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Abstract
Atmospheric contamination by heavy metal(loid)s is a widespread global issue. Recent studies have shown foliar pathway of
heavy metal(loid) uptake by plants, thus menacing plant productivity and threatening health risks. In contrast to root uptake of
heavymetal(loid)s, there is scarce data available on heavymetal(loid) foliar uptake, accumulation in different plant parts, changes
in growth and other biophysiochemical processes/reactions, detoxification mechanisms and associated health risks due to the
consumption of contaminated vegetables. This study evaluated the effect of foliar application of two potentially toxic metal(loid)s
(arsenic (As) and lead (Pb)) on their uptake by Spinacia oleracea, plant growth, pigment contents, physiological changes, and
activation of antioxidative enzymes. Results revealed that S. oleracea seedlings can accumulate both the metal(loid)s in their
leaves via foliar pathway. Arsenic was transferred from the leaves towards the roots, while Pb was mainly sequestered in
S. oleracea leaves. Both the metal(loid)s significantly decreased plant growth and pigment contents, As being more toxic than
Pb. Foliar application of As and Pb did not cause lipid peroxidation and overproduction of reactive oxygen species (ROS).
However, both the metal(loid)s enhanced the activities of antioxidative enzymes. We also calculated possible health risks (both
non-carcinogenic and carcinogenic) due to As and Pb accumulation in the edible parts for both the adults and children. It was
observed that As can induce non-carcinogenic effects (HQ > 1) in children only, while both As and Pb can cause carcinogenic
hazards in both adults and children under their all applied foliar levels. Therefore, it is proposed that As and Pb contents in the
atmosphere must bemonitored continuously for their possible foliar uptake and accumulation in edible plant parts to avoid cancer
risks. Moreover, multivariate analysis traced weak-strong correlations between metal(loid) treatments and plant response
variables.
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Introduction

Recent investigations have revealed that heavy metal(loid)s
can also enter the plants by foliar pathway in addition to root
uptake (Song et al. 2018; Uzu et al. 2010; Xiong et al. 2017).
However, despite considerable progress in recent years, there

exists comparatively rare data regarding foliar uptake of met-
al(loid)s compared to the root-plant pathway. In fact, foliar
uptake and accumulation of metal(loid)s have been the focus
of recent studies (Schreck et al. 2012; Shahid et al. 2017b;
Xiong et al. 2014b). Some recent reports revealed the uptake
and accumulation of considerable amounts of metal(loid)s via
foliar pathway (Mombo et al. 2016; Schreck et al. 2014; Uzu
et al. 2014). It is considered that metal(loid)s can penetrate
through the cuticle layer of foliar organs and adopt symplastic
or apoplastic pathway to move between cells, fromwhere they
can undergo phloem loading (Schreck et al. 2012; Shahid et al.
2017b). After being released into the phloem, metal(loid)s
uptaken by foliar pathway can be distributed throughout the
plant (Natasha et al. 2018a; Xiong et al. 2016). Still, the inter-
action between foliar metal(loid) uptake, accumulation in dif-
ferent plant tissues, and associated phytotoxic and health risks
remained poorly understood.
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During the past few years, the use of more effective and
thinner filters during metal(loid) mining, production and
recycling processes have resulted in the emission of a high
amount of fine and ultrafine metallic particles into the atmo-
sphere (El Hayek et al. 2017; Xiong et al. 2014a).
Consequently, high amounts of fine and ultrafine airborne
particles are observed in urban, peri-urban, and industrial
areas (Gajbhiye et al. 2016; Huang et al. 2018; Liu et al.
2018; Xiong et al. 2018). These metal(loid)-enriched particu-
lates are highly reactive compared to coarse emissions, con-
sequently causing environmental and sanitary concerns. In
many cases, heavy metal(loid)s get attached with these air-
borne particles during their release/origin from industrial and
traffic sources (Huang et al. 2018; Liu et al. 2018; Schreck
et al. 2013; Wang et al. 2018). These metal(loid)-enriched
particulates can deposit on soil, water, and plants via wet
and dry atmospheric deposition: wet deposition through pre-
cipitation and dry deposition through the wind, hurricanes,
tornadoes, or maybe gravity (Gunawardena et al. 2013).

High levels of these heavy metal(loid)-enriched particles in
the atmosphere can induce health hazards via inhalation by
people living in nearby areas (Jadoon et al. 2018; Kim et al.
2017; Uzu et al. 2011; Uzu et al. 2009). Additionally, the
health impacts may also occur due to ingesting heavy metal(-
loid)-polluted vegetables cultivated in the areas containing
high concentrations of metