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A B S T R A C T

Nickel oxide nanoparticles (NiO NPs) are utilized in various industries and their release into the environment
may lead to the pollution of agricultural areas. However, assessing the toxicity of NiO NPs in major food crops is
difficult due to the limited information available on their toxicity. The present investigation was carried out to
evaluate how NiO NPs affect plant growth, photosynthetic efficiency, and phytochemical content, as well as
changes at the transcriptional level of these phytochemicals in Chinese cabbage seedlings. Chlorophyll, car-
otenoid, and sugar contents were reduced, while proline and the anthocyanins were significantly upregulated in
NiO NPs-treated seedlings. The levels of malondialdehyde, hydrogen peroxide, and reactive oxygen species, as
well as peroxidase (POD) enzyme activity, were all enhanced in seedlings exposed to NiO NPs. The levels of
glucosinolates and phenolic compounds were also significantly increased in NiO NPs-treated seedlings compared
to control seedlings. The expression of genes related to oxidative stress (CAT, POD, and GST), MYB transcription
factors (BrMYB28, BrMYB29, BrMYB34, and BrMYB51), and phenolic compounds (ANS, PAP1, and PAL) were
significantly upregulated. We suggest that NiO NPs application stimulates toxic effects and enhances the levels of
phytochemicals (glucosinolates and phenolic compounds) in Chinese cabbage seedlings.

1. Introduction

The use of nanoparticles (NPs) is of increasing significance due to
their great potential, but also their adverse effects on human health and
the environment (Khan et al., 2017). Nanomaterials (NMs) have been
defined as materials comprising particles either in the unbound state or
as aggregates with a diameter range of 1–100 nm. In addition to their
tiny size, these particles are characterized by their large surface areas,
high aspect ratios, and unusual surface properties. Nanotechnology has
been adopted for diverse applications including the production of nano-
fertilizers, nano-pesticides, for nutrient management, plant disease
treatment, genetic improvement, and promotion of plant growth (De la
Rosa et al., 2017). Nanoparticles elicit both beneficial as well as adverse
effects in exposed plants (Peralta-Videa and Sahi, 2017). Nickel (Ni) is a
profuse metal in the Earth's crust, and its uses in various manufacturing
processes have resulted in increased Ni accumulation in the environ-
ment; consequently, it is now considered a large-scale contaminant
worldwide (Hussain et al., 2013). Nickel oxide nanoparticles (NiO NPs)
have extensive applications, including as a gas sensor and catalyst, and
are widely found in alkaline battery cathodes, magnetic material,
electrochromic film, fuel cells, stainless steel, artificial jewelry, and

electrical goods (Manna and Bandyopadhyay, 2017). Wide-ranging
production and usage of NiO NPs have raised concerns regarding their
release into the environment and interactions with living organisms
(Gong et al., 2011). High levels of NiO NPs are toxic to plants, inducing
numerous symptoms of injury like chlorosis, necrosis, growth inhibi-
tion, and wilting (Lin and Xing, 2007; Stampoulis et al., 2009). A lim-
ited number of studies have analyzed cellular and molecular changes in
microalgae, aquatic organisms, and plants resulting from NiO NPs
toxicity (Gong et al., 2011; Oukarroum et al., 2015; Soares et al., 2018a;
Pinto et al., 2019). NiO NPs were shown to be naturally transported into
plants, producing cytotoxic and genotoxic effects (Magaye and Zhao,
2012; Pinto et al., 2019). Moreover, Faisal et al. (2013) reported that
NiO NPs triggered apoptosis in tomato root cells and induced the re-
lease of caspase-3 proteases from mitochondria. Earlier results had
suggested the extensive production of reactive oxygen species (ROS)
and oxidative stress as possible mechanisms of NPs toxicity (Siddiqui
et al., 2012). ROS acts as signaling molecules at lower concentrations
whereas cause oxidative damages to intracellular components at higher
concentrations (Foyer, 2018). The highly evolved antioxidant systems
in plants such as enzymatic (superoxide dismutase, catalase, guaiacol
peroxidase, glutathione S-transferase, ascorbate peroxidase, glutathione
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reductase, monodehydro ascorbate reductase and dehydro ascorbate
reductase) and non-enzymatic (glutathione, ascorbic acid, phenolic
compounds and proline) mechanisms were involved in the maintenance
of redox homeostasis (Soares et al., 2018b). Additionally, some reports
demonstrated that NiO NPs may induce programmed cell death in to-
mato (Faisal et al., 2013) and Lemna spp. (Oukarroum et al., 2015).
Finally, exposure to Cu NPs was reported to induce a greater accumu-
lation of bioactive compounds in the tomato (López-Vargas et al.,
2018).

Brassicaceae vegetables are used as food as well as in traditional
medicine. Chinese cabbage (Brassica rapa ssp. pekinensis) is a widely-
consumed green leafy vegetable in Asia, and an ingredient of Kimchi, a
popular Korean dish. Brassicaceae vegetables are characterized as
functional foods due to their reported preventive role against some
cancers and chronic diseases (Šamec et al., 2017). Moreover, they
possess anti-inflammatory, antioxidant, anti-obesity, and gastro-
protective properties associated with the presence of different bioactive
compounds such as carotenoids, phenolics, and glucosinolates (Šamec
et al., 2017). Therefore, this study was undertaken to assess the effects

of NiO NPs at various concentrations (50, 250, and 500mg/L) on the
physiological growth and phytochemical variation of in vitro-grown
Chinese cabbage seedlings. NiO NPs-mediated changes in growth
characteristics (biomass, root, and shoot length) and Ni content were
recorded for 15 days-old in vitro-grown seedlings treated with various
concentrations of NiO NPs. Biochemical parameters determined include
changes in the levels of photosynthetic pigments (chlorophyll and
carotenoids), anthocyanin, sugar, proline, and ROS (MDA and H2O2), as
well as the activity of peroxidase enzyme. In situ ROS levels were
analyzed using fluorescence microscopy. Additionally, changes in
transcript levels of genes related to oxidative stress (catalase, perox-
idase, and glutathione S-transferase) were also evaluated, as were the
effects of NiO NPs treatment on phytochemical concentrations (GSLs,
phenolics, flavonoids, and anthocyanins) and related biosynthetic gene
expression levels in Chinese cabbage seedlings.

Fig. 1. (A) Phenotypes of in vitro-grown Chinese cabbage seedlings (left to right: control, 50, 250, and 500mg/L) exposed to the designated concentrations of NiO
NPs for 15 days, (B) average shoot and root length, (C) fresh mass (FM) of the seedlings, (D) nickel and (E) total chlorophyll contents. Data are presented as
means ± SD of three replicates. Different letters indicate a significant difference at P≤ 0.05.
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2. Materials and methods

2.1. Seed treatment of NiO NPs

Chinese cabbage (Brassica rapa ssp. Pekinensis var. Seoul) seeds were
sterilized with 70% ethanol for 1min and then thoroughly washed in
distilled water. NiO NPs (10–20 nm, 99%) were obtained from US
Research Nanomaterials in Houston, TX, USA. The different con-
centrations (50, 250, and 500mg/L) of NiO NPs were selected based on
previous reports and our primary trials; bulk particles of NiSO4 in-
hibited seedling germination, even at low concentrations, while ex-
posure to low concentrations of NiO NPs (< 50mg/L) had no sig-
nificant effect on seedling growth. For each treatment, approximately
25–30 seeds were inoculated per culture box containing sterile filter
paper to which 3–5mL of NiO NPs solutions were added. Culture boxes
were maintained for 15 days, at 25 °C, under a 16-h/8-h photoperiod.

