and carotenoids concentrations
were calculated as cited by Lichtenthaler (1987)
asmg g' FW.

Soluble proteins

Soluble protein contents were determined
in the plant extract by Folin reagent according
to Lowry et al. (1951). A calibration curve was
constructed using bovine serum albumin (BSA)
and the data were expressed as mg BSA g! fresh
matter.

Enzymatic antioxidants

Super oxide dismutase (SOD)

SOD activity was assayed according to of
Beauchamp & Fedovich (1976). The amount of
enzyme causing the reduction of NBT by 50%
was expressed as SOD Unit. The expression of
specific activity was in terms of units per mg of
protein.

Catalase (CAT)

CAT activity wasassayedaccording to Aebi
(1984). The decrease in H,O, absorbance at A,
nm was used to calculate the activity.

Guaiacol peroxidase (GPX)

GPX activity was determined following the
method of Tatiana et al. (1999). The increase in
absorbance at A, nm due to the formation of
tetraguaiacol was measured.

Non enzymatic antioxidants

Total phenolics

Total phenolic contents were determined
according to Singleton & Rossi (1965). Folin-
Ciocalteau reagent method was used. The
measurements were carried out at A,_nm. Gallic

765
acid equivalents were used to express the data

Egypt. J. Bot. 59, No. 2 (2019)



360

RASHA M. EL-SHAZOLY

as nug g' FW using Molar Coefficient of 120pg™
cm’'ml.

Antioxidants

Activity of total antioxidant

The contents of total antioxidant were
measured according to Prieto et al. (1999). The
absorbance was measured at A . nm.

Hydrogen peroxide (H,0,) scavenging

H,O, radical scavenging assay carried out
according to Long et al. (1999). Sodium pyruvate
was used as the reference compound. The
absorbance of the ferric-xylenol orange complex
was measured at A_ nm.

Inhibition of lipid peroxide formation

The % inhibition of lipid peroxidation was
carried out according to Janero (1990). The
absorbance of the upper organic layer was
measured at A_,, nm. The inhibition in percent (I)
was calculated by the formula:

I= (Abs control — Abs sample)/Abs control x
100

Statistical analysis

The experiments were factorial in complete
Randomized (CR) design. Each treatment was
replicated in six boxes. One-way ANOVA was
performed on the data from two independent
experiments  with  three replicates. The
expressions of data as (mean+tSE). Analysis
was performed using the SPSS statistical 11.0
package. Comparing of means for significant
differences Duncan’s multiple range tests at
(P<0.05) were used. All the assessed attributes
analyzed with Principle Component Analysis
(PCA) variance regression ordination, using the
Serensen coefficient as the distance measure, to
check the magnitude of change in attributes along
the Si or HA and CuO gradientsby the PAST
softwareversion 2.11 for Windows (Hammer et
al., 2001).

Results

Plant growth parameters

Data indicated that, Cu reached to its
highest values (152.2pg g' DW) in the plants
grown in 100mg. L' CuONP + HA, followed
by 88.7ug g' DW in the plants grown in 50mg.
L' CuO amended with HA (Table 1). While Cu
concentration showed lower values in plants
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grown at 50 and 100mg L' CuO NPs individually
or amended with Si. Generally, the safflower
seedling growth was completely inhibited under
150mg L'CuONP. While, external application of
silicon sustained the seedling growth under this
concentration 150mg L'CuONP.

Results revealed that plant fresh and dry
weights exhibited different trends under CuO NPs
amended with Si or HA. Fresh matter reduced
significantly under 100mg L' CuO NPs. While
lower concentration of CuO NPs (50mg L)
induced the fresh matter values with about 65%, as
compared to control. The external application of
HA reduced significantly the fresh weight values
at 0, 50 and 100mg. L-'CuO NPs. On the other
hand, amendment with Si enhanced significantly
the fresh matter of safflower seedlings at 0, 50
and 100mg L' levels of CuO NPs.

According to the data shown in Table 1,
there is no significant change in dry weight at
50mg L' CuO NPs with or without Si or HA,
as compared to 0.0 CuO NPs (absolute control).
There was a significant increase in dry weight at
0.0 CuO NPs with Si, as compared to control.
Another significant increase was observed in dry
weight recorded at 100mg L' CuO NPs with Si,
as compared to the corresponding concentration
(100mg L' CuO NPs) without (Si or HA) and
as compared to absolute control. External
application of Si to the treatment of 150mg L-!
CuO NPs resulted in a significant increase in dry
weight, as compared to control.

