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• Zn uptake was significant in roots with reduced translocation to shoots.
• Increased APX and SOD activity levels, coupled with lipid peroxidation in roots.
• Contents of non-enzymatic antioxidants were significantly altered in fruits.
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a b s t r a c t

The production of metallic nanoparticles is greatly increasing due to its wide range of
applications in agricultural formulations. The present pot experiment investigated the
uptake of Zn from nano-zinc oxide (n-ZnO)-amended soil at 300, 600 and 1000 mg n-
ZnO/kg concentrations, and its effects on the enzymatic and non-enzymatic antioxidants
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in tomato tissues and fruits respectively. Results showed that root uptake of Zn increased
with increasing n-ZnO concentrations. The enzyme activity showed that n-ZnO, through
the generation of H2O2 and induction of oxidative stress, significantly reduced the activity
of stress-controlling enzymes (APX and SOD) in the root. Conversely in leaves, despite
alteration in chlorophylls in the early growing stage, APX activity was only significant at
1000 mg n-ZnO/kg) while SOD activity was enhanced at all treatments. CAT activity was
significantly reduced, unlike in the roots where CAT activity was significantly enhanced.
Contents of total phenols, flavonoids, β-carotene and lycopene in fruits were significantly
reduced by at least 4.8% while ascorbic acid was promoted at low n-ZnO treatments. In
conclusion, the toxic effect of n-ZnO on stress enzymeswas prominent in tomato roots, and
there was also inhibitory effect on induction of non-enzymatic antioxidants in the tomato
fruits.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Agriculture is the main nexus between humans and the environment, and portends major cause of soil and ecosystem
modification. Agriculture is also an economic activity that is recently engaging the applications of nanotechnology
and consequently leading to a new emission source of nanoparticles and nanomaterials into the environment and food
chains (Scott and Chen, 2013). Nanoparticles have great potential to improve the agricultural productivity, especially in the
area of nano-fertilizers (NF). Mineral nutrients encapsulated in NF forms promote plant nutrition (Fedorenko et al., 2015;
Mohammad et al., 2017), and offer greater solubility with rapid absorption or less leaching, compared with conventional
fertilizers. It is imperative to state that the problem associated with plants’ mineral nutrition is not actually the amount
of element (s) present in the soil but rather their phytoavailability (Plibeam, 2015). For this reason, the encapsulation of
fertilizers and other compounds in inorganic nanomaterials such as nanotubes of carbon and metals has been explored (Liu
et al., 2009).

Nanoparticles (NPs) are introduced into soil environment from multiple human activities, and the accompanying eco-
risks have not been fully understood (Cai et al., 2006). Zinc nanoparticles (Zn NPs) are among the most commonly
used nanomaterials, especially in agriculture, cosmetology, medicine and as antibacterial agent. Zinc oxide nanoparticles
(ZnO NPs) are reported to possess efficient screen for a broader UV range than any of the molecular UV-absorbers,
photocatalytic degradation of environment pollution, biocompatibility in drug delivery mechanisms and as nanofertilizers
and nanopesticides (Kulkarni and Muddapur, 2014; Sabir et al., 2014).

However, aside the potential importance, ZnO NPs pose increased ecological and human health risks because of possible
interaction with various components of the environment (Chithrani et al., 2006). The presence of elevated content of ZnO
NPs in soil may affect plant growth and functioning due to its potential toxicity when internalized and accumulated in large
amounts in plant tissues (Ma et al., 2009, 2011). Several studies have reported the toxicity potential of ZnONPs to crop plants
such as broad bean (Manzo et al., 2011), lettuce, radish, cucumber (Lin and Xing, 2007), wheat Du et al. (2011) and zucchini
(Stampoulis et al., 2009).