Three replicates were used for each concentration. The samples were
harvested after 15 days, and the length of the seedlings (shoot and root)
was measured using a ruler. All the fresh samples were stored at−80 °C
for subsequent experiments.

2.2. Determination of Ni content

Shoots and roots from control and NiO NPs-exposed (50, 250, and
500mg/L) plants were separated and dried at 75 °C for 48 h in a hot-air
oven. The samples (100mg) of the pulverized tissue were digested with
5mL concentrated HNO3 at 110 °C for 1 h in a dry bath. The digest was
diluted to 20mL with deionized water and filtered through 0.2 μm
nylon filters. The Ni content was measured using ICP-MS (Varian 820-
MS, USA), and the analysis was done in triplicate.

Fig. 2. Effects of treatment with different concentrations of NiO NPs on the contents of, (A) carotenoid, (B) anthocyanin, (C) proline, (D) sugar, (E) MDA and (F)
H2O2 in 15 days-old in vitro-grown Chinese cabbage seedlings. Data are presented as means ± SD of three replicates. Different letters indicate a significant difference
at P≤ 0.05.
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2.3. Estimation of chlorophyll, carotenoid, anthocyanin, proline, and sugar
contents

Total chlorophyll and carotenoid contents of NiO NPs-treated and
control Chinese cabbage seedlings were assessed as reported by
Lichtenthaler (1987). The level of anthocyanin was evaluated as de-
scribed previously by Thiruvengadam and Chung (2015). Proline con-
tent was estimated by spectrometry (Bates, 1973). Total soluble sugar
content was assessed using a previously described method (Hedge and
Hofreiter, 1962).

2.4. Estimation of lipid peroxidation, H2O2 content, and ROS generation

Lipid peroxidation assays were performed on root and shoot sam-
ples of NiO NPs-treated and non-treated seedlings (Heath and Packer,
1968). The H2O2 content was determined as previously reported
(Brennan and Frenkel, 1977). Total ROS was measured qualitatively in
control and NiO NPs-treated roots using the DCFH-DA staining proce-
dure, as reported by Faisal et al. (2013).

2.5. Estimation of peroxidase activity

Peroxidase (POD; EC 1.11.1.7) enzymatic activity was measured
according to the method of Fang and Kao (2000). Samples (100mg)
were homogenized in 1mL 10mM phosphate buffer (pH 6.8) and
centrifuged at 12 000×g for 15min. The supernatant (25 μL) was

mixed with 50mM H2O2, 5 μL 250mM guaiacol, and 195 μL 12.5 mM
3,3-dimethylglutaric acid (pH 6.0). All the extraction protocol was
performed at 4 °C. POD activity was estimated by measuring the in-
crease in absorbance at 470 nm after a 15min incubation at room
temperature. Enzyme activity was calculated as μM of guaiacol oxidized
per min per gram of fresh mass (FM).

2.6. Estimation of phenolic compounds

2.6.1. Total phenolic and flavonoid contents
The total phenolic content (TPC) and the total flavonoid content

(TFC) of NiO NPs-treated and non-treated seedlings were determined by
spectrophotometry using Folin-Ciocalteu reagent and by using calori-
metry, respectively, according to Thiruvengadam et al. (2014).

2.6.2. Individual phenolic compounds
The method used for the extraction of NiO NPs-treated and non-

treated seedlings was performed as previously reported
(Thiruvengadam and Chung, 2015). Sixteen phenolic compounds (PCs)
were measured using UHPLC (Accela system, Thermo, USA) with a
reverse phase column (C18, 2.1× 100mm, 2.6 mm) in NiO NPs-treated
and non-treated seedlings. The solvent, standard, and gradient proce-
dure followed the method previously described by Thiruvengadam and
Chung (2015).

Fig. 3. Effects of NiO NPs treatment on (A) POD content and (B) ROS generation in the roots of 15 days-old in vitro-grown Chinese cabbage seedlings. Green
fluorescence indicates the presence of ROS in the roots. (a) Control, (b) 50mg/L NiO NPs, (c) 250mg/L NiO NPs, and (d) 500mg/L NiO NPs. Data are presented as
means ± SD of three replicates. Different letters indicate a significant difference at P≤ 0.05. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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2.6.3. Estimation of glucosinolates (GSLs)
NiO NPs-treated and non-treated seedlings were extracted as re-

ported previously (Thiruvengadam and Chung, 2015). GSLs were esti-
mated using an EVOQ advanced UHPLC –TQMS (CTC PAL-xt Auto-
sampler, Bruker, USA) system and samples were separated on a column
(C18, 50mm×2mm×3 μm). The solvent and gradient procedures
were according to Thiruvengadam and Chung (2015).

2.7. Real-time polymerase chain reaction (RT-PCR)

Total RNA was extracted from NiO NPs-treated and non-treated
seedlings using an RNeasy plant Miniprep Kit (Qiagen, USA) according
to the manufacturer's protocol. 2 μg of total RNA was used for the first-
strand cDNA synthesis and the reaction was carried out according to the
manufacturer's instructions. The primer sequences are presented in
Supplementary Table 1. 100 ng of freshly synthesized cDNA was used as
a template for RT-PCR. The RT-PCR was performed with a CFX 96 RT-
PCR Detection System, using a SYBR® Green PCR Kit (Bio-Rad, USA).
The PCR conditions, comparative threshold values, and relative ex-
pression levels were calculated using the 2−ΔΔCt method

(Thiruvengadam and Chung, 2015).

2.8. Data analysis

All the experiments were done in triplicate and are expressed as the
mean ± standard deviation (SD). Each experiment was repeated twice.
The level of significance was determined at P≤ 0.05), and the means
were separated using Duncan's multiple range test (DMRT).

3. Results and discussion

3.1. Effects of NiO NPs on physiological parameters

The effect of NiO NPs (50, 250, and 500mg/L) on the growth profile
of Chinese cabbage was examined for seed germination and the lengths
of the shoots and roots. Seed germination and root elongation can be
considered as signs of toxicity (Rao and Shekhawat, 2014). Compared
to control seedlings, the root and shoot lengths decreased with in-
creasing concentrations of NiO NPs (Fig. 1A–C). The morphological
features indicated that treatment with the higher concentrations of NiO

Fig. 4. Effect of NiO NPs treatment on phytochemical content. (A) GSLs identified by UHPLC-TQMS, (B) TPC, and (C) TFC in 15 days-old in vitro-grown Chinese
cabbage seedlings. Data are presented as means ± SD of three replicates. Different letters indicate a significant difference at P≤ 0.05.
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NPs (250 and 500mg/L) significantly suppressed the growth of the
plants (Fig. 1A–C). Biomass production was seen to be clearly and
significantly affected by treatment with NiO NPs in Hordeum vulgare
(Soares et al., 2018c) and in Lycium barbarum shoots grown under in
vitro conditions (Pinto et al., 2019). Moreover, Faisal et al. (2013) re-
vealed concentration-dependent suppression of root length in tomato
treated with NiO NPs. In agreement with this, we observed a strong
reduction in seedling length with the higher NiO NPs concentrations
(250 and 500mg/L). Treatment with the different concentrations of
NiO NPs significantly enhanced Ni levels in the seedlings (Fig. 1D).
However, the Ni content was higher in the roots than the shoots
(Fig. 1D). Entry of dissolved metal NPs into cells was shown to be en-
hanced as a result of decreased pH and interaction with organic acids
and proteins inside the plant tissues (Shi et al., 2014). Greater accu-
mulation of NPs in the roots of Chinese cabbage could be easily eluci-
dated by its root appearance (Fig. 1A).