The response of root length was shown in
Table 1. Lower CuO NPs concentration (50mg
L") reduced significantly shoot height by about
26%, while no significant change was observed
in root length. At 100mg L' shoot height reduced
by about 35% and root length reduced by about
45%. External application of Si showed non-
significant increase in root length, while HA
amendment showed significant enhancement in
root length, as compared to the corresponding
values at 100mg L' CuO NPs without external
amendment with Si or HA. On the other hand,
when Si was applied at 150 mg L' CuO NPs, an
obvious reduction in root length was recorded.
Shoot height showed significant reduction at 50
and 100mg L' CuO NPs with or without (Si or
HA), as compared to control. The same trend was
observed at 150mg L' CuO NPs with Si.
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TABLE 1. Growth attributes and copper concentration of Safflower (Carthamustinctorius L.) seedlings as influenced
by CuO Nano (mg. L") phytotoxicity, silicon (1 mM Na,SiO,) orhumic acid (50 mg L1).

Treatments Fresh weight Dry weight Shoot height Root length Cu
(g plant™) (g plant™) (cm) (cm) (ng g' DW)

Control 0.169+0.003f 0.026+0.001* 3.4+0.07¢ 3.5+0.14d° 15.02+1.98¢
0+Si 0.247+0.003" 0.041+0.002¢ 3.6+0.05¢ 4.0+0.08% 6.87£1.11°
0+HA 0.119+0.006° 0.029+0.002* 2.5+0.06° 3.9+0.08% 4.60+1.322
50 Nano-CuO 0.279+0.003" 0.025+0.003* 2.5+0.06° 3.5+0.20% 29.57+1.98¢
50 Nano-CuO +Si 0.193+0.002¢ 0.029+0.002° 2.5+0.04¢ 3.5+0.09% 30.57+1.71"
50 Nano-CuO +HA 0.130+0.005¢ 0.027+0.001* 2.0+0.10% 4.5£0.09¢ 88.70+3.01!
100 Nano-CuO 0.158+0.001¢ 0.030+0.001* 2.2+40.15% 1.9+0.21° 25.68+1.63¢
100 Nano-CuO +Si 0.282+0.0057 0.039+0.003% 2.5+0.09¢ 2.3£0.09% 26.64+3.11F
100 Nano-CuO +HA 0.148+0.002¢ 0.031£0.002® 2.5+0.11¢ 3.240.20% 152.2242.513
150 Nano-CuO +Si 0.079+0.004* 0.039+0.002% 1.6+0.09° 0.5+0.10° 22.24+1.20¢

Different litters are significantly different at P<0.05 (mean+SE; n=3).

Photosynthetic pigments

Chlorophyll a content exhibited no
significant change at 50mg L' CuO NPs without
or with external application of Si or HA (Fig.
1). The higher CuO NPs level (100mg L)
showed significant reduction in Chl. a content.
Amendment with Si or HA sustained non-
significant change in Chl. a content at 100mg
L' CuO NPs, as compared to control. Another
significant reduction was recorded at 150mg L-!
CuO NPs with Si application.

Chl.a mgg!FW

0 50 100 150
OCuO &iCuO+Si ECuO+HA

Fig. 1. Effects of nano-CuO (mg L) stress on
chlorophyll a (Chl. a) content in safflower
(Carthamus tinctorius L.) seedlings as
influenced by silicon (ImM NaSiO,) or
humic acid (50mg L) [Data are expressed as
the mean values + standard errors (n= 3). Values
in columns with different letters are significantly
different at 5% level according to Duncan’s
Multiple Range Test].

Chlorophyll b content exhibited fluctuated
trend as shown in Fig. 2, external application
of HA at Omg L' CuO NPs level enhanced its
content significantly. An enhancement in Chl. b
content was also recorded at 50mg L' CuO NPs
with and without (Si or HA) and the highest value
was recorded in case of 50mg L' CuO NPs plus
Si. With increasing CuO NPs concentration to
100mg L' significant increase in Chl.b content
occurred. Another enhancement was recorded in
Chl. b content with external application of HA
at 100mg L. While significant reduction was
determined at 100mg L' CuO NPs plus Si. The
highest concentration of CuO NPs, (150mg L")
plus Si, exhibited significant raise, as compared
to control.

The content of carotenoids increased
significantly with the external amendment
with Si or HA at Omg L' CuO NPs (Fig. 3).
Furthermore, at (50mg L") of CuO NPs, an
enhancement was recorded in the carotenoids
content except for HA application. Toxicity of
CuO NPs was observed at 100mg L', where the
reduction in carotenoids content was about 50%,
as compared to control. Amendment with Si or
HA enhanced the content of carotenoids under
this concentration significantly, as compared to
control. Higher level of CuO NPs (150mg L")
amended with Si showed significant reduction in
carotenoids content, as compared to control.
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Chl.b mgg'FwW

0 50 100 150

OCuO EiCuO+Si BCuO+HA

Fig. 2. Effects of nano-CuO (mg L) stress on
chlorophyll b (Chl. b) content in safflower
(Carthamus tinctorius L.) seedlings as
influenced by silicon (1 mM Na,SiO,) or
humic acid (50 mg L'). Data are expressed
as the mean values + standard errors (n = 3).
Values in columns with different letters are
significantly different at 5% level according
to Duncan’s Multiple Range Test.