Tomato is of great importance worldwide with more than 80% of grown tomatoes processed into edible products such as
tomato juice, paste, sauce etc. (Kadar et al., 1977). Fruit of tomato is rich in nutrients such as organic acids, sugars, dietary
fiber, pectic substances, proteins,minerals, vitamins, and carotenoids possessing antioxidant qualities (lycopene,β-carotene,
etc.). Although, the toxicity of nanoparticles has been evaluated through a variety of routes such foliar and hydroponic
applications, to the best of the authors knowledge, no study has evaluated the effect of nano-zinc oxide (particle size <
100 nm) through particulate application via soil medium on tomato plant and its fruits. Therefore, the study aimed to (i)
investigate the uptake of Zn and bioaccumulation, (ii) evaluate the response of stress enzymes in roots and leaves to n-ZnO
and, (iii) assess the level of selected non-enzymatic antioxidants in the fruit of tomato grown in nano-ZnO-amended soil.
It is the authors’ belief that the results of the experiment would further enrich scientific information on the ZnO NPs-plant
system interactions.

2. Materials and methods

2.1. Characterization and growth experimental

Nano-zinc oxide (n-ZnO) particles (<100 nm) was purchased from (Sigma-Aldrich, USA) in powder formwith properties
reported in Table S1. Further morphological characteristics of the particles was carried using the field emission scanning
electron microscopy (model type-FESEM-Carl Zeiss, SUPRA R⃝ 55 equipped with GEMINI R⃝ Technology) coupled with an EDX
spectroscopy (OXFORD-X Act). Test soil used in this study was collected from the topsoil layer (0–15 cm) at University of
Ilorin Botanical garden, Ilorin (Nigeria), air-dried and sieved through a-2mmmesh. Selected properties of the soil have earlier
been reported inOgunkunle et al. (2018) and presented in Table S2. The studywas performed in a screen house under normal
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environmental conditions at the Botanical garden to simulate real effects of nanoparticles in the natural environment. The
sieved soils were potted as 1.7 kg dry soil/pot and a total of 16 pots were used for the experiment. The potted soils except
the control were treated with varying concentrations of nano-zinc oxide (300, 600 and 1000 mg n-ZnO/kg) as dry powders
and allowed to agglomerate for 48 hr before planting. Themaximum concentration of 1000mg/kgwas adopted based on ISO
guideline 11269–2 recommendation for ecotoxicological test of chemical substances (ISO, 2012). The application of n-ZnO
to the dry soils followed the method described by Ogunkunle et al. (2018). Seeds of tomato (Solanium lycopersicum L.) used
for the study were initially sterilized by soaking in sodium hypochlorite solution for 10 min (USEPA, 1996). Tomato seeds
were initially broadcast on the potted soils and after 2 weeks of growth, seedlings were thinned to two plants per pot. Plants
were allowed to grow under normal environmental conditions and irrigated with tap water as required by the plants. The
experiment lasted for 90 days after which plant samples were collected for analysis.

2.2. Determination of chlorophyll and Zn contents in plant

Determination of chlorophyll contents was carried out using acetone incubation method of Makeen et al. (2007), and
described in Supplementary Information 1 (SI 1). Samples of root and shoot that were collected from n-ZnO treated and
control plants were dried at 60 ◦C for 24 h and finely powdered using ceramic mortar and pestle. 1 g of sample was then
digested with 9 ml concentrated HNO3 and 3 ml HCl. The sample was heated on a hot plate until all brownish fumes
were expelled out and solution filtered. The filtrate was diluted to 25 ml-mark with a deionized water and analyzed for
Zn content by flame atomic absorption spectrophotometry (Bulk Scientific- ACCUSYS 211) using an air-acetylene flame. All
samples were extracted and analyzed in triplicate using the above procedure. Detection limit for Zn was 0.005 mg/l and
FAAS calibration for the element was done using a working standard solution of Zn and calibration graph with correlation
coefficient (r2) > 0.995. Replicate digestion and the use of reference material (IAEA 359-cabbage leaves) from International
Atomic Energy Agency were carried out to ensure quality control and quality assurance. The percentage recovery from
analysis of reference material ranged from 95%–99% for the analyzed elements

2.3. Determination of hydrogen peroxide (H2O2) content and malondialdehyde (MDA)

To determine the H2O2 content according to Islam et al. (2008), fresh sample leaf or root (1 g) was homogenized with 3
ml of 0.1% (w/v) trichloroacetic acid (TCA) using a vortex. The homogenized solution was later centrifuged at 12,000 x g for
30min at 4 ◦C and supernatant was decanted tomeasure the H2O2 content. Supernatant (∼0.5 ml) wasmixed with 0.5 ml of
10mMpotassiumphosphate buffer (pH 7.0) and 1ml of 1MKI. The concentration of H2O2 was taken in a spectrophotometer
at 390 nm wavelength. Lipid peroxidation, determined as malondialdehyde (MDA) content in sample was determined by
homogenizing 0.5 g of fresh plant sample (root/leaf) with 3 ml of 0.5% thiobarbituric acid in 20% thiochloroacetic acid (w/v)
using a ceramic pestle and mortar according to Li (2000). The reacting mixture was incubated for 30 min at 100 ◦C and the
resulting solution was centrifuged for 10 min at 10000 x g before the absorbance was measured spectrophotometrically at
wavelength of A450 A532 and A600.

2.4. Antioxidant enzyme activities and bioactive compounds

For ascorbate peroxidase-EC 1.11.1.11 (APX) activity, 1 g of fresh sample (root/leaf) was homogenized in 4 µl 0.5 Mm
ascorbate, 886 µl 50 mM potassium phosphate buffer of pH 7.4 and 10 µl 0.2 mM H2O2, according to Nakano and Asada
(1981). The absorbance was read for 3 min at 290 nm with an extinction coefficient of 2.8 mM cm−1. For the determination
of catalase- EC 1.11.1.6 (CAT) and superoxide dismutase- EC 1.15.11 (SOD), the buffers were prepared according to Lee and
Lee (2000). 1 g of sample (root/leaf ) was homogenized in 100 mM potassium phosphate buffer of pH 7.8 that contained
0.1mMethylenediamine-tetraacetic acid (EDTA), 0.5% Triton X-100 and 1% polyvinyl-pyrrolidone (PVP) at 4 ◦C. The resulting
homogenate was filtered and centrifuged at 18,000 x g for 20 min at 4 ◦C. The supernatant was collected and used
appropriately for CAT and SOD determination. CAT activity in plant tissues (root and leaf) was determined according to Aebi
(1974). A reaction mixture of 0.98 ml 10 mM H2O2 in 25 mM phosphate buffer with 20 µl of crude extract was assayed and
absorbance was taken at wavelength of 240 nm with extinction coefficient of 39.4 mM cm−1. Activity of SOD plant sample
was determined (Beyer and Fridovich, 1987) using a reaction assay of 3ml containing 450µl of 500µMnitroblue tetrazolium
(NBT), 0.5 ml of 78 mM methionine, 300 µl of 0.02 mM riboflavin, 0.2 ml of 1.5 mM EDTA, 1.5 ml of 100 mM potassium
phosphate buffer (pH 7.8) and 50 µl crude extract. The absorbance was taken spectrophotometrically at wavelength of
560 nm for 5 min. The amount of enzyme extract that produced 50% inhibition of NBT is considered a unit of SOD.

Non-antioxidant enzymes such as polyphenols (total phenols and flavonoids), provitamin A (Beta-carotene and lycopene)
and ascorbic acid in mature green fruits were analyzed according to conventional methods and described in Supplementary
Information 2 (S2).

All absorbance for determination of enzyme activities and bioactive compounds were taken using a UV/VIS spectropho-
tometer (2300 model, Segar Scientific, Japan).
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Fig. 1. FESEMmicrograph of n-ZnO particles used for the experiment at (a) low and (b) high magnifications. (Inset: Energy-dispersive X-ray spectroscopy
(EDS) of n-ZnO particles.)

2.5. Statistical analysis

Minitab R⃝ 17.1.0 software was used to carry out a one-way ANOVA test to evaluate the experimental variance. Significant
means among treatments were separated by Turkey test at a p < 0.05. Data presented are means of triplicates and graphs
were presented using OriginPro 8 SR0 (OriginLab Corporation, Northampton, USA).

3. Results discussion

3.1. Characterization of n-ZnO particles

FESEM of nano-zinc oxide particle at 50× and 250×magnifications are presented in Fig. 1a & b. Themicrograms revealed
uniform nano-rodmorphology for nano-ZnO. The observed average length and length of n-ZnOwas (148 nm) and (54.0 nm),
respectively. Jahan et al. (2018) also revealed from FESEM examination that ZnO nanomaterials have uniform nano-rod
morphology, though the dimension varied from the result of our study due to differentmethods of production (nanomaterial
was synthesized).

3.2. Effect of n-ZnO on Zn accumulation in roots and shoots

Zinc concentrations in dry tissue biomass of tomato are shown in Fig. 2. Zinc accumulation in root was dose-dependent
and plants treatedwith high doses (600 and 1000mg n-ZnO/kg respectively) had nearly 8.4- and 12-fold Zn contents in roots
compared to control. Similar dose-dependent Zn accumulationwas also observed in tomato shoots but to a lessermagnitude
compared to roots. Highest Zn content of shoot was obtained in plants treated with both 1000 and 600 mg n-ZnO/kg
concentrations and average accumulation was approximately 12-fold greater than Zn content in control. Zn accumulation
in plants, especially from ZnO NPs has always been observed to be dose-dependent and this has been reported by several
authors lately. For instance, Hernandez-Viezcas et al. (2013) reported a dose-dependent Zn accumulation in soybean treated
with several concentrations of ZnO nanoparticles. Also, Zhao et al. (2012) andMukherjee et al. (2013) have observed several
fold-increase in Zn uptake by corn and green pea plants, grownwith 800mg/kg ZnONP and 500mg/kg ZnONP, respectively.
The high uptake and relative accumulation, despite the low soil Zn background content (Table S2), could be linked to great
dissolution of the ZnONPs in the slightly acidic soil. This possibly offeredhigh phytoavailability of Zn to the plant in acidic soil.
García-Gómez et al. (2017) reported that ZnO NPs dissolve faster in acidic soil due to high specific area of the nanoparticles
released the ions in soil prior to accumulation by tomato plants. Higher shoot accumulation of Zn in plants exposed to ZnO
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Fig. 2. Content of Zn in root and shoot tissues of Solanum lycopersicum L. after 90-day exposure to n-ZnO. Error bar represents standard deviation and
means separated by Turkey test at P < 0.05.

NPs have also been reported by Liu et al. (2015) and Zhao et al. (2013), though soil medium was of alkaline nature (pH 8.2
and 7.6, respectively).

The increase in shoot Zn contents as compared to control is an indication that n-ZnO were readily phytoavailable to
tomato in slightly acidic soil, though the translocation factor (defined as the ratio of Zn concentration in shoot to root) were
low (0.34, 0.43 and 0.33 respectively for 300 mg /kg, 600 mg/kg and 1000 mg/kg n-ZnO treatments). The observed low Zn
translocation to shoots could be due to the ability of n-ZnO to effectively bind to root tissues (Jahan et al., 2018), or possibly
due to exclusion strategy by tomato to avoid Zn toxicity. Ogunkunle et al. (2013) reported a restricted translocation of Zn to
shoots of tomato, possibly due to its ability to sequester/detoxify excess Zn in the vacuoles of root cells of the plant. Several
other studies have observed similar low translocation of Zn from ZnO nanoparticles to shoot of plants (Zhao et al., 2012;
Mukherjee et al., 2013; Jahan et al., 2018) also observed similar low translocation of ZnO NPs to shoot of corn and green pea
plants, respectively.

3.3. H2O2 generation, lipid peroxidation and enzyme activity in tomato roots

Reactive oxygen species (ROS) are normal byproducts of plants that are undergoing natural cell functions, but increased
production of ROS may result from both abiotic and biotic stress in plants (Foyer and Shigeoka, 2011). The scenario where
there is overproduction of the ROS induces lipid peroxidation, which further promotes oxidative stress. In this study,
compared to control, concentration-dependent increase in H2O2 content was observed in roots as n-ZnO concentration
increased (Fig. 3a). Nano-ZnO treatment (300, 600 and 1000 mg/kg) generated approximately 3-, 10- and 18-fold increase
of H2O2 content in roots which indicates potential oxidative stress. The pronounced H2O2 generation must have been
pronounced by aging duration of the n-ZnO in the soil, as aging can greatly affect toxicity of nanomaterials in soil due to
process of adsorption and dissolution speed (Reddy et al., 2016). In relation to ZnO NPs, dissolution can vary from 1 h in soils
that are acidic to 30 days in calcareous soil (Wang et al., 2013), and for this study, aging was 48 h which allowed enough
dissolution of n-ZnO in the soil.

