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Abstract

Atmospheric contamination by heavy metal(loid)—enriched particulate matter (metal-PM) is highly topical these days because of
its high persistence, toxic nature, and health risks. Globally, foliar uptake of metal(loid)s occurs for vegetables/crops grown in the
vicinity of industrial or urban areas with a metal-PM-contaminated atmosphere. The current study evaluated the foliar uptake of
arsenic (As), accumulation of As in different plant organs, its toxicity (in terms of ROS generation, chlorophyll degradation, and
lipid peroxidation), and its defensive mechanism (antioxidant enzymes) in spinach (Spinacia oleracea) after foliar application of
As in the form of nanoparticles (As-NPs). The As-NPs were prepared using a chemical method. Results indicate that spinach can
absorb As via foliar pathways (0.50 to 0.73 mg/kg in leaves) and can translocate it towards root tissues (0.35 to 0.68 mg/kg).
However, health risk assessment parameters showed that the As level in the edible parts of spinach was below the critical limit
(hazard quotient < 1). Despite low tissue level, As-NP exposure caused phytotoxicity in terms of a decrease in plant dry biomass
(up to 84%) and pigment contents (up to 38%). Furthermore, several-fold higher activities of antioxidant enzymes were observed
under metal stress than control. However, no significant variation was observed in the level of hydrogen peroxide (H,O,), which
can be its possible transformation to other forms of reactive oxygen species (ROS). It is proposed that As can be absorbed by
spinach via foliar pathway and then disturbs the plant metabolism. Therefore, air quality needs to be considered and monitored
continuously for the human health risk assessment and quality of vegetables cultivated on polluted soils (roadside and industrial
vicinity).
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deposit on different terrestrial ecosystems (soil, water, plant,
and animals/humans) (Uzu et al. 2009; Wang et al. 2018).

The presence of high levels of these metal-PM in the atmo-
sphere is confronting the quality of environment and animal
health (including humans) worldwide (Liu et al. 2010; Xiong
et al. 2018). Metal-PM can negatively affect human health via
two major pathways: direct inhalation (Goix et al. 2014; Uzu
etal. 2011) or ingestion of contaminated vegetables after foliar
deposition and uptake (Xiong et al. 2016a; Xiong et al. 2017).
However, the data regarding the latter aspect is negligible
compared to the direct inhalation of metal-PM. The potential
of these metal-PM to transport over long-range along with
high persistency has made the situation more complex and
worse. These metal-PM can cause adverse effects on the eco-
systems and human health many miles away from the source
of their origin (Shahid et al. 2017a; Xiong et al. 2016b).

Metal-PM can be adsorbed on the plant’s aerial organs and
get transported inside the plant (Schreck et al. 2014; Uzu et al.
2010). This shows that plants can uptake and accumulate met-
al(loid)s directly via foliar tissues, in addition to absorption via
root uptake (Schreck et al. 2012). Studies indicate that plants
can absorb metal(loid)s via stomata, lenticels, cuticle, cracks,
and aqueous pores (Schreck et al. 2013). After foliar uptake,
plants can transfer metal(loid)s towards root tissues (Xiong
et al. 2017). However, there is relatively fewer data available
regarding foliar uptake of metal(loid)s compared to root
uptake.

Among all heavy metal(loid)s, As is a highly toxic sub-
stance naturally present in water (Bakhat et al. 2017; Shahid
et al. 2018; Tabassum et al. 2018). Moreover, high concentra-
tions of As have been reported to exist in the atmosphere
(Shahid et al. 2017c; Xu et al. 2016). It is reported that As
concentration in the air at the global scale is > 0.02—4 ng/m”,
3-200 ng/m3, and 1000 ng/m3, respectively, for rural, urban,
and industrial areas (Facts 2008). In Pakistan, As level in the
air is about 230-2230 ng/m’ (Shigeta 2000). Arsenic is non-
essential to plants and is capable to induce toxic effects even at
low/moderate applied levels (Abbas et al. 2018; Rafiq et al.
2017b).

Plants under As stress show numerous toxicological symp-
toms such as low plant growth, biomass and chlorophyll con-
tent, genetic mutation, genotoxicity, fragmentation of DNA,
and enhanced production of reactive oxygen species (ROS)
(Abbas et al. 2018; Khalid et al. 2017b; Suriyagoda et al.
2018). Arsenic accumulation by plants also causes possible
food chain contamination and health risks (Carey et al. 2010;
Shahid et al. 2017c¢). Plant responds to As toxicity via activa-
tion of various enzymatic and non-enzymatic antioxidants
(Abbas et al. 2018; Khalid et al. 2017b). However, plant re-
sponses to As stress under foliar application are not yet well-
elucidated.