Carot. mg g FW

0 50 100 150

DOCuO £5CuO+Si MCUO+HA
Fig. 3. Effects of nano-CuO (mg L) stress on
carotenoids content in safflower (Carthamus
tinctorius L.) seedlings as influenced by
silicon (ImM Na,SiO,) or humic acid (50mg
L") [Data are expressed as the mean values +
standard errors (n= 3). Values in columns with
different letters are significantly different at 5%
level according to Duncan’s Multiple Range Test].

Total phenolics

Data of total phenolics was shown in Fig. 4.
Application of external HA at (Omg L') CuO
NPs markedly enhanced the content of phenolics.
Other significant increase in phenolics content
was recorded at 50 and 100mg L' CuO NPs
relative to absolute control. Furthermore, external
application of HA follows the same trend and
induced significant increase in phenolics content
at 50 and 100mg L' CuO NPs. On the other hand,
Si amendment showed somewhat different trends
toward these two concentrations of CuO NPs
and non-significant change in phenolics content
recorded as compared to control. The significant
enhancement recorded for Si application was only
at 150mg L' CuO NPs, as compared to control.
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Phenolics pg gt FW

DOCuO EIFCuO+Si ECuO+HA

Fig. 4. Effects of nano-CuO (mg L) stress on
accumulations of phenolics in safflower
(Carthamus tinctorius L.) seedlings as
influenced by silicon (ImM Na,SiO,) or
humic acid (50mg L) [Data are expressed as
the mean values + standard errors (n= 3). Values
in columns with different letters are significantly
different at 5% level according to Duncan’s
Multiple Range Test].

Total antioxidant

The external application of Si or HA without
CuO NPs toxicity enhanced total antioxidant
content, as compared to control as shown in Fig.
5. CuO NPs at 50mg L™ increased significantly the
total antioxidants content and another significant
increase was detected with the external application
of HA or Si at 50mg L', as compared to control.
At higher level of CuO NPs (100mg L"), another
increase in total antioxidants was recorded.
Amendment with HA exhibited similar trend, while
Si application caused no significant change in the
total antioxidants contents, as compared to the
control at 100mg L' CuO NPs.While pronounce
significant raise was detected at 150mg L' CuONP
amended with Si.

180 -
160 -
140 -
120 -
100 -
80 |
60 |
40 |
20 |

Total antioxidants Abs (at 695) mlg!FW

0 50 100

OCuO &CuO+Si ECuO+HA
Fig. 5. Effects of nano-CuO (mg L) stress on
total antioxidants in safflower (Carthamus
tinctorius L.) seedlings as influenced by
silicon (ImM Na,SiO,) or humic acid (50mg
L) [Data are expressed as the mean values +
standard errors (n= 3). Values in columns with
different letters are significantly different at 5%
level according to Duncan’s Multiple Range Test].
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Lipid peroxidation

The percent of lipid peroxidation inhibition
was found to be retarded significantly at 50
and 100mg L' CuO NPs. On the other hands,
external application of Si or HA improved
significantly the percent of lipid peroxidation
inhibition at 50 and 100mg L' CuO NPs, as
compared to relative treatments without Si or
HA. While at 150mg L' CuO NPs, significant
decrease was observed with the application of
Si, as compared to control (Fig. 6).

95 4
90 -
85 -
80 -

75

Lipid Peroxidation Inhibition %

70

0 50 100

OCuO TiCuO+Si EMCuO+HA

Fi

=

g. 6. Effects of nano-CuO (mg L) stress on lipid
peroxidation inhibition % in safflower
(Carthamus tinctorius L.) seedlings as
influenced by silicon (ImM Na,SiO,) or
humic acid (50mg L) [Data are expressed as
the mean values + standard errors (n= 3). Values
in columns with different letters are significantly
different at 5% level according to Duncan’s
Multiple Range Test].

Significant reduction in the percent
of hydrogen peroxide radical scavenging
recorded at 50mg L' CuO NPs and at the
same concentration plus HA (Fig. 7), while
Si application enhanced significantly H,O,
radical scavenging % at 50mg L' CuO NPs
as compared to control. All treatments with or
without Si or HA at 100mg L' CuO NPs showed
general reduction in the percentof H,O, radical
scavenging, as compared to control. Meanwhile,
as comparing H,O, radical scavenging % under
the application of Si or HA and relative treatment
without their application under 100mg L' CuO
NPs, significant enhancement was recorded.
Higher toxicity level of CuO NPs (150mg L)
plus Si resulted in a significant reduction in H,O,
radial scavenging %, as compared to control.