This result contrastedwith reports of Mukherjee et al. (2013) in green peawhere there was no significant overproduction
of H2O2 by the roots exposed to 0–500 mg/kg ZnO nanoparticles. Conversely, previous studies have reported that zinc
induced the production of free radicals in plants (Jain et al., 2010; Hosseini and Poorakbar, 2013). Oxidative stress which is
usually caused by the imbalance in accumulation and removal of H2O2 and other ROSmolecules was measured by assessing
the level of lipid peroxidation. Lipid peroxidation, which is the most prominent symptom of oxidative stress in plants (Gill
and Tuteja, 2010) was measured as MDA content. In root tissue, MDA content showed patterns like H2O2 contents that were
generated due to n-ZnO treatment (Fig. 3a). As shown in the figure, the MDA content in the roots of the plants treated with
300, 600 and 1000 mg n-ZnO/kg was significantly and progressively higher (P < 0.05), compared to control, which concurs
with overproduction of H2O2in roots at same n-ZnO concentrations. The observed lipid peroxidation in tomato roots may
be linked to increased Zn levels in the roots, and most studies also reported enhanced lipid peroxidation in roots of plants
exposed to ZnO NPs (Kumari et al., 2011).

The control of ROS levels and tolerance level in plants exposed to abiotic stress is normally linked plants’ potential to
efficiently up-regulate antioxidant enzymes to mob up excess ROS in plants’ cells and tissues (Ogunkunle et al., 2018).
Antioxidant enzyme activity is highly variable in plants depending on species-type, concentration of stressor, length of
exposure and soil pH (Peng et al., 2015). Antioxidant enzymes such as APX and CAT are known useful components of defense
system in plants (Shen et al., 2010), as they primarily involved in detoxifying H2O2 into H2O and O2 (Shen et al., 2010). The
APX is a major enzyme in the ascorbate-glutathione cycle that involves oxidation–reduction reactions in controlling ROS
levels in plants (Lin et al., 2009; Rico et al., 2013). In this study, the activity of APX, CAT and SOD in tomato roots at 90-day
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Fig. 3. Effect of n-ZnO treatment on (a) H2O2 , activity of (b) APX, (c) CAT and(d) SOD in roots of Solanum lycopersicum L. after 90-day exposure. Error bar
represents standard deviation and means separated by Turkey test at P < 0.05.

exposure was determined and presented in Fig. 3b. As shown in the Figure, increasing concentrations of n-ZnO resulted
in significant decreasing (P < 0.05) APX activity. Specifically, APX activity at 1000 mg n-ZnO/kg) was reduced by ∼6-fold,
and 600 mg n-ZnO/kg concentration reduced APX activity by ∼1.5-fold in roots, compared to control. The decreasing APX
activity in relation to increasing doses of the n-ZnO corresponds with the incremental accumulation of H2O2 in the roots.
This observation could possibly be related the low content of APX enzyme in roots which may possibly be unable to combat
the stress imposed by Zn toxicity to the root tissue. It has been documented that ascorbate enzymes are majorly localized in
plants’ chloroplasts but may also present in cytoplasm and other cellular organelles (Malar et al., 2014). In the other hand,
the decrease of APX activitymay likely be linked to the simultaneous increase in the H2O2 generation and lipid peroxidation.
Mukherjee et al. (2013) reported the dose-dependent reduction of APX in green pea plants exposed to 0–500 mg/kg ZnO NP
and likewise, Zhao et al. (2013) also reported decrease in APX activity in corn plants grown in organic soil treated with 400
mg/kg of ZnO NPs.