Numerous studies have been conducted on the plant’s soil-
root uptake and accumulation of heavy metal(loid)s, but
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information regarding foliar metal uptake is comparatively
limited, especially when applied in the form of nanoparticles
(NPs) compared to foliar solution application. Therefore, it is
highly necessary to study the mechanisms of foliar uptake and
accumulation of heavy-metal(loid) NPs and their noxious ef-
fects in plants as well as the defense mechanisms of plants in
relation with human health risks associated with contaminated
crop/vegetable consumption. As far as we know, this is the
first study of its kind which assessed the foliar uptake and
transport of As from shoot to roots by spinach and the asso-
ciated toxic effects to plants as well as the health risks.

Materials and methods
Chemicals and reagents for arsenic nanoparticles

The starting materials for the synthesis of arsenic nanoparti-
cles were sodium arsenite (NaAsO,) and sodium borohydride
(NaBH,) (Analytical grade, BDH).

Synthesis of arsenic nanoparticles

The stock solution (0.1 M) of NaAsO, was prepared in dis-
tilled water. The freshly prepared aqueous solution of 0.2 M
NaBHy, (stored in the refrigerator at 4 °C) was used for the
reduction of As(IIl) to As(0). The reduction process was per-
formed in the solution mixture of NaAsO, and NaBH, at pH
7-9 under ambient condition (Pal et al. 2012). During the
reduction process, the pH of the solution increases slightly
which was maintained using 0.1 M solution of sulfuric acid.
The mixture of NaAsO, and NaBH, was stirred at room tem-
perature for 30 min. The light brown As(0) nanoparticles pre-
cipitated down which were filtered and dried in an oven. The
scanning electron microscope (SEM) (JSM5910, JEOL,
Japan) was used to study the surface morphology and size of
synthesized arsenic nanoparticle (As-NP) (Fig. 1).

Plant material and growth conditions

In this study, spinach dry seeds were grown in the acid-
washed sand for 1 week. After germination, when the spinach
roots were approximately 3—4 cm long, the seedlings were
transferred to the polyvinyl tubes (2.5 L capacity) containing
a nutrient solution of various micro- and macronutrients
(5 mM KNOs3, 2 mM KH,PO,4, 5 mM Ca(NO;),, 1.5 mM
MgSOy, 9.11 uM MnSOy, 0.235 puM CuSOy, 0.1 uM
Na,MoOy, 1.53 uM ZnSOy, 24.05 uM H;BO;, and
268.6 uM Fe-EDTA). This nutrient solution has been used
previously in various studies dealing with morphological
and biochemical processes of plants (Rafiq et al. 2017a;
Shahid et al. 2017c). After vegetative growth of 7 days in
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Fig. 1 SEM analysis of chemically synthesized arsenic nanoparticles (As-NPs) in the scale range 0f 0.2 to 5 um. (a 5 pm, b 1 pm, ¢ 0.5 um, d 0.2 pm)

hydroponics, spinach plants were exposed to different treat-
ments of As-NP via foliar application.

Exposure of plants to As-NP

The synthesized As-NPs were applied on the leaves of spin-
ach. The applied treatments of As-NP were the following:
control without As-NP, As-10 with 10 mg/plant of As-NP,
and As-50 with 50 mg/plant of As-NP.

The adaxial surface of the upper three leaves was contam-
inated with As-NP. All the treatments were applied on leaves
with the help of applicator brushes as previously used by
Xiong et al. (2014). A polyethylene sheath was placed on
the surface of each tub to protect nutrient solution contamina-
tion by As-NP during foliar application and to avoid the up-
take of As through roots. After each treatment application, the
polyethylene sheath was cleaned for preventing As contami-
nation of the nutrient solution. As-NP treatments were applied
once a week for 4 consecutive weeks.

After the specific time of treatment exposure, spinach
plants were harvested and separated into root and shoot.
Shoot samples were rapidly washed with distilled water and
the As bound to the surface of leaves was removed using
0.01 M HCI. Plants were then stored for further analysis.
Each treatment was applied to six different spinach plants.
Three plants were used for dry weight and metal content

analysis and the remaining three plants were used for physi-
cochemical analysis.