Enzymes activities

Data of SOD enzyme activity was shown
in Fig. 8. It seems to be unaffected at the first
level of CuO NPs (50mg L), even when Si

was externally applied. While, HA amendment
induced the activity of SOD significantly under
50mg L. Furthermore, significant induction in
the SOD activity was resulted with increasing the
toxicity of CuO NPs to100mg L' as compared
to control. In addition, external application of Si
or HA at 100mg L'CuO NPs and application of
Si at 150mg L' CuO NPs showed even higher
activity of SOD, as compared to corresponding
copper concentration without their application
and to absolute control as well.

[
(=3
=

90 -
80
70
60 -|
50 -
40 -
30
20 -
10

H,0, Radical Scavenging %

0 50 100 150

OCuO ZiCuO+Si ECuO+HA

Fig. 7. Effects of nano-CuO (mg L) stress on
H,0, radical scavenging % in safflower
(Carthamus tinctorius L.) seedlings as
influenced by silicon (ImM Na,SiO,) or
humic acid (50mg L) [Data are expressed as
the mean values + standard errors (n= 3). Values
in columns with different letters are significantly
different at 5% level according to Duncan’s

Multiple Range Test].
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0 50 100 150

OCuO LiCuO+Si ECuO+HA

Fig. 8. Effects of nano-CuO (mg L) stress on SOD
activity in safflower (Carthamus tinctorius
L.) seedlings as influenced by silicon (1mM
Na,SiO,) or humic acid (S0mg L) [Data are
expressed as the mean values = standard errors
(n= 3). Values in columns with different letters
are significantly different at 5% level according to
Duncan’s Multiple Range Test].

Copper toxicity at 50 and 100mg L' induced
significantly the activity of POD enzyme
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(Fig. 9). The same trend was observed with
applying Si at 50, 100 and 150mg L' of CuO
NPs concentrations. While external application
of HA showed significant decrease or non-
significant change at 50 and 100mg L-'CuO NPs
levels, respectively.

0.05 -
0.04 -
0.04 -
0.03 -
0.03 -
0.02 -
0.02 -
0.01 -

POD (min mg-! Proteins)

0.01 -

0.00 -
0 50 100

OCuO £3CuO+Si MCuO+HA
Fig. 9. Effects of nano-CuO (mg L) stress on POD
activity in safflower (Carthamus tinctorius
L.) seedlings as influenced by silicon (ImM
Na,Si0,) or humic acid (50mg L") [Data are
expressed as the mean values + standard errors
(n= 3). Values in columns with different letters
are significantly different at 5% level according

to Duncan’s Multiple Range Test].

The activity of CAT enzyme wassignificantly
retarded at 50 and 100mg L' CuO NPs, as
compared to control (Fig. 10). Amending
safflower seedlings with Si resulted in significant
increase of CAT activity at 100mg L' CuO NPs,
while at 50mg L' CuO NPs significant reduction
was recorded. On the other hand, external
application of HA exhibits the highest increment
in CAT activity at 50 and 100mg L-'CuO NPs, as
compared to control (Fig. 10).

As shown in Fig. 11, the two concentrations of
CuONPs (50 and 100mg L") resulted in significant
enhancement in the content of soluble proteins, as
compared to control. The trend of soluble proteins
content fluctuated under Si amendment. First,
there was no significant changeat 50mg L' CuO
NPs, followed by significant decrease at 100mg
L'CuO NPs and finally, significant increase
recorded at 150mg L' CuO NPs, as compared to
absolute control. Concerning the data of soluble
proteins as a result of HA amendment, the greatest
significant increase recorded at Omg L' CuO
NPs, followed by 50 and 100mg L' CuO NPs,
respectively, as compared to control.

Subjection of the original data of all measured
parameters to the principle component analysis
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(PCA) was interpreted in Fig. 12, which revealed
the previously mentioned correlations on its first
two axes. PCA axis 1 captures about 43.48% of
the cumulative percentage followed by the second
axis (17.2%). The distances between the attributes
on axis 1 illustrate the degree of similarity; the
closer the distance, the greater the resemblance
and vice versa. Thus PCA biplot indicated
contrariness between Copper (upper side) and the
growth indicators, enzymatic and non-enzymatic
antioxidants contents (lower side of Fig. 12).

0.25 4

CAT (min mg! Proteins)

OCuO LiCuO+Si ECuO+HA

Fig. 10. Effects of nano-CuO (mg L) stress on CAT
activity in safflower (Carthamus tinctorius
L.) seedlings as influenced by silicon (1mM
Na,SiO,) or humic acid (50mg L) [Data are
expressed as the mean values + standard errors
(n= 3). Values in columns with different letters
are significantly different at 5% level according
to Duncan’s Multiple Range Test].

Soluble Proteins mg g* FW

0 50 100 150

OCuO ZCuO+Si MCuO+HA

Fig. 11. Effects of nano-CuO (mg. L) stress on
soluble proteins in safflower (Carthamus
tinctorius L.) seedlings as influenced by
silicon (1mM Na SiO,) or humic acid (50mg
L) [Data are expressed as the mean values
+ standard errors (n=3). Values in columns
with different letters are significantly
different at 5% level according to Duncan’s
Multiple Range Test.]
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Discussion

The accumulationfrom NPs of metals in
soils severely retard agricultural production and
the phytotoxicity of these metals NPs affects
adversely crop growth (Asli & Neumann,
2009 and Atha et al., 2012). Furthermore, this
contamination not only impact plant growth,
but could pose a route for contamination of the
food chainas plants primary producers and a key
point-of-entry of NPs for other living organisms
(Dimkpa et al., 2012 and De la Rosa et al., 2017).
In the present study, 150mg L' was the phytotoxic
concentrations of CuO NPs to safflower plant
which completely inhibited seedling growth,
while they can withstand till 100mg L. External
amendment with 1mM sodium silicate (Na,SiO,)
improved seedling grow that the phytotoxic
concentration (150mg L' CuO NPs). On the other
hand, the application of 50mg L-"humic acid (HA)
failed to sustain seed germination and seedling
establishment under 150mg L' CuO NPs.

CuO NPs concentrations (50 and 100mg L)
affected differently on fresh and dry weights.
Fresh weight showed significant change under
CuO NPs treatments. The first level of CuO
NPs (50mg L") enhanced significantly the
fresh matter gain, this could be attributed to the
fact that lower concentration of Cu is essential
for plant development. Being an essential
micronutrient for plants, Cu at low concentration
participates in photosynthetic electron transport,
mitochondrial respiration, cell-wall metabolism,
hormone signaling, protein trafficking and iron
mobilization and significantly improves plant
growth and development (Raven et al., 1999;
Yruela, 2005, 2009 and Anjum et al., 2015 a).
However, the higher level (100mg L) reduced
fresh weight significantly which could be
attributed to lower rates of water uptake due to
phytotoxicity of NPs as reported by Tassi et al.
(2017). In addition, it was reported that nano-
CuO mediated plant growth restriction and
DNA damage in radish (Raphanus sativus) and
ryegrass (Lolium perenne and Lolium rigidum)
(Atha et al., 2012). On the other hand, dry matter
unchanged under the different concentrations of
CuO NPs. Amending safflower seedlings with
silicon enhanced significantly fresh matter at 50
and 100mg L' CuO NPs and improved dry weight
significantly at 100 and 150mg L' CuO NPs.
Adrees et al. (2015) reported that Si may decrease
metal toxicity by a dilution effect that increase
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the growth of plants and boosting the xylem
sap under metal stress.On the other hand, the
stimulatory effect of HA observed as the increase
in dry weight at 100mg L' CuO NPs. The bio-
stimulation of humic substances to plant growth
was previously documented (Nardi et al., 2009;
Rose et al., 2014 and Canellas & Olivares, 2014).

By 8 days of safflower seedlings development,
root growth was more impacted by the
phytotoxicity of CuO NPs than shoot growth.
NPs has previously been reported to reduce root
length (Adams et al., 2017). Shi et al. (2014)
and Stampoulis et al. (2009) reported that Cu
nanoparticles reduced root length, compared to
the control. Nair & Chung (2014) recorded drastic
roots-growth retardation under 400-500mg L
CuO NPs in soybean. In previous experiment on
the nano-CuO on Hordeum vulgare, a restriction
in root and shoot growth with decreased
photosynthetic performance index were recorded
(Shaw et al., 2014).

External application of HA enhanced root
growth at 100mg L. Such improvement could not
be observed in shoot growth. While, Siamendment
did not show any significant improvement to shoot
and root growth under CuO NPs phytotoxicity. As
described by Bandieraa et al. (2009), application
of HA resulted in marked modification of root
morphology, such as weight, length, diameter,
specific root length. Humic stimuli root growth
promotion (acid growth theory) according to
Rayle & Clealand (1992). The acid growth theory
revealed the possible impact of humic substances
(HS) on plant signaling via Ca®" waves. This
model is directly linked to nutrient uptake, lateral
root emergence and root hairs. Such process can
alter the redox potential and pH at the root surface,
through promotion of secondary transport and
over expression of ion transporters (Ramos et al.,
2015).