In similar pattern to APX activity, activity of SOD in tomato roots also increased significantly at >300 mg n-ZnO/kg
treatments compared to control (Fig. 3c). It must be noted that low n-ZnO dose (300 mg/kg) did not influence the SOD
activity in relation to control, though oxidative stress was observed at that concentration (see Fig. 3b). The reduced activity
at elevated n-ZnO concentrations was unexpected as activation of SOD in response to metal toxicity is commonly observed
and believed to efficient in reducing oxidative stress in plants. A plausible explanation posited for this observation may be
the fact that the major ROS induced by the nano-ZnO in tomato roots could majorly be the generation of H2O2 and not
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Table 1
Effect of n-ZnO on chlorophyll contents (mg/g fw) of Solanum lycopersicum L.

Chl-a Chl-b T-Chl

30-day exposure

Control 597 ± 157a 533 ± 138a 1130 ± 221a

300 mg n-ZnO/kg 387 ± 82b 163 ± 41b 550 ± 223b

600 mg n-ZnO/kg 217 ± 65c 103 ± 15b 320 ± 56c

1000 mg n-ZnO/kg 300 ± 20c 190 ± 10b 490 ± 26c

90-day exposure

Control 607 ± 85a 150 ± 51b 750 ± 87ab

300 mg n-ZnO/kg 657 ± 50a 190 ± 43a 847 ± 91a

600 mg n-ZnO/kg 433 ± 35b 227 ± 40a 660 ± 75ab

1000 mg n-ZnO/kg 263 ± 69c 110 ± 10c 367 ± 72c

Note: Values are means ± SD. Mean with the same letter (s) along the same column are not
statistically different at p < 0.05 by Turkey.

O2− species that SOD naturally catalyzes. This may allude to the low SOD activity observed in the roots as the enzyme is
considered a powerful stress enzyme that acts on superoxide free radicals (Alscher and Erturk, 2002).

CAT activity in roots showed no significant change (P > 0.05) at 300 mg nZnO/kg but significant increase of ∼45% and
∼110% was observed at 600 mg/kg and 1000 mg/kg respectively, compared to control (Fig. 3c). CAT is involved in defense
system of plants against accumulation of ROS by breaking down H2O2 to H2O and O2. It is also important to note that the
CAT activity followed the pattern of H2O2 generation in the roots (see Fig. 3a). Hernandez-Viezcas et al. (2013) reported an
increase in CAT activity in roots of velvet mesquite (Prosopis juliflora-velutina) that was grown in soil exposed to ZnO NPs at
4000mg/kg. In this study, enhanced CAT activity that was observedmay have covered for the decrease in APX activity in the
H2O2 scavenging process, though its activity alone could not alleviate the oxidative stress induced by the nano-ZnO in the
roots.

3.4. Contents of chlorophyll, H2O2, MDA and antioxidant enzyme activity in tomato leaves

Germination reduction and growth alterations are reported to be the most toxic effects of metal nanoparticles in plants
(Song et al., 2012). In the present study, the nano-zinc oxide significantly affected the chlorophyll contents at early stage
of the growth (Table 1). Chl-a, -b and T-Chl at 30 days were all significantly reduced compared to control for all n-ZnO-
treatments. The treatments caused reduction of Chl-a, b and T-Chl by at least 54.3%, 99.6% and 105.4%, respectively at 30-day
exposure. This observation was also reported inWang et al. (2018) andMukherjee et al. (2013) where decreased chlorophyll
content was significant at the early growing stage of tomato and green pea exposed to nanoparticulate ZnO, respectively.
Wang et al. (2016b) also reported about 50% Chl-a reduction in 300 mg/l ZnO NPs-treated Arabidopsis thaliana.

The 90-day exposure effect of n-ZnO treatment on chlorophyll contents showed that the treatments did alter the contents
of Chl-a, and T-Chl at ≥ 600 mg n-ZnO/kg. The significant reduction in contents of Chl-a and T-Chl at ≥ 600 mg n-ZnO/kg
(especially 1000 mg/kg) may be an indication of the possibility of oxidative stress due to the treatment in the leaves. Chl-
a is a known major photosynthetic pigment in plants that is more sensitive to photo-degradation than other pigments,
and was posited as a better indicator of nanoparticles toxicity (Falco et al., 2011). Our finding was in variance with earlier
report of Prasad et al. (2012) where 1000 mg/kg ZnO NPs increased chlorophyll contents in peanuts. However, Wang et al.
(2016a,b) and Jahan et al. (2018) have reported that ZnO NPs reduced chlorophyll contents in red bean and arabidopsis
whereas Falco et al. (2011) observed severe reduction in Chl-a content in plants exposed to ZnO NPs. Jahan et al. (2018)
opined that reduction in chlorophyll contents could negatively affects plant’s ability to quench oxidative stress. Contrarily to
our report on chlorophyll contents, other studies have observed increased chlorophyll contents in several plants as responses
to biologically synthesized ZnO NPs (Raliya et al., 2014, 2015). Hence, the fundamental mechanism that is responsible for
the various effects of nanoparticles on photosynthetic pigments still needs proper study.

In contrast to H2O2 content in roots, the leaf tissue showed no significant difference (P > 0.05) in the production of
H2O2 in the treatments compared to control at 90-day exposure (Fig. 4a). However, MDA content was significantly higher
(p < 0.05) at 1000 mg n-ZnO/kg while contents were comparable in other treatments in relation to control (Fig. 4a). This
apparently signifies that n-ZnO at low concentration possess low toxicity to tomato leaves but higher concentration (1000
mg/kg) induced oxidative stress. Furthermore, the absence of significant H2O2 content is an indication of abundance of other
ROS species than the H2O2 in the leaves. The finding of significant MDA content at 1000 mg n-ZnO/kg was in consonance
with the reduction in chlorophyll contents at the same treatment in the leaves, apparently confirming toxicity to the leaves.

Contrarily to roots, there was no significant effect of n-ZnO treatment on activity of APX except at the highest
concentration (1000 mg/kg) where activity increased by 20% (Fig. 4b). Due to the fact that activity of antioxidant enzymes
are mostly activated as counter-response to oxidative stress, the increased activity of APX at 1000 mg n-ZnO/kg could have
been due to oxidative stress. Studies have shown that plant leaves (especially chloroplasts) are rich in ascorbate (Malar
et al., 2014), hence the activation of APX in the tomato leaves to combat toxicity imposed by the high nano-zinc oxide
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Fig. 4. Effect of n-ZnO treatment on (a) H2O2 , activity of (b) APX, (c) CAT and (d) SOD in leaves of Solanum lycopersicum L. after 90-day exposure. Error bar
represents standard deviation and means separated by Turkey test at P < 0.05.

concentration. However, a decrease in APX activity of 40 to 79%was observed in tomato leaves exposed to ZnO NP for 30–90
days in acidic soil but at a lower concentration of 225 mg/kg (García-Gómez et al., 2017). CAT activity in the leaves was
reduced by high concentrations of n-ZnO (600 and 1000 mg/kg) whereas at low n-ZnO (300 mg/kg), CAT activity was not
affected significantly as compared to control (Fig. 4c). Reduction in CAT activity was 63.6% and 81.8% for 600 and 1000 mg
n-ZnO/kg treatments, respectively. García-Gómez et al. (2017) have also reported decreased CAT activity in tomato leaves
exposed to 225 mg/kg ZnO NP for 90 days in acidic soil. The SOD activity was significantly induced at ≥300 mg n-ZnO/kg
compared to control (Fig. 4d). The highly activated SOD in tomato leaves did not correspond to generated H2O2 content,
and the lipid peroxidation. In relation to this result, it is imperative to note that H2O2 is among several ROS species (such as
superoxide radicals, peroxide radicals, hydroxyl radicals, and singlet oxygen) that are involved in the induction of oxidative
stress in plants. Similar discrepancies on the effects of ZnONPs on enzymatic activity and oxidative stress have been reported
in the literature (Du et al., 2017; Hernandez-Viezcas et al., 2011; Wang et al., 2016b). This alluded to the general belief that
biochemical parameters, particularly those that are related to enzymes, are species-dependent, tissue-dependent, exposure
duration and environmental conditions (García-Gómez et al., 2017). However, the increase in the activity SOD at elevated n-
ZnO concentrationmay have resulted in enhanced ROS scavenge and low oxidative stress in the leaves because effectiveness
of ROS scavenging in plants is noted to be greatly enhancedwhen activities of SOD and APX complement each other (Lu et al.,
2010). Up-regulated SOD activity has also been reported in tomato exposed to ZnO nanoparticles (Wang et al., 2018).