3.2. Effect of NiO NPs on photosynthetic pigment content

Nanoparticles have been reported to induce chloroplast dis-
organization due to a decrease in the levels of thylakoid and grana that
can result in the loss of chlorophyll content (Ebbs and Uchil, 2008). The
total chlorophyll and carotenoid contents decreased gradually with NiO
NPs treatment at 50, 250, and 500mg/L compared to control plants
(Figs. 1E and 2A). A substantial reduction in chlorophyll and carotenoid
levels were observed at the higher concentration of NiO NPs (Figs. 1E
and 2A). In accordance with our results, NiO NPs treatment resulted in
a concentration-dependent reduction in chlorophyll and carotenoid
contents in aquatic plants (Gong et al., 2011; Torbati, 2018). NiO NPs-
treated plants exhibited injured photosynthetic pigments, while a sig-
nificant reduction in both chlorophyll and carotenoid contents was
observed in Hordeum vulgare (Soares et al., 2016, 2018c), Solanum
melongena (Baskar et al., 2018) and Lycium barbarum (Pinto et al.,
2019). The dissolution of Ni ions may play an important role in the
toxicity of nanoparticles, such as altered chloroplast activity, in re-
sponse to surplus Ni2+ (Appenroth et al., 2010).

3.3. Effect of NiO NPs on anthocyanin content

Anthocyanins are stress-responsive compounds, protecting plants
from injury induced by ROS. Anthocyanin levels were measured in NiO
NPs-treated and untreated Chinese cabbage seedlings. The total an-
thocyanin content with exposure to NiO NPs (50, 250 and 500mg/L)
was significantly increased compared to non-treated seedlings (Fig. 2B).
Correspondingly, a greater amount of anthocyanin was also recorded in
Solanum melongena and Arabidopsis plants exposed to NiO NPs (Baskar
et al., 2018) and CuO NPs (Nair and Chung, 2014). Anthocyanins act as
non-enzymatic antioxidants in plants, defending cells against ROS-in-
duced oxidative stress (Gill and Tuteja, 2010), suggesting that the ob-
served increase in anthocyanin concentration in Chinese cabbage
treated with NiO NPs may have been due to oxidative stress.

3.4. Effect of NiO NPs on proline and sugar contents

Proline has been described as improving plant resistance to oxida-
tive stress by scavenging free radicals and increasing the activity of
anti-oxidative enzymes, thereby helping to sustain redox homeostasis
(Matysik et al., 2002). Preeti and Tripathi (2011) reported that a re-
duction in sugar levels observed in Albizia procera seedlings exposed to
different NPs might result from the decreased synthesis of storage su-
gars and increased synthesis of other phytochemicals. We measured the
proline and sugar contents in the NiO NPs (50, 250 and 500mg/L)
treated and non-treated seedlings and found a significant increase in
proline content in the seedlings treated with NiO NPs compared to non-
treated seedlings (Fig. 2C). Similarly, Rao and Shekhawat (2016) found
higher levels of proline in CuO and TiO2 NPs-treated B. juncea plants
than in control plants. In this study, we observed a significant decrease
in sugar content with NiO NPs treatment (50, 250 and 500mg/L;
Fig. 2D), possibly due to reduced rates of photosynthesis resulting from
a reduction in photosynthetic pigments under NiO NPs stress. The ob-
served proline accumulation may be a plant protective mechanism to
prevent protein denaturation and ROS-induced injury to cellular
structures (Chiang and Dandekar, 1995).

3.5. Effect of NiO NPs on MDA, H2O2 content, and antioxidant enzymes

Levels of lipid peroxidation is a potential indicator of cellular
membrane injury caused by oxidative stress. Tuteja et al. (2001) de-
monstrated that stress induces membrane lipid peroxidation, resulting
in membrane degradation and production of thiobarbituric acid re-
active species, particularly MDA, that can degrade DNA. Quantification
of lipid peroxidation and H2O2 content in seedlings exposed to different
concentrations of NiO NPs (50, 250 and 500mg/L) showed significant
increases in both parameters compared to non-treated seedlings
(Fig. 2E and F). However, a considerable increase in lipid peroxidation
and H2O2 content was observed with NiO NPs treatment (50, 250 and
500mg/L) in the shoot and roots, but with higher levels in the roots
than the shoots. A gradual, dose-dependent increase in MDA and H2O2

concentrations was seen with NiO NPs treatment, indicating NPs-
mediated induction of oxidative stress. Higher accumulation of MDA is
indicative of increased ROS production. As in this study, MDA levels
were seen to increase with exposure to NiO NPs in Allium spp. (Manna
and Bandyopadhyay, 2017), Solanum melongena (Baskar et al., 2018)
and Lycium barbarum (Pinto et al., 2019). Moreover, treatment with NiO
NPs also significantly increased MDA and H2O2 levels in Hordeum vul-
gare (Soares et al., 2016). The enhancement of MDA production in-
dicates membrane damage in roots exposed to NiO NPs. Peroxidase
(POD) involved in several crucial functions such as auxin catabolism,
polymerization of lignin in the presence of H2O2, growth regulation and
cross-linking of pectins (Gaspar et al., 1991; del Rıo et al., 2006). POD
enzyme activity was measured to investigate the level of oxidative
stress in Chinese cabbage seedlings treated with NiO NPs. The activity
of POD was higher in NiO NPs-treated plants than control plants

Table 1
Effect of NiO NPs-treated on phenolic compounds identified by UHPLC analysis
in 15 days-old in vitro grown seedlings of Chinese cabbage.

Compounds Concentration (μg/g dry mass)

Control NiO NPs (500mg/L)

Flavonols
Myricetin 98.06 ± 5.10g 136.27 ± 5.25f

Quercetin 274.56 ± 4.26c 494.20 ± 8.90c

Kaempferol 58.28 ± 0.23h 95.70 ± 1.45g

Catechin 151.1 ± 1.85e 197.16 ± 8.34e

Naringenin 9.63 ± 1.90l 36.20 ± 0.92l

Rutin 177.33 ± 4.22d 219.39 ± 2.75d

Hesperidin 24.88 ± 1.55k 49.26 ± 1.11k

Total 793.84 1228.18
Hydroxy-cinnamic acid
p-Coumaric acid 142.29 ± 3.50f 220.26 ± 2.10d

Ferulic acid 501.99 ± 1.14b 568.66 ± 1.52b

Chlorogenic 56.94 ± 0.31h 85.93 ± 3.06h

t-cinnamic acid 5.40 ± 0.10m 15.53 ± 0.63m

Total 706.62 890.38
Hydroxy-benzoic acid
p-hydroxy-benzoic acid 44.58 ± 1.53i 84.95 ± 2.10h

Protocatechuic acid 27.37 ± 1.09k 35.21 ± 1.11l

Syringic acid 35.71 ± 0.39j 78.17 ± 0.35i

Gentisic acid 514.15 ± 2.19a 666.51 ± 7.95a

Vanillin 37.60 ± 0.277j 56.81 ± 4.66j

Total 659.41 921.65

Means ± standard deviation of three replicates within a column followed by
the same letter are not significantly different according Duncan's multiple range
test at P≤ 0.05.
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(Fig. 3A), similar to the results already documented in Allium spp.
(Manna and Bandyopadhyay, 2017).

3.6. Effect of NiO NPs on intracellular ROS formation

Measurement of DCF fluorescence is widely used as an optimistic
test for evaluation of oxidative stress in living organisms. Microscopic
analysis revealed that NiO NPs-treated root tips exhibited significantly
increased fluorescence (Fig. 3B b–d) compared to control root tips
(Fig. 3B a). Previous studies have confirmed that higher NiO NPs con-
centrations resulted in higher levels of ROS generation in tomato (Faisal
et al., 2013) and Lemna gibba (Oukarroum et al., 2015). Exposure to
NiO NPs may result in programmed cell death via cellular damage in
which ROS play a major role. To alleviate the opposing effects of ROS
generated under abiotic stress, plant cells increase the activity of dif-
ferent antioxidant enzymes, establishing a first line of defense against
oxidative stress and toxicity inside the cell (Gill and Tuteja, 2010;
Soares et al., 2018b).

3.7. Effect of NiO NPs on the levels of phytochemicals

3.7.1. Estimation of GSLs content
GSLs are one of the known plant defense compounds that responds

to various biotic and abiotic stresses in plants (Baskar et al., 2012). In
the present study, we evaluated the influence of NiO NPs, a metal oxide
NPs on the profile of individual GSLs in Chinese cabbage seedlings
(Fig. 4A). UHPLC-TQ-MS identified five aliphatic GSLs (gluconapin,
glucoallysin, glucobrassicanapin sinigrin, and progoitrin), four indolic
GSLs (4-methoxyglucobrassicin, 4-hydroxyglucobrassicin, neogluco-
brassicin, and glucobrassicin) and one aromatic GSL (gluconasturtiin).
All types of GSLs (aromatic GSLs, indolic GSLs, and aliphatic GSLs)
were significantly increased in the NiO NPs (500mg/L) treated seed-
lings compared to control seedlings. In accordance with this, Asad et al.
(2013) reported that Ni treatment induced the production of total GSLs
in Thlaspi caerulescens (hyperaccumulator species). The exposure of
Arabidopsis halleri to zinc and cadmium resulted in a significant increase
in the total GSLs compared to control plants. In addition, the GSLs
accumulation was higher in the initial growth period compared to later
stages (Kazemi-Dinan et al., 2015). Similarly, in our previous study, we
also have shown that the cadmium chloride (CdCl2) induced the pro-
duction of various types of GSLs in B. rapa seedlings (Thiruvengadam

Fig. 5. Effect of treatment with different concentrations of NiO NPs on the mRNA expression levels of (A) antioxidant enzymes (CAT, POD, and GST), (B) phenolic
biosynthetic genes (PAL ANS, and PAP1) in 15 days-old in vitro-grown Chinese cabbage seedlings. Data are presented as means ± SD of three replicates. Different
letters indicate a significant difference at P≤ 0.05.
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and Chung, 2015). Among them, gluconasturtiin concentration was
significantly increased in CdCl2 treated B. rapa seedlings
(Thiruvengadam and Chung, 2015).

3.7.2. Estimation of total phenolic and flavonoid contents
Phenolic compounds (PCs) and organic acids are thought to regulate

enzymes and the cell cycle and contribute to organoleptic character-
istics (Pulido et al., 2000). Polyphenols can also enhance plant defenses
against heavy metal stress by chelating metals and scavenging reactive
oxygen species (Oloumi et al., 2015). In this study, we analyzed TPC
and TFC in NiO NPs-treated and control samples. A gradual increase in
TPC and TFC concentrations was seen with the NiO NPs treatment, and
the seedlings treated with 500mg/L of NiO NPs accumulated higher
TPC and TFC concentrations (Fig. 4B and C). Similar to our observa-
tions, some earlier studies indicated that NPs could increase TPC and
TFC contents in seedlings of different plant species in a concentration-
dependent manner (Oloumi et al., 2015; Zafar et al., 2016; Baskar et al.,
2018).

3.7.3. Estimation of individual phenolic compounds
Heavy metals at a higher concentration can induce toxicity through

the generation of ROS in plants. Plants can respond to ROS through the
production of antioxidants (enzymatic and non-enzymatic) that can
suppress ROS molecules. Phenolic acids are one of the non-enzymatic
antioxidant molecules in plants and provide tolerance to various abiotic
stresses. We explored the influence of the NiO NPs-treated and control
seedling samples detected by UHPLC (Table 1). We identified sixteen
PCs, consisting of seven flavonols (kaempferol, myricetin, quercetin,
catechin, naringenin, rutin, and hesperidin), four hydroxycinnamic
acids (p-coumaric, t-cinnamic, chlorogenic, and ferulic acids), and five
hydroxybenzoic acids (vanillin, p-hydroxybenzoic, protocatechuic,
syringic, and gentisic acids). The NiO NPs (500mg/L) treated seedlings
contained considerably higher hydroxybenzoic acid (921.65 μg/g),
hydroxycinnamic acid (890.38 μg/g), and flavonol (1228.18 μg/g)
contents than control seedling, at 659.41, 706.62, and 659.41 μg/g,
respectively (Table 1). In accordance with our study, the foliar appli-
cation of Ni on the Fagopyrum esculentum results in the elevation of ROS,
total phenolics and phenolic acids (Sytar et al., 2015). Time and con-
centration-dependent enhancement of phenolic acids was observed in
Ni-treated F. esculentum plants. The significant increase in the p-hy-
droxybenzoic, chlorogenic, p-anisic, hesperetic, and caffeic acids at post
24 & 48 h of Ni treatment, while hesperetic, p-hydroxybenzoic, p-anisic,

Fig. 6. Effect of treatment with different concentrations of NiO NPs on the mRNA expression levels of (A) aliphatic GSL biosynthesis (MYB28 and MYB29) and (B)
indolic GSL (MYB34 and MYB51) transcription factor genes in 15 days-old in vitro-grown Chinese cabbage seedlings. Data are presented as means ± SD of three
replicates. Different letters indicate a significant difference at P≤ 0.05.
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caffeic acids and p-coumaric contents were increased after 72 h of ex-
posure. Similarly, the levels of ferulic acid and isovitexin were elevated
with cadmium oxide NPs treatment in barley plants (Večeřová et al.,
2016), while Jasim et al. (2017) reported a significant enhancement of
diosgenin levels in fenugreek treated with Ag NPs. We conclude that the
increased amounts of phenolic compounds could be correlated with
NiO NPs induced ROS generation which is evidenced through enhanced
MDA formation and H2O2 generation.