Dry weight of root and shoot

After harvest, root and shoot samples were stored in paper
bags and were air-dried for 1 week and then in the vacuum
oven at 75 °C for 1 h and the dry weight was measured using a
digital weighing balance.

Arsenic analyses in spinach root and shoot

The dried root and shoot samples were ground to fine powder
(40 mesh) using a mechanical grinder. After that, about
500 mg of spinach samples was digested using a diacid mix-
ture of perchloric acid and nitric acid (1:2). The digestion of
plant material was carried out at 200-225 °C using the hot
plate for about 3—4 h until the solution became colorless as
described elsewhere (Shahid et al. 2017c). The digest was then
cooled at room temperature and diluted up to 25 mL. After
filtration, the concentration of As was determined using hy-
dride generation atomic absorption spectroscopy (AAS,
Thermo AA®, Solar-Series). The stock solution of AsCl;
(AslII, 1000 mg/L) was used for preparing sub-stock and As
standards in the range of 10 to 80 pg/L as used previously
(Niazi et al. 2018a; Niazi et al. 2018b; Shakoor et al. 2018b)
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and one or two more refs. The limit of detection for the VGA
77 HGAAS was set at 6 ng/L. The residual standard deviation
value for all the analyzed samples was <2% (Shahid et al.
2017b; Shakoor et al. 2018a; Tabassum et al. 2018).

Pigment content analysis

After harvest, spinach samples were instantly frozen using
liquid nitrogen to preserve the biophysiological activities.
The frozen spinach leaf samples (1 g) were ground to fine
powder under liquid nitrogen. Pigments (chl-a, chl-b, and ca-
rotenoid) were extracted using 80% hydro-acetone (v/v) as
described by Lichtenthaler (1987). The extract was centri-
fuged at 3000g for 10 min. The absorbance of the mixture
was noted at 663.2, 646.8, and 470 nm with the spectropho-
tometer (AA, Solar-Series). The contents of pigment were
calculated using the equations stated by Lichtenthaler (1987).

Reactive oxygen species (H,0,) analysis

For H,0, content analysis, about 1 g of frozen spinach leaves/
roots was ground in liquid nitrogen. Plant extract was then
centrifuged (3000g, 10 min) to precipitate the suspended par-
ticles. The absorbance mixture comprised of 1 mL of the plant
extract, | mL of 10 mM potassium phosphate buffer and 1 mL
of 2 M potassium iodide. The absorbance of mixture assay
was recorded at 390 nm with the spectrophotometer and the
H,0, concentration was calculated using a standard curve
stated by Islam et al. (2008).

Lipid peroxidation analysis

The possible lipid peroxidation in spinach roots/shoots was
assessed by measuring the thiobarbituric acid-reactive sub-
stances (TBARS) (Hodges et al. 1999). About 1 g of frozen
spinach samples were ground in liquid nitrogen followed by
incubation at 95 °C with trichloroacetic acid (TCA) and butyl
hydroxytoluene (BHT) in the presence and absence of thio-
barbituric acid (TBA). After centrifugation (3000 rpm,
10 min), the absorbance was measured at 532 nm using a
spectrophotometer. The amount of TBARS was determined
according to the equations reported by Hodges et al. (1999).

Measurement of antioxidant enzyme activities

For determining antioxidant enzyme activities, 250 mg of fro-
zen spinach leaf sample was weighed and crushed using a pre-
cooled pestle and mortar under liquid nitrogen in 0.1 M phos-
phate buffer (pH—7.0). The samples were then centrifuged
two times at 4500 rpm for 30 mins at 4 °C.
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Superoxide dismutase

The activity of superoxide dismutase (SOD) was calculated by
evaluating its capacity to stop the photo-chemical reduction of
nitro blue tetrazolium as described by Dhindsa et al. (1981).
The 3-mL reaction assay was composed of 0.1 mM EDTA,
13 mM methionine, 50 mM phosphate buffer (pH—7.8),
75 uM NBT, 60 uM riboflavin, and 200 puL enzyme extract.
The activity of SOD was expressed as the amount of this
enzyme essential to cause 50% NBT reduction.

Catalase

Catalase (CAT) activity was evaluated following the protocol
described by Aebi (1984). The 3-mL mixture assay of spinach
samples comprised of 200 puL enzyme extract in 50 mM phos-
phate buffer (pH—7.0) and 15 mM H,O,. The absorbance
was measured at 240 nm for 45 s at 25 °C. The activity of
CAT is presented as micromolar of H,O, degraded per minute
per milligram of protein.

Peroxidase

Guaiacol peroxidase (POD) was evaluated following the pro-
tocol of Hemeda and Klein (1990). The reaction mixture for
POD analysis was comprised of 12 mM guaiacol, 50 mM
phosphate buffer (pH—6), 15 mM H,0,, and 200 uL enzyme
extract. The absorbance of the mixture was recorded at
470 nm for 90 s at 25 °C. The activity of POD is presented
as micromolar of guaiacol oxidized per minute per milligram
of protein.

Health risk assessment

Average daily intake of arsenic via spinach
consumption

The average daily intake (ADI) of As under foliar application
was estimated according to Rehman et al. (2016).

Cnetal X IR % Cf
BW

ADI =

The detail of all the parameters and their values used for
ADI calculations is described in Supplementary Table 1.

Hazard quotient
Hazard quotient (HQ) was calculated as described by Khalid

et al. (2017a)

_ EDI

H
Q RfD
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The detail of all the parameters and their values used for
HQ calculations is described in Supplementary Table 1.

Risk assessment of cancer

The lifetime cancer risk (ILTCR) via consumption of As-
contaminated spinach was measured using the equation de-
scribed by Khalid et al. (2017a).

Chnetat X Cf x EF x ED
AT x BW

ILTCR = x CSF
The detail of all the parameters and their values used for
ILTCR calculations is described in Supplementary Table 1.

Choice/justification of experimental design,
treatments, and parameters

In this study, spinach (a leafy vegetable) was selected due to
its (i) wide cultivation at global scale, (ii) high consumption
rate, (iii) nutritional value, (iv) use in previous scientific stud-
ies of metal toxicity, and (iii) small growth period. Arsenic
nanoparticles were selected due to their highly toxic nature.
Moreover, As-enriched particulate matter exists widely in the
atmosphere. The plant biochemical parameters (H,O,, lipid
peroxidation, pigment contents) were selected for their high
sensitivity to metal stress and simplicity of their evaluation
assays. These plant biochemical parameters have been used
widely in previous studies (Shamshad et al. 2018). The anti-
oxidant enzymes were preferred to evaluate the possible acti-
vation of spinach defense mechanism under foliar stress of
As-NPs. Finally, the risk assessment parameters were per-
formed to estimate any possible health hazards of consuming
vegetables cultivated in areas of high atmospheric metal par-
ticulate matter contamination. Especially, the cancer risk was
estimated due to the carcinogenic nature of As.

Statistical analysis

Statistix (Ver 8.1) was used to perform analysis of variance
(ANOVA). XLSTAT (ver. 19.4) was used for Pearson corre-
lation and principal component analysis (PCA).

Results
SEM analysis of As-NP

The SEM micrographs of synthesized As-NP using chemical
method are shown in Fig. 1a—d in the scanning range of 5 to
0.2 um. The SEM micrographs show that the surface of the
particles present in the matrix of As-NP is smooth, unwrin-
kled, and spherical in shape. The size of the particles is uni-
form and even in the whole matrix. There are some aggregates
in the whole matrix which are due to weak forces present
among the As-NP. It was estimated that the particle size of
synthesized As-NP is lying in the range of 40-60 nm which
are comparable with the reported ones, i.e., 60 nm (Pal et al.
2012).

Foliar uptake of arsenic by spinach

Results revealed that uptake of As by spinach leaves increased
(0.50 to 0.73 mg/kg) with increasing concentration of the ap-
plied As-NP on leaves from 10 to 50 mg/plant (Fig. 2).
Likewise, increasing As concentration on leaves promoted
the linear accumulation of As in roots (0.35 to 0.68 mg/kg)
indicating the phloem mobility of As towards roots.

Effect of arsenic on pigment content

Foliar application of As-NP revealed a significant effect on
photosynthetic pigments (Fig. 3). The lower level of As-NP

Fig.2 Arsenic content (mg/kg) in 12
root and leaves after foliar

application of As nanoparticles
(As-NPs). Values indicate mean + 1.0

S.E. of three replications. The 3
significant difference (P <0.05) en 0.8
among different treatments is ﬁ
represented with different g 06
alphabets e :
g
2 04
<
0.2
0.0

ORoots B Leaves
a
a
b a
b b I
Control As-10 As-50
Foliar As-NP treatments
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(As-10) showed a slight non-significant reduction in pigment
content compared to control, while the higher level (As-50)
reduced the pigment content significantly.

Effect of arsenic on dry weight

Supplementary Figure 1 shows that the foliar application of
As-NP caused a significant decrease in plant biomass at all
applied levels compared to control. Application of As-10 and
As-50 respectively caused 2.9 and 6.4 times decrease in dry
weight of roots, and 3.7 and 4.0 times decrease in dry weight
of leaves.

Effect of arsenic on H,0, production and lipid
peroxidation

In both leaves and roots of spinach treated with As-NP, no
significant variation in H,O, production was observed (Fig.
4a). In case of TBARS contents, As-NP (10 mg/plant) signif-
icantly induced lipid peroxidation in leaves but the TBARS
contents decreased with increasing the treatment level (As-50)
(Fig. 4b). In spinach roots, the TBARS contents decreased
significantly for As-10 treatment, while there was no effect
for As-50 treatment.

Effect of arsenic on antioxidant enzyme activities

Antioxidative enzyme activities were not measured for spin-
ach roots due to insufficient root biomass required for enzyme
analysis. In spinach leaves, enzyme activities were differently
affected by As-NP application on leaves and the effect also
differed with respect to the treatment level (Table 1). It has
been observed that the activities of CAT and POD significant-
ly increased, respectively, by 184% and 288% at the low level
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(10 mg), and by 31% and 605% at the high level (50 mg) of
As, compared to control, developing a linear relation with
applied As concentration. In contrast to other enzymes, SOD
activity remained inhibited throughout the experiment and did
not show any significant difference compared to control. The
total protein content of spinach leaves treated with As in-
creased significantly with the applied metal concentration in
a linear way.

Health risk assessment

The values of health risk assessment parameters (ILTCR, HQ,
and ADI) have been reported in Table 2. The values of these
parameters depend on As contents in spinach edible parts
(shoot). The ADI values were 0.019, 0.061, and
0.089 pg/kg/day, respectively, for control, As-10, and As-50.
The low ADI values were due to low accumulation of As in
spinach leaves (< 1 mg/kg). The HQ values were below the
critical limit of HQ (< 1) for all the treatments: 0.065, 0.203,
and 0.298, respectively, for control, As-10, and As-50. The
ILTCR wvalues were 0.000029, 0.000091, and 0.000134, re-
spectively, for control, As-10, and As-50.

Discussions
Arsenic accumulation in roots and shoots of spinach

In the present study, As uptake by spinach leaves and its
transfer towards roots increased with increasing the applied
levels of As on leaves. Previously, As uptake by plants after
foliar application in solution form has been reported. Bondada
et al. (2004) demonstrated that the high level of As was
absorbed by Chinese brake after foliar application. Schreck
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et al. (2012) also reported foliar absorption of As in three
vegetables (lettuce, ryegrass, and parsley) after exposure to
atmospheric fallouts resulting from the emissions of a
battery-recycling factory. The results indicated high absorp-
tion of As by lettuce leaves having greater surface area as
compared to other two vegetables. Moreover, Sachs and
Michael (1971) reported the absorption and transport of As
in Black Valentine Beans when the plants were sprayed with
monosodium methanearsonate (MSMA). After 7 days of

Table 1  Arsenic-induced variation of total protein and antioxidant
enzyme activities (in unit per gram of protein) after foliar application of
As nanoparticles (As-NPs). Values indicate mean + S.E. of three
replications. The significant difference (P <0.05) among different
treatments is represented with different alphabets

Treatments T. Protein SOD CAT POD
Control 923+00b 199+0.0a 0.023+0.0b 0.03+0Db
As-10 125+1.1ab 21.81+2.0a 0.067+0.0a 0.03+0.02b
As-50 1590+1.0a 1734+12a 0.077+0.0a 0.18+0a

T. Protein total protein

treatment, both root and shoot of the plants showed the almost
the same concentration of As.

Previous studies also indicated the transport of foliar-
applied metals into the roots. It is reported that after foliar
metal(loid) application, leaves absorb the maximum part of
metal(loid) and a little is transported towards the roots < 1%
(Colle et al. 2009). Dollard (1986) reported 0.1%, 0.1-0.3%,
and < 1% transfer of foliar-applied metal to the root tissues,
respectively, in radish, carrot, and broad beans. In our study,
although in low concentration (0.35 to 0.68 mg/kg), almost
40-50% of As applied to vegetable leaves was also

Table 2  The values of risk assessment parameters. ADI (mg/kg/day),
HQ, and ILTCR for spinach after foliar application of As nanoparticles
(As-NP)

Treatments ADI HQ ILTCR

Control 0.020 0.065 0.000029
As-10 0.061 0.203 0.000091
As-50 0.089 0.298 0.000134
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translocated towards the roots (Fig. 2). The high shoot-root
transfer of As in this study can be due to As application in the
form of NP. The accumulation of foliar-applied As in root
tissues has been reported by Zandstra and De Kryger (2007)
when carrot plants were sprayed with MSMA. Results clearly
indicated the translocation of foliar-applied As towards the
root/edible part. So far, very less data is reported on the
shoot-to-root transfer of metal(loid)s, especially when applied
in the form of NP.

Effect of As-NP accumulation on pigment contents

Arsenic has been reported to induce severe noxious changes in
pigment contents of plants upon exposure. Recently, Rafiq
et al. (2017b) reported a significant decrease in pigment con-
tents of vegetables due to As treatments. In our experimental
conditions, high exposure of As-NP decreased the Chl-a, Chl-
b, Chl-a+b, and carotenoid contents by 24, 38, 30, and 35%
respectively (Fig. 3).

Our results are in agreement with the previous findings of
Kovacik et al. (2012), who described the physiological chang-
es in Tillandsia albida after foliar uptake of Cd and Ni. The
significant decrease in sugar, water, and pigment contents was
measured. Recently, Manaf (2016) reported the reduction in
chlorophyll content due to the foliar spray of selenium (Se) on
Vigna unguiculata, while Golob et al. (2017) did not indicate
any change in pigment content of Triticum aestivum after fo-
liar spray of Se. To the best of our knowledge, no data is
available about As toxicity to pigment contents after foliar
application in the form of NPs.

Effect of As-NP on dry weight

Metal toxicity and the decrease in dry weight due to the root
uptake system have widely been reported in the literature
(Rafiq et al. 2017b). But the toxicity after foliar absorption
of As has not been well-established yet. In the present study,
As accumulation in plants caused a significant decrease in
plant dry biomass (Supplementary Figure 1). Previously,
Sachs and Michael (1971) reported up to 89% reduction in
dry biomass of different plant species when exposed to sodi-
um arsenite, sodium arsenate, MSMA, and cacodylic acid via
foliar application. Recently, Hong et al. (2016) reported sig-
nificant toxic effects of Cu and Ce after foliar application on
dry biomass of Cucumis Sativus. Hence, plants show biomass
reduction when absorbing metal(loid)s through foliar organs.

Effect of As-NP on H,0, induction and lipid
peroxidation

Overproduction of ROS due to heavy-metal toxicity is a well-

known fact nowadays (Abbas et al. 2018; Suriyagoda et al.
2018). In the present study, no significant increase in H,O,
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production and lipid peroxidation was observed upon As treat-
ments (Fig. 4a, b). The one possible reason could be the less
accumulation of As in the tissues (<1 mg/kg) capable
to induce ROS production. The other possible reason
could be the conversion of one form of ROS into other
forms that have not determined in this study. Previously,
several studies have reported that different antioxidative
enzymes are capable to convert one form of ROS into
another form in order to tolerate/avoid metal toxicity
(Abbas et al. 2018). Therefore, H,O, form of ROS
might have been transferred to another form of ROS
under current experimental conditions. Moreover, we
could not compare our data due to the unavailability
of previous studies about foliar application of As-NP.