The highest Cu contents among all treatments
were found in the safflower seedlings amended
with HA. Exposure of safflower to 50 and 100mg
L' CuO NPs plus HA was found to be by at
least 5-fold and 10-fold higher than control,
respectively. This high content of Cu could be
connected to high root length induced under HA
application. This suggests a higher number of cells
available to accumulate Cu. Root tissues also is
considered the most direct contact with Cu upon
sand treatment application. Hence, buildup of Cu
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is more likely to occur within the root system and
this is may be due to the high binding ability of Cu
to cell wall compounds (Apodaca et al., 2017). In
addition, formation of soluble HS complexes with
micronutrients, i.e., metal-humic complexes,
is often reported as a strategy to prevent metals
from leaching and become more bioavailable
to plants (Halim et al., 2003 amd Garcia-Mina
et al., 2004). However, 20-30pg Cu g leaf dry
weight was considered as acritical toxicity level
of Cu for most crop species (Yruela, 2005, 2009
and Anjum et al., 2015 b). External application
of Si sustained Cu* at the lowest levels even at
elevating concentrations of external CuO NPs.
This low content of Cu could be connected to
safflower seedling growth induction under Si
application at 150mg L-'CuO NPs.

Adams et al. (2017) reported the negative
effect of NPs in lowering content of photosynthetic
pigments and  reducing  photosynthesis.
Furthermore, it has been widely reported that
CuO NPs can induce chlorosis (Dimkpa et
al., 2012; Trujillo-Reyes et al., 2014 and Nair
& Chung, 2015). The present data showed
insignificant change in Chl. a content combined
with significant raise in Chl. b and carotenoids at
50mg L'CuO NPs. while higher concentration
of CuO NPs (100mg L"), reduced Chl. a content
by about 60%, as compared to control. Another
significant reduction under this concentration was
detected in carotenoids content (by about 50%)
which was combined with significant raise in
chl.b content. In this connection, Gadallah & El-
Enany (1999) reported lowered total chlorophyll
content in lupin (Lupinus spp.) plants exposed to
Cu up to 50mg L"!

The reduction in chlorophyll content, in the
present results, could be attributed to dampened
protochlorophyllide reductase activity, that
contributes to chlorophyll synthesis and enhanced
activity of chlorophyllase, a chlorophyll degrading
enzyme under stress conditions, caused by Cu
toxicity (Eser & Aydemir, 2016 and Apodaca et
al., 2017). Cu?* could hinder chloroplast reactions
by restricting electron transport, consequently
alter an essential factor of the energy-transfer
mechanism (Uribe & Stark, 1982). External
application of Si or HA sustained Chl. a content
unchanged under 100mg L' as compared torelative
treatment without Si or HA. The application of Si
obviously enhanced Chl. b and carotenoids under
50mg L, increasing CuO NPs concentration to

100mg L' enhanced significantly carotenoids
content and reduced Chl. b content. The effect
of Cu toxicity at 150mg L' was found to induce
significantly Chl. b content while it reduced
significantly Chl. a and carotenoids contents.
On the other hands, HA increased significantly
Chl. b at 50 and 100mg L' CuO NPs, while the
carotenoid content was significantly reduced at
50mg L' then, unexpectedly it increased at 100mg
L' CuO NPs. In this regard, Calabrese & Blain
(2011) reported the biological phenomenon of
hormesis (the resulting U-shaped dose-response
curves), where opposite effects are seen in low
doses of a toxin (inhibition) compared to high
doses (stimulation). This biphasic response is not
well understood, but has received considerable
interest within toxicological studies (Apodaca
et al,, 2017) which could be used to explain
these results. Nano-CuO can mediate significant
elevations in ROS generation and its subsequent
consequences of the modulation of antioxidant
defense system components and cellular redox
homeostasis in plants (Shaw et al., 2014). Plant
antioxidant defense system comprises of enzymes
(such as superoxide dismutase, SOD; catalase,
CAT; guaiacol peroxidase POD) as well as non-
enzymes (such as carotenoids, phenolics) (Anjum
etal., 2015 a).

Carotenoids are proved to be potent quenchers
of ROS, particularly singlet oxygen ('O,) by
intercepting the triplet-chlorophyll (Young,
1991). They also act as light harvesting pigments.
In the present investigation, 50mg L' CuO NPs
treated seedlings at 8 days showed significant
increase in carotenoids content. Whereas,
100mg L' nano-CuO NPs stressed seedlings
exhibited significant decreases (50%) in plumule
carotenoids contents. In contrast, 100mg L
nano-CuO with external amendment by HA or
Si maintained high carotenoids level (Table 1),
this could be involved in protecting chlorophylls
and photosynthetic apparatus by quenching ROS,
and hence, improving safflower seedling growth.
Decreased carotenoids levels might render the
nano-CuO exposed seedlings more vulnerable to
stress (Shaw & Hossain, 2013).