3.8. Effect of NiO NPs on the antioxidant enzyme and phytochemical
(phenolics and GSLs)-related gene expression

We used RT-PCR to study the effects of NiO NPs exposure on
Chinese cabbage seedlings by measuring the relative transcript levels of
genes involved in the biosynthesis of antioxidant enzymes (CAT, POD,
and GST), phenolic compounds (PAP1, ANS, and PAL), and glucosino-
lates (BrMYB28, BrMYB29, BrMYB34, and BrMYB51). Antioxidant en-
zymes are biomarkers that specify the level of oxidative stress (Gill and
Tuteja, 2010). Catalases (CAT) are involved in maintaining cellular
redox status in cells by scavenging excess H2O2 (Du et al., 2008), and
we found that CAT, POD, and GST transcript levels were higher with
increasing NiO NPs concentrations of up to 500mg/L (Fig. 5A). Similar
to our results, CAT expression was higher in Oryza sataiva exposed to Ag
NPs compared to controls (Nair and Chung, 2014). Correspondingly, in
the present investigation, substantial transcriptional up-regulation of
antioxidant genes was observed in treated seedlings, which correlates
with increased H2O2 generation. It is known that SOD catalyses the
conversion of superoxide to H2O2, whereas CAT and POD catalyze H2O2

breakdown (Bowler et al., 1992). Exposure to CuO NPs significantly
increased the expression levels of antioxidant genes such as CAT, SOD,
and POD in chick pea (Nair and Chung, 2014). The transcript levels of
ANS and PAP1 were progressively up-regulated in seedlings treated
with higher concentrations (250 and 500mg/L) of NiO NPs (Fig. 5B).
These observations reflect the expected effects of NiO NPs on antho-
cyanin levels reported in section 3.3 above; meanwhile, the expression
of the PAP1 gene has been associated with anthocyanin levels (Borevitz
et al., 2000). Flavonoid and anthocyanin biosynthetic genes in A.
thaliana were shown to be upregulated with Ag NPs treatment (Garcia-
Sanchez et al., 2015). PAL expression was substantially higher in the
NiO NPs-exposed than non-treated seedlings (Fig. 5B). Transcriptional
activation of PAL has been shown to influence several environmental
stress factors in various plant species (Winkel-Shirley, 2002). GSLs are
nitrogen- and sulfur-containing secondary metabolites involved in
biotic and abiotic stress resistance (Martinez-Ballesta et al., 2013). In-
creased GSL accumulation has been linked to the higher expression of
genes involved in GSL biosynthesis pathway regulation of aliphatic GSL
(MYB28 and MYB29) and indolic GSL (MYB51 and MYB34) genes
(Thiruvengadam and Chung, 2015). AGSLs (BrMYB28 and BrMYB29)
and IGSLs (BrMYB34 and BrMYB51) transcripts were higher in seed-
lings treated with higher concentrations (250 and 500mg/L) of NiO
NPs (Fig. 6A and B).

4. Conclusions

This investigation confirmed that treatment with NiO NPs elicited a
toxic response in Chinese cabbage seedlings. NiO NPs induced a sub-
stantial reduction in plant biomass and inhibition of shoot and root
growth in a dose-dependent manner. Analysis of metal uptake revealed
a high Ni content, indicating the uptake and dissolution of NiO NPs in
the plants. Chlorophyll, carotenoid, and sugar contents declined sharply
in the NiO NPs treated seedlings, whereas the levels of anthocyanin and
proline were significantly enhanced. High Ni accumulation elicited
significant lipid peroxidation, increased levels of H2O2 and total ROS,
and antioxidant enzyme (POD) activity in the roots. Furthermore, NiO
NPs treatment resulted in increased transcript levels of genes coding for
antioxidant enzymes (CAT, POD, and GST) and phytochemicals (GSLs,

phenolics, and flavonoids). Our results demonstrate that high con-
centrations of NiO NPs induce toxic effects, as well as increased phy-
tochemical contents, in Chinese cabbage seedlings.

Author contributions

M. Thiruvengadam carried out the experiments and also wrote the
manuscript. V. Baskar carried out molecular analyses and helped to
write the manuscript. I. M. Chung designed the experiments and also
wrote the manuscript the experiments.

Acknowledgments

This work was supported by the KU Research Professor Program of
Konkuk University, Seoul, South Korea.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.plaphy.2019.03.010.

References

Appenroth, K.J., Krech, K., Keresztes, Á., Fischer, W., Koloczek, H., 2010. Effects of nickel
on the chloroplasts of the duckweeds Spirodelapolyrhiza and Lemna minor and their
possible use in biomonitoring and phytoremediation. Chemosphere 78, 216–223.
https://doi.org/10.1016/j.chemosphere.2009.11.007.

Asad, S.A., Young, S., West, H., 2013. Effect of nickel and cadmium on glucosinolate
production in Thlaspi caerulescens. Pakistan J. Bot. 45 (S1), 495–500.

Baskar, V., Gururani, M.A., Yu, J.W., Park, S.W., 2012. Engineering glucosinolates in
plants: current knowledge and potential uses. Appl. Biochem. Biotechnol. 168 (6),
1694–1717. https://doi.org/10.1007/s12010-012-9890-6.

Baskar, V., Nayeem, S., SreePreethy, K., Thiruvengadam, M., Sathishkumar, R., 2018.
Assessment of the effects of metal oxide nanoparticles on the growth, physiology and
metabolic responses in in vitro grown eggplant (Solanum melongena). 3 Biotech 8, 362.
https://doi.org/10.1007/s13205-018-1386-9.

Bates, L.S., 1973. Rapid determination of free proline for water-stress studies. Plant Soil
39, 205–207. https://doi.org/10.1007/BF00018060.

Borevitz, J.O., Xia, Y., Blount, J., Dixon, R.A., Lamb, C., 2000. Activation tagging iden-
tifies a conserved MYB regulator of phenylpropanoid biosynthesis. Plant Cell 12,
2383–2394. https://doi.org/10.1105/tpc.12.12.2383.

Bowler, C., Van Montagu, M., Inze´, D., 1992. Superoxide dismutase and stress tolerance.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 43, 83–116. https://doi.org/10.1146/
annurev.pp.43.060192.000503.

Brennan, T., Frenkel, C., 1977. Involvement of hydrogen peroxide in regulation of se-
nescence in pear. Plant Physiol 59, 411–416.

Chiang, H.H., Dandekar, A.M., 1995. Regulation of proline accumulation in Arabidopsis
during development and in response to desiccation. Plant Cell Environ. 18,
1280–1290. https://doi.org/10.1111/j.1365-3040.1995.tb00187.x.

De la Rosa, G., García-Castañeda, C., Vázquez-Núñez, E., Alonso-Castro, Á.J., Basurto-
Islas, G., Mendoza, Á., Cruz-Jiménez, G., Molina, C., 2017. Physiological and bio-
chemical response of plants to engineered NMs: implications on future design. Plant
Physiol. Biochem. 110, 226–235. https://doi.org/10.1016/j.plaphy.2016.06.014.

del Rıo, L.A., Sandalio, L.M., Corpas, F.J., Palma, J.M., Barroso, J.B., 2006. Reactive
oxygen species and reactive nitrogen species in peroxisomes, production, scavenging,
and role in cell signaling. Plant Physiol 141, 330–335. https://doi.org/10.1104/pp.
106.078204.

Du, Y.Y., Wang, P.C., Chen, J., Song, C.P., 2008. Comprehensive functional analysis of the
catalase gene family in Arabidopsis thaliana. J. Integr. Plant Biol. 50, 1318–1326.
https://doi.org/10.1111/j.1744-7909.2008. 00741.x.

Ebbs, S., Uchil, S., 2008. Cadmium and zinc induced chlorosis in Indian mustard [Brassica
juncea (L.) Czern] involves preferential loss of chlorophyll b. Photosynthetica 46 (1),
49–55. https://doi.org/10.1007/s11099-008-0010-3.

Faisal, M., Saquib, Q., Alatar, A.A., Al-Khedhairy, A.A., Hegazy, A.K., Musarrat, J., 2013.
Phytotoxic hazards of NiO-nanoparticles in tomato: a study on mechanism of cell
death. J. Hazard Mater. 250–251, 318–332. https://doi.org/10.1016/j.jhazmat.2013.
01.063.

Fang, W.C., Kao, C.H., 2000. Enhanced peroxidase activity in rice leaves in response to
excess iron, copper and zinc. Plant Sci. 158 (1–2), 71–76. https://doi.org/10.1016/
S0168-9452(00)00307-1.

Foyer, C.H., 2018. Reactive oxygen species, oxidative signaling and the regulation of
photosynthesis. Environ. Exp. Bot. 154, 134–142. https://doi.org/10.1016/j.
envexpbot.2018.05.003.

García-Sánchez, S., Bernales, I., Cristobal, S., 2015. Early response to nanoparticles in the
Arabidopsis transcriptome compromises plant defense and root-hair development
through salicylic acid signalling. BMC Genomics 16, 341. https://doi.org/10.1186/
s12864-015-1530-4.

Gaspar, T., Penel, C., Hagege, D., Greppin, H., 1991. Peroxidases in plant growth, dif-
ferentiation, and developmental processes. In: Lobarzewski, J., Greppin, H., Penel, C.,

I.-M. Chung, et al. Plant Physiology and Biochemistry 139 (2019) 92–101

100

https://doi.org/10.1016/j.plaphy.2019.03.010
https://doi.org/10.1016/j.plaphy.2019.03.010
https://doi.org/10.1016/j.chemosphere.2009.11.007
http://refhub.elsevier.com/S0981-9428(19)30092-0/sref2
http://refhub.elsevier.com/S0981-9428(19)30092-0/sref2
https://doi.org/10.1007/s12010-012-9890-6
https://doi.org/10.1007/s13205-018-1386-9
https://doi.org/10.1007/BF00018060
https://doi.org/10.1105/tpc.12.12.2383
https://doi.org/10.1146/annurev.pp.43.060192.000503
https://doi.org/10.1146/annurev.pp.43.060192.000503
http://refhub.elsevier.com/S0981-9428(19)30092-0/sref8
http://refhub.elsevier.com/S0981-9428(19)30092-0/sref8
https://doi.org/10.1111/j.1365-3040.1995.tb00187.x
https://doi.org/10.1016/j.plaphy.2016.06.014
https://doi.org/10.1104/pp.106.078204
https://doi.org/10.1104/pp.106.078204
https://doi.org/10.1111/j.1744-7909.2008. 00741.x
https://doi.org/10.1007/s11099-008-0010-3
https://doi.org/10.1016/j.jhazmat.2013.01.063
https://doi.org/10.1016/j.jhazmat.2013.01.063
https://doi.org/10.1016/S0168-9452(00)00307-1
https://doi.org/10.1016/S0168-9452(00)00307-1
https://doi.org/10.1016/j.envexpbot.2018.05.003
https://doi.org/10.1016/j.envexpbot.2018.05.003
https://doi.org/10.1186/s12864-015-1530-4
https://doi.org/10.1186/s12864-015-1530-4
http://refhub.elsevier.com/S0981-9428(19)30092-0/sref17
http://refhub.elsevier.com/S0981-9428(19)30092-0/sref17


Gaspar, T. (Eds.), Biochemical, Molecular and Physiological Aspects of Plant
Peroxidases. University of Geneva, Geneva, Switzerland, pp. 249–280.

Gill, S.S., Tuteja, N., 2010. Reactive oxygen species and antioxidant machinery in abiotic
stress tolerance in crop plants. Plant Physiol. Biochem. 48, 909–930. https://doi.org/
10.1016/j.plaphy.2010.08.016.

Gong, N., Shao, K., Feng, W., Lin, Z., Liang, C., Sun, Y., 2011. Biotoxicity of nickel oxide
nanoparticles and bio-remediation by microalgae Chlorella vulgaris. Chemosphere 83,
510–516. https://doi.org/10.1016/j.chemosphere.2010.12.059.

Heath, R.L., Packer, L., 1968. Photoperoxidation in isolated chloroplasts. I. Kinetics and
stoichiometry of fatty acid peroxidation. Arch. Biochem. Biophys. 125, 189–198.
https://doi.org/10.1016/0003-9861(68)90654-1.

Hedge, J.E., Hofreiter, B.T., 1962. Estimation of carbohydrate. In: Whistler, R.L.,
BeMiller, J.N. (Eds.), Methods in Carbohydrate Chemistry. Academic Press, New
York, pp. 17–22. https://doi.org/10.1021/ed040pA394.

Hussain, M.B., Ali, S., Azam, A., Hina, S., Ahsan, M., Farooq, B.A., Bharwana, S.A., Gill,
M.B., 2013. Morphological, physiological and biochemical responses of plants to
nickel stress: a review. Afr. J. Agric. Res. 8 (17), 1596–1602. https://doi.org/10.
5897/AJAR12.407.

Jasim, B., Thomas, R., Mathew, J., Radhakrishnan, E.K., 2017. Plant growth and dios-
genin enhancement effect of silver nanoparticles in fenugreek (Trigonella foenum–-
graecum L.). Saudi Pharm. J. 25, 443–447. https://doi.org/10.1016/j.jsps.2016.09.
012.

Kazemi-Dinan, A., Barwinski, A., Stein, R.J., Kramer, U., Muller, C., 2015. Metal hyper-
accumulation in Brassicaceae mediates defense against herbivores in the field and
improves growth. Entomol. Exp. Appl. 157, 3–10. https://doi.org/10.1111/eea.
12333.

Khan, I., Saeed, K., Khan, I., 2017. Nanoparticles: properties, applications and toxicities.
Arabian J. Chem (in press). https://doi.org/10.1016/j.arabjc.2017.05.011.

Lichtenthaler, H.K., 1987. Chlorophylls and carotenoids: pigments of photosynthetic
biomembranes. In: In: Lester Packer, R.D. (Ed.), Methods in Enzymology, vol. 148.
Academic Press, Waltham, MA, pp. 350–382. https://doi.org/10.1016/0076-
6879(87)48036-1.

Lin, D., Xing, B., 2007. Phytotoxicity of nanoparticles: inhibition of seed germination and
root growth. Environ. Pollut. 150 (2), 243–250. https://doi.org/10.1016/j.envpol.
2007.01.016.