3.5. Level of non-enzymatic antioxidants in tomato fruits

The contents of selected bioactive compounds (total phenol, flavonoids,β-carotene, lycopene and ascorbic acid) in tomato
fruits after 90-day exposure to n-ZnO are presented in Table 2. All the non-enzymatic antioxidants except ascorbic acid
were influenced negatively by all concentrations. The contents of total phenol and flavonoid in the mature green fruits were
reduced by at least 16.4% and 4.8%, respectively compared to control, following the n-ZnO treatment (Table 2). Furthermore,
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Table 2
Content of selected bioactive compounds in fruits of Solanum lycopersicum after 90-day exposure to n-ZnO.
Treatment Total phenols Flavonoids β-carotene Lycopene Ascorbic acid
(mg nZnO/kg) (mg GAE/100 g fw) (mg EQ/100 g fw) (mg/100 g fw)

Control 2.41 ± 0.01a 6.39 ± 0.01a 2.32 ± 0.02a 2.58 ± 0.00a 1.02 ± 0.00c

300 2.07 ± 0.01b 6.10 ± 0.00b 2.13 ± 0.01b 2.42 ± 0.06b 1.06 ± 0.01a

600 2.01 ± 0.01c 6.01 ± 0.01c 2.13 ± 0.01bc 2.21 ± 0.00c 1.04 ± 0.01b

1000 2.00 ± 0.00c 6.00 ± 0.01c 2.10 ± 0.00c 2.17 ± 0.01c 1.02 ± 0.01c

Values with the same letter (s) along the same column are not statistically different at p < 0.05 by Turkey.

provitamin contents (β-carotene and lycopene, respectively) in the tomato fruits reduced by at least 8.9% and 6.6% in
comparison to control. Contrarily to all non-enzymatic antioxidants, ascorbic acid, which is one of the main water-soluble
antioxidants in tomato was increased significantly (P < 0.05) by nano-ZnO treated at 300 and 600 mg/kg concentrations
whereas, at the high concentration (1000 mg n-ZnO/kg) the content reduced significantly (P < 0.05). It is important to note
that the contents of all the non-enzymatic antioxidants were relatively low in the tomato fruits. This is connected to the
fact that the fruits were collected when still green and firm but matured. It has been posited that the levels of antioxidants
(such as ascorbic acid, lycopene and β-carotene) increase gradually as ripening proceeds in tomato fruits (Brandt et al.,
2006; Radzevicius et al., 2012; Viskelis et al., 2007). The results indicate that the application of n-ZnO has a negative effect
on the total phenols, flavonoid, β-carotene and lycopene contents in the green tomato fruits. This possibly suggests that the
n-ZnO-treatment has an inhibitory effect on the induction of these antioxidant compounds in the tomato fruits. This was
contrary to the reported stimulatory effect of copper nanoparticles on total phenols, β-carotene and ascorbic acid in tomato
according to Hernández-Fuentes et al. (2017).

Conclusion
Summarily, the results of the study showed the concentration-dependent uptake of Zn from n-ZnO-amended soil and

modulation of antioxidant enzyme activities in the root of tomato. The ≥300 mg n-ZnO/kg treatment increased the H2O2
content and lipid peroxidation in roots, and reduced the activities of APX and SOD whereas CAT activity was up-regulated
at same n-ZnO treatments. Significant lipid peroxidation in the leaves occurred only at the highest dose of n-ZnO (1000 mg
n-ZnO/kg), possibly due to low generation of H2O2 at lower n-ZnO doses. The observed low oxidative stress in the leaves
of tomato at ≤600 mg n-ZnO/kg may be due to the absence of significant toxic effect of n-ZnO which was apparent in the
results of chlorophyll contents. Though, there was low oxidative stress in the leaves, the green fruits of tomato presented
reduced contents of non-enzymatic antioxidants like total phenols, flavonoids β-carotene and lycopene. This may possibly
imply that antioxidant contents of tomato fruits may be susceptive to n-ZnO toxicity, even at low doses.
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