Data of this study revealed significant increase
in total phenolics with increasing CuO NPs
concentration (Fig. 4). Amendment with HA
provoked more phenolics content, as compared
to Si application under 0, 50 and 100mg L' CuO
NPs. While Si amendment at 150mg L' CuO
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NPs enhanced greatly total phenolic content. Kim
et al. (2007) reported that phenolic compounds
in safflower may play a role as protective
phytochemical antioxidants against reactive
oxygen-mediated pathological diseases. Phenolic
compounds (secondary metabolites) play multiple
roles in plants, including scavenging of ROS
induced under different stresses, they promote
roles in plant protection against damaging effects
(Solecka, 1997 and Sonar et al., 2011).

Statistical evaluation by principle component
analysis (PCA) showed that total antioxidants
content exhibited trend close to that of the total
phenolics. This indicates that phenolic compounds
might be a major contributor to the antioxidant
capacities under Cu toxicity. A high correlation
between the total phenolic content and antioxidant
activity has been previously reported (Wang et al.,
2009).

In the present study, nano-CuO phytotoxicity
resulted in deleterious effect on the ability of
safflower cells to scavenge H,O, and to inhibit
peroxidation of membranes lipids as shown in Fig.
6 and 7. Shaw et al. (2014) reported that nano-CuO
extremely disrupt the plant defense system through
triggering oxidative burst in terms of elevated
levels of H,O, and malondialdehyde (MDA), the
indicators of ROS and membrane lipid peroxidation
(LPO), respectively. Song et al. (2016) reported
that the MDA content of Lemna minor increased
with the increase of CuO NPs in culture media. An
increased rate of lipid peroxidation has also been
reported from plants and other biological models
under CuO NPs stress (Wang et al., 2012 and
Melegari et al., 2013). Data of the present study
revealed negative impact of CuO NPs stress on
lipid peroxidation inhibition % and H,O, radical
scavenging % at elevated concentration of CuO
NPs, this could be proposed according to Singh et
al. (2017 a) who reported that plants might produce
more free radicals under the NPs stress and the
activities of antioxidants were not stimulated to
the optimum level, thus the damage caused by
free radicals was not counteracted, leading to the
production of more MDA content which triggers
the lipid peroxidation or damage of membrane in
the seedlings. Nevertheless, external application of
Si or HA enhanced significantly lipid peroxidation
inhibition % and H,O, radical scavenging % as
compared to corresponding treatments without
Si or HA. Application of HA or Si could protect
the cell from ROS generation and could modulate
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the antioxidant defense system components and
cellular redox homeostasis in plants under nano-
CuO phytotoxicity.

Within plant cell, SOD acts as the first line
of defense against oxidative stress as its activity
directly modulates the amount of O, and H,0,, the
two important Haber—Weiss reaction substrates
(Bowler et al., 1992 and Shaw & Hossain,
2013). In the present investigation, the nano-
CuO phytotoxicity mediated increase in SOD
activity and external application of Si and HA
reflected significant enhancement of SOD enzyme
as treated with elevating concentrations of CuO
NPs. Previous studies revealed that decreased
membrane LPO may accompany with increases in
SODs that dismutate O, into H,O, (Nekrasova et
al., 2011 and Kim etal., 2012).

The present study showed that nano-CuO
phytotoxicity (50 and 100mg L") induced
significant change in POD activity, which is
in agreement with some previous reports on
POD activity in Lemna minor by Song et al.
(2016) and Koce (2017). In rice seedlings, nano-
CuO treatment led to an increase in activity
of antioxidant enzymes and elevated MDA
concentration (Shaw & Hossain, 2013). Amending
stressed safflower seedlings with HA at 50mg L
showed significant reduction in POD activity,
while higher level, 100mg L', showed no change
in POD activity. On the other hands, Si application
enhanced significantly POD activity at all applied
nano-CuO levels 50, 100 and 150mg L.

Catalase (CAT) is the main H,O, decomposer
enzyme at peroxisome (Scandalios, 2005). Data
herein showed that activity of CAT was retarded
significantly under 50 and 100mg L' nano-CuO
phytotoxicity. Similar results were reported in rice,
alfalfa roots and green pea (Ye et al., 2014; Hong
et al., 2015 and Ochoa, 2017). Amendment with
HA enhanced CAT activity at 50 and 100mg L,
while with Si application at 50mg L, the CAT
activity was reduced, then enhanced significantly
at 100mg L', while it did not change with 150mg
L.