López-Vargas, E.R., Ortega-Ortíz, H., Cadenas-Pliego, G., Romenus, K.A., Cabrera de la
Fuente, M., Benavides-Mendoza, A., Juárez-Maldonado, A., 2018. Foliar application
of copper nanoparticles increases the fruit quality and the content of bioactive
compounds in tomatoes. Appl. Sci. 8, 1020. https://doi.org/10.3390/app8071020.

Magaye, R., Zhao, J., 2012. Recent progress in studies of metallic nickel and nickel-based
nanoparticles' genotoxicity and carcinogenicity. Environ. Toxicol. Pharmacol. 234
(3), 644–650. https://doi.org/10.1016/j.etap.2012.08.012.

Manna, I., Bandyopadhyay, M., 2017. Engineered nickel oxide nanoparticle causes sub-
stantial physicochemical perturbation in plants. Front Chem 5, 92. https://doi.org/
10.3389/fchem.2017.00092.eCollection 2017.

Martinez-Ballesta, M.C., Moreno, D.A., Carvajal, M., 2013. The physiological importance
of glucosinolates on plant response to abiotic stress in Brassica. Int. J. Mol. Sci. 14,
11607. https://doi.org/10.3390/ijms140611607.

Matysik, J.A., Bhalu, B., Mohanty, P., 2002. Molecular mechanisms of quenching of re-
active oxygen species by proline under stress in plants. Curr. Sci. 82 (5), 525–532.

Nair, P.M., Chung, I.M., 2014. Impact of copper oxide nanoparticles exposure on
Arabidopsis thaliana growth, root system development, root lignification, and mole-
cular level changes. Environ. Sci. Pollut. Res. Int. 21 (22), 12709–12722. https://doi.
org/10.1007/s11356-014-3210-3.

Oloumi, H., Soltaninejad, R., Baghizadeh, A., 2015. The comparative effects of nano and
bulk size particles of CuO and ZnO on glycyrrhizin and phenolic compounds contents
in Glycyrrhiza glabra L. seedlings. Ind. J. Plant Physiol. 20 (2), 157–161. https://doi.
org/10.1007/s40502-015-0143-x.

Oukarroum, A., Barhoumi, L., Samadani, M., Dewez, D., 2015. Toxic effects of nickel
oxide bulk and nanoparticles on the aquatic plant Lemna gibba L. BioMed Res. Int.
501326, 7. https://doi.org/10.1155/2015/501326.

Peralta-Videa, J.R., Sahi, S.V., 2017. Effects of nanomaterials in plants. Plant Physiol.
Biochem. 110, 1–264.

Pinto, M., Soares, C., Pinto, A.S., Fidalgo, F., 2019. Phytotoxic effects of bulk and nano-
sized Ni on Lycium barbarum L. grown in vitro – oxidative damage and antioxidant
response. Chemosphere 218, 507–516. https://doi.org/10.1016/j.chemosphere.
2018.11.127.

Preeti, P., Tripathi, A.K., 2011. Effect of heavy metals on morphological and biochemical
characteristics of Albizia procera (Roxb.) benth seedlings. Int. J. Environ. Sci. 1,

1009–1018.
Pulido, R., Bravo, L., Saura-Calixto, F., 2000. Antioxidant activity of dietary polyphenols

as determined by a modified ferric reducing/antioxidant power assay. J. Agric. Food
Chem. 48, 3396–3402. https://doi.org/10. 1021/jf9913458.

Rao, S., Shekhawat, G.S., 2014. Toxicity of ZnO engineered nanoparticles and evaluation
of their effect on growth, metabolism and tissue specific accumulation in Brassica
juncea. J. Environ. Chem. Eng. 2 (1), 105–114. https://doi.org/10.1016/j.jece.2013.
11.029.

Rao, S., Shekhawat, G.S., 2016. Phytotoxicity and oxidative stress perspective of two
selected nanoparticles in Brassica juncea. 3 Biotech 6 (2), 244. https://doi.org/10.
1007/s13205-016-0550-3.

Šamec, D., Pavlović, I., Salopek-Sondi, B., 2017. White cabbage (Brassica oleracea var.
capitata f. alba): botanical, phytochemical and pharmacological overview.
Phytochem. Rev. 16, 117–135. https://doi.org/10.1007/s11101-016-9454-4.

Shi, J., Peng, C., Yang, Y., Yang, J., Zhang, H., Yuan, X., Chen, Y., Hu, T., 2014.
Phytotoxicity and accumulation of copper oxide nanoparticles to the Cu-tolerant
plant Elsholtzia splendens. Nanotoxicol 8, 179–188. https://doi.org/10.3109/
17435390.2013.766768.

Siddiqui, M.A., Ahamed, M., Ahmad, J., Majeed Khan, M.A., Musarrat, J., Al-Khedhairy,
A.A., Alrokayan, S.A., 2012. Nickel oxide nanoparticles induce cytotoxicity, oxidative
stress and apoptosis in cultured human cells that is abrogated by the dietary anti-
oxidant curcumin. Food Chem. Toxicol. 50, 641–647. https://doi.org/10.1016/j.fct.
2012.01.017.

Soares, C., Branco-Neves, S., Sousa, A., Pereira, R., Fidalgo, F., 2016. Ecotoxicological
relevance of nano-NiO and acetaminophen to Hordeum vulgare L.: combining stan-
dardized procedures and physiological endpoints. Chemosphere 165, 442–452.
https://doi.org/10.1016/j.scitotenv.2017.12.002.

Soares, C., Pereira, R., Fidalgo, F., 2018a. Metal-based nanomaterials and oxidative stress
in plants: current aspects and overview. In: Faisal, M., Saquib, Q., Alatar, A., Al-
Khedhairy, A. (Eds.), Phytotoxicity of Nanoparticles. Springer, Cham. https://doi.
org/10.1007/978-3-319-76708-6-8.

Soares, C., Carvalho, M.E.A., Azevedo, R.A., Fidalgo, F., 2018b. Plants facing oxidative
challenges - a little help from the antioxidant networks. Environ. Exp. Bot (in press).
https://doi.org/10.1016/j.envexpbot.2018.12.009.

Soares, C., Branco-Neves, S., Sousa, A., Azenha, M.A., Cunha, A., Pereira, R., Fidalgo, F.,
2018c. SiO2 nanomaterial as a tool to improve Hordeum vulgare L. tolerance to nano-
NiO stress. Sci. Total Environ 622–623, 517–525. https://doi.org/10.1016/j.
scitotenv.2017.12.002.

Stampoulis, D., Sinha, S.K., White, J.C., 2009. Assay-dependent phytotoxicity of nano-
particles to plants. Environ. Sci. Technol. 43 (24), 9473–9479. https://doi.org/10.
1021/es901695c.

Sytar, O., Cai, Z., Brestic, M., Kumar, A., Prasad, M.N.V., Taran, N., Smetanska, I., 2015.
Foliar applied nickel on buckwheat (Fagopyrum esculentum) induced phenolic com-
pounds as potential antioxidants. Clean-Soil Air Water 41 (11), 1129–1137. https://
doi.org/10.1002/clen.201200512.

Thiruvengadam, M., Chung, I.M., 2015. Selenium, putrescine, and cadmium influence
health-promoting phytochemicals and molecular-level effects on turnip (Brassica rapa
ssp. rapa). Food Chem. 173, 185–193. https://doi.org/10.1016/j.foodchem.2014.10.
012.