Effect of metal accumulation on antioxidant enzyme
activities

Once heavy metal(loid)s have entered the plant cell,
plants may use numerous tolerance/defense mechanisms
by which they can avoid toxic effects of metal(loid)s.
This tolerance of plants against a specific heavy metal(-
loid) is governed by interrelated mechanisms operating
at physiological and molecular levels (Mohan et al.
2016). Tiwari and Sarangi (2017) reported the enhanced
activities of antioxidant enzymes in Pteris vittata and
Vetiveria zizanioides under As stress. In the present
study, the stimulation of CAT and POD in leaves con-
firmed the response of highly toxic As-NP accumulated
in plants (Table 1). This shows that foliar absorbance of
As-NPs even at very low level (<1 mg/kg) is capable to
induce toxicity and induce activation of antioxidative
enzymes. The H,0, is a very strong oxidant, which
can induce various toxic effects in plants especially
when it is converted to hydroxyl anion. Therefore,
H,O, requires quick and efficient removal to avoid its
toxic effects on the plants. Generally, this scavenging of
H,O, is accomplished by the activities of POD and
CAT in different cellular compartments (Abbas et al.
2018). The highest increase in CAT and POD activity
was 165 and 349% observed at the lower dose of As
solutions. There is a possibility that activation of CAT and
POD has converted H,O, into other forms. The decrease in
activity recorded for SOD in the presence of As can be due to
the reaction between As, CAT, and POD. However, no
research/study has focused on the defense mechanism of
plants against foliar As stress.

Health risk assessment
In the present study, the health risk assessment parameters

(ADI, HQ, and ILTCR) indicated no sever potential risk to
humans due to low As contents in edible parts of spinach. In
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contrast, some previous studies showed high metal accumula- a Factor loadings (axes F1 and F2: 100.00 %)

tion in foliar tissues after foliar application of metals. The

contrasting results of the current study can be due to the nature

of metal(loid), duration of treatment exposure, and the type of

applied metal (nanoparticles in this study compared to solu- CAT

tion application in most previous studies). However, it was o

observed that increasing concentration of foliar-applied As- | As-Shoot

NP on spinach leaves increased its level in spinach roots and
leaves. This highlighted a possible risk in areas with high
atmospheric As contents such as along roadside or near min-
ing and industrial areas. There is no previous data available
regarding foliar uptake of spinach and its possible health
hazards,

Principal component analysis and Pearson correlation

In order to evaluate the correlation between different variables,
Pearson correlation matrix (correlation between two variables)
and principal component analysis (combined correlation be-
tween all variables) were calculated (Fig. 5, Supplementary
Table 2, 3). Results showed a strong positive correlation of
As contents in spinach root and shoot with CAT, POD, and
total protein contents (Supplementary Table 2). This was also
confirmed by the combined grouping of these parameters in
PCA (right side of Fig. 5). This showed that the increase in
As concentration in root and leaves increased CAT and POD
activities and total protein contents. However, the plant growth
parameters (pigment contents and dry weights) were negatively
and strongly correlated with As contents in root and shoot.

In PCA, the growth parameters have been placed opposite
to As contents in spinach tissues (left side of Fig. 5a). This
confirms that foliar As application can negatively affect plant
growth and initiates plant defense mechanism by activating
antioxidative enzymes (CAT and POD). However, weak cor-
relation of As contents in root and shoot with H,O, and lipid
peroxidation confirms our earlier proposition of H,O, conver-
sion to some other forms of ROS (Supplementary Table 2).

Moreover, when the three treatments (control, As-10 ,and
As-50) were compared (Fig. Sb) for their variance with respect
to spinach response variables, it was observed that all the three
treatments were grouped separately. This confirmed the dif-
ferential effects of these treatments on growth and physiolog-
ical and tolerance mechanisms of spinach. However, the effect
was not linear with respect to the applied dose of As, as con-
firmed by their non-linear placement with respect to horizon-
tal and vertical axes.

Conclusions

The present study evaluated that the deposition of arsenic in
the form of nanoparticles on aerial plant parts is an important
source of plant contamination and toxicity. The results
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Fig. 5 Comparison of different variables (a) and treatments (b) using
PCA after foliar application of As nanoparticles (As-NPs)

proposed that the foliar As-NP deposition and uptake can be
a source of their accumulation in different plant parts (shoot
and root). The application of As-NP on spinach leaves can
significantly reduce plant biomass and pigment contents and
can increase the activities of antioxidative enzymes (SOD,
CAT, POD). Based on the results, it is proposed that spinach
growing near the industrial areas or along roadsides is suscep-
tible to accumulate As inside its edible tissues. Moreover,
there is also a risk of food chain contamination of vegetables
when grown in areas with high atmospheric contamination of
heavy metal(loid)s. Therefore, air quality needs to be consid-
ered and monitored continuously for the human health risk
assessment and quality of vegetables cultivated on polluted
soils (roadside and industrial vicinity).
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