Data revealed an increase in soluble proteins
under CuO NPs applied solely or in combination
with HA. While, external application of Si
retarded soluble proteins content at 50 and 100mg
L. Adversely, higher nano-CuO (150mg L)
enhanced greatly soluble proteins content. To
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survive under stress, plants accumulate proteins
that protect cells from stress effects (Wang et al.,
2003). The diverse environmental stresses often
promote similar cell signaling pathways (Zhu,
2001) and cellular responses, such as the production
of stress proteins and up regulation of antioxidants
(Vierling & Kimpel, 1992 and Zhu et al., 1997).
Previous proteomic study conducted on the roots
of Eruca sativa under Ag NPs and AgNO, stress
showed that both nanoparticle and bulk metal can
cause alteration in the forms of proteins linked with
redox regulation as well as disturbance of cellular
homeostasis (Vannini et al. 2013 and Singh et al.,
2017 b).

Conclusion

Safflower (Carthamus tinctorius)  seedlings
used to evaluate the potential impact of Si or
HA in counteracting phytoxicity of CuO NPs.
Seedling growth in C. tinctorius were coherent
with physiological changes implying that plants
exposed to CuO were severely stressed, while
plants exposed to Si followed by those exposed to
HA, were stressed to a lesser extent. This response
could be attributed to the recorded activation in the
enzymatic and non-enzymatic antioxidant system
provoked due to amendment with Si or HA.
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S OsSbwdls (Carthamus tinctorius) ah Al Gls gai (paad Adlad sia anl
(CuO NPs) ¢ 5L Guladl) 3) Ao it iy oL elia gagl) plaala

‘DA&AA:\M-L’AMM‘)

e < sl (g0l - AN - apsnl) ool sl el - ol BIS - sy Sal il o

O @dsial) (g g clalaaiad SY) & ) lasall G (08 CuO NPs & silil) Gulaill 3l o ysins
e asly o) Sy Al ays ) Aa) Al pal) Coags i) gan 8 Aail ja <l S i 2
(Ve yalle 50 58 5i) HA e sigll Gmns 5l (Jse Jlo 58 s o g0 secall Sl aladiily) ¢ Sl
Sl (GVpoade 1505 <100 €50 <3S i) L silill (alaill jeaic Gpew (e qll) deaY) gt
Ot e oSl paie )08 Aul il CLelal (Carthamus tinctorius) b d) s &l 2L s
5% I elld (5 5m o S5 o 3 Gulaill 2T (0 (/) salle 150) 5 8 cand ala a1 53y i)
e sigll Gaes Aila) ol (Al Aali (o Jasale JS3 aladll Jsan Jame (midd e o Sibud)
DSt J €I 0 38 5 il 10 N 5 saiy sl jeaie G ada jill il ol (s sine 33k )
b 6 sine Rl (G 2T Y o) jaalle 100) S5 Gam (Usba 23ST Va0 jaalle 100 5 50)
58S i Ay pina 3 gy alall s z Ul G50 e e o sSildl jeaie Gua Laiy iz Sl ()50 a8
Ciad Glal) 55l ad Grnd 8 Gl gl aes aale LS (55 Gulad 2l /o) saille 15055 100
& (U saalle 50) 3858 e (g i) Gulaill e Cunad L sina alad ST /ol jaulle 100 S 53
(s S5 T Jids)5l) (asaadll dany oy Al Qgadl) (e i) (5 sinal (5 gina aldd]
OsSalendl A1 Al Jas o 5S4l e 5l e 50% 5 60% e Camid) il
V) salle 100) S5 caniualédil 0 5a T Ji gy lSH o Clilara o ddailaall 8 s gl men
Cnd e sagll man & sSolaadly Aol die il S o8 8 L sine Lol Jan ) LS (il
Y sl (go a1l 5l g sima Bk 31 g I Gulatl e ] (Gl ) /) yalle 100) S 53
(s ST Ve salle 1005 50) S5 3 cliesagl) (mes Aila) aaalis 3By Ay sine 5 ) sum
(6 ) (il Apans 0l LaS 3oy 30 03 3 a3 (i 2S5/l jalle 150) DS 5 st (0 sSbaaall
4052 3 80u8Y) Jama 3l 35 (o soded) ST (358) Jie 3 _al) (5588 S e 1Al 5 )8 Cilaua) )
G358) 5all (358l S e Jumdl il giane e i sagll men 5l () sSlandd) Alelas adaila Laiy Ase 33U)
COlebae Criven 3auSY) T gia gl cand Ay Ul A0 S 5aSY) Ve Q5 (O 5 sed) 2
. CAT, SOD (a2 ) (b licia dyay 53¥) 530SV hlalizan Jaliis iV ana (g0 Slia gael) Gmen 5h ¢ sl
S il 30T (e 83 il 38 S Cant POD 341 Il (a8 ¢S] Allaa Caaals LS

(el aille 15055 100 <50)
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