Thiruvengadam, M., Praveen, N., Kim, E.H., Kim, S.H., Chung, I.M., 2014. Production of
anthraquinones, phenolic compounds and biological activities from hairy root cul-
tures of Polygonum multiflorum Thunb. Protoplasma 251, 555–566. https://doi.org/
10.1007/s00709-013-0554-3.

Torbati, S., 2018. Phytotoxicological effects of bulk-NiO and NiO nanoparticles on lesser
and giant duckweeds as model macrophytes: changes in the plants physiological
responses. Iranian J. Toxicol. 12 (4), 31–39.

Tuteja, N., Singh, M.B., Misra, M.K., Bhalla, P.L., Tuteja, R., 2001. Molecular mechanisms
of DNA damage and repair: progress in plants. Crit. Rev. Biochem. Mol. Biol. 36,
337–397. https://doi.org/10.1080/20014091074219.

Večeřová, K., Večeřa, Z., Dočekal, B., Oravec, M., Pompeiano, A., Tříska, J., Urban, O.,
2016. Changes of primary and secondary metabolites in barley plants exposed to CdO
nanoparticles. Environ. Pollut. 218, 207–218. https://doi.org/10.1016/j.envpol.
2016.05.013.

Winkel-Shirley, B., 2002. Biosynthesis of flavonoids and effects of stress. Curr. Opin. Plant
Biol. 5, 218–223. https://doi.org/10.1016/S1369-5266(02)00256-X.

Zafar, H., Ali, A., Ali, J.S., Haq, I.U., Zia, M., 2016. Effect of ZnO nanoparticles on Brassica
nigra seedlings and stem explants: growth dynamics and antioxidative response.
Front. Plant Sci. 7, 535. https://doi.org/10.3389/fpls.2016.00535.

I.-M. Chung, et al. Plant Physiology and Biochemistry 139 (2019) 92–101

101

http://refhub.elsevier.com/S0981-9428(19)30092-0/sref17
http://refhub.elsevier.com/S0981-9428(19)30092-0/sref17
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.1016/j.chemosphere.2010.12.059
https://doi.org/10.1016/0003-9861(68)90654-1
https://doi.org/10.1021/ed040pA394
https://doi.org/10.5897/AJAR12.407
https://doi.org/10.5897/AJAR12.407
https://doi.org/10.1016/j.jsps.2016.09.012
https://doi.org/10.1016/j.jsps.2016.09.012
https://doi.org/10.1111/eea.12333
https://doi.org/10.1111/eea.12333
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.1016/0076-6879(87)48036-1
https://doi.org/10.1016/0076-6879(87)48036-1
https://doi.org/10.1016/j.envpol.2007.01.016
https://doi.org/10.1016/j.envpol.2007.01.016
https://doi.org/10.3390/app8071020
https://doi.org/10.1016/j.etap.2012.08.012
https://doi.org/10.3389/fchem.2017.00092.eCollection%202017
https://doi.org/10.3389/fchem.2017.00092.eCollection%202017
https://doi.org/10.3390/ijms140611607
http://refhub.elsevier.com/S0981-9428(19)30092-0/sref32
http://refhub.elsevier.com/S0981-9428(19)30092-0/sref32
https://doi.org/10.1007/s11356-014-3210-3
https://doi.org/10.1007/s11356-014-3210-3
https://doi.org/10.1007/s40502-015-0143-x
https://doi.org/10.1007/s40502-015-0143-x
https://doi.org/10.1155/2015/501326
http://refhub.elsevier.com/S0981-9428(19)30092-0/sref36
http://refhub.elsevier.com/S0981-9428(19)30092-0/sref36
https://doi.org/10.1016/j.chemosphere.2018.11.127
https://doi.org/10.1016/j.chemosphere.2018.11.127
http://refhub.elsevier.com/S0981-9428(19)30092-0/sref38
http://refhub.elsevier.com/S0981-9428(19)30092-0/sref38
http://refhub.elsevier.com/S0981-9428(19)30092-0/sref38
https://doi.org/10.%201021/jf9913458
https://doi.org/10.1016/j.jece.2013.11.029
https://doi.org/10.1016/j.jece.2013.11.029
https://doi.org/10.1007/s13205-016-0550-3
https://doi.org/10.1007/s13205-016-0550-3
https://doi.org/10.1007/s11101-016-9454-4
https://doi.org/10.3109/17435390.2013.766768
https://doi.org/10.3109/17435390.2013.766768
https://doi.org/10.1016/j.fct.2012.01.017
https://doi.org/10.1016/j.fct.2012.01.017
https://doi.org/10.1016/j.scitotenv.2017.12.002
https://doi.org/10.1007/978-3-319-76708-6-8
https://doi.org/10.1007/978-3-319-76708-6-8
https://doi.org/10.1016/j.envexpbot.2018.12.009
https://doi.org/10.1016/j.scitotenv.2017.12.002
https://doi.org/10.1016/j.scitotenv.2017.12.002
https://doi.org/10.1021/es901695c
https://doi.org/10.1021/es901695c
https://doi.org/10.1002/clen.201200512
https://doi.org/10.1002/clen.201200512
https://doi.org/10.1016/j.foodchem.2014.10.012
https://doi.org/10.1016/j.foodchem.2014.10.012
https://doi.org/10.1007/s00709-013-0554-3
https://doi.org/10.1007/s00709-013-0554-3
http://refhub.elsevier.com/S0981-9428(19)30092-0/sref53
http://refhub.elsevier.com/S0981-9428(19)30092-0/sref53
http://refhub.elsevier.com/S0981-9428(19)30092-0/sref53
https://doi.org/10.1080/20014091074219
https://doi.org/10.1016/j.envpol.2016.05.013
https://doi.org/10.1016/j.envpol.2016.05.013
https://doi.org/10.1016/S1369-5266(02)00256-X
https://doi.org/10.3389/fpls.2016.00535

	Nickel oxide nanoparticles cause substantial physiological, phytochemical, and molecular-level changes in Chinese cabbage seedlings
	Introduction
	Materials and methods
	Seed treatment of NiO NPs
	Determination of Ni content
	Estimation of chlorophyll, carotenoid, anthocyanin, proline, and sugar contents
	Estimation of lipid peroxidation, H2O2 content, and ROS generation
	Estimation of peroxidase activity
	Estimation of phenolic compounds
	Total phenolic and flavonoid contents
	Individual phenolic compounds
	Estimation of glucosinolates (GSLs)

	Real-time polymerase chain reaction (RT-PCR)
	Data analysis

	Results and discussion
	Effects of NiO NPs on physiological parameters
	Effect of NiO NPs on photosynthetic pigment content
	Effect of NiO NPs on anthocyanin content
	Effect of NiO NPs on proline and sugar contents
	Effect of NiO NPs on MDA, H2O2 content, and antioxidant enzymes
	Effect of NiO NPs on intracellular ROS formation
	Effect of NiO NPs on the levels of phytochemicals
	Estimation of GSLs content
	Estimation of total phenolic and flavonoid contents
	Estimation of individual phenolic compounds

	Effect of NiO NPs on the antioxidant enzyme and phytochemical (phenolics and GSLs)-related gene expression

	Conclusions
	Author contributions
	Acknowledgments
	Supplementary data
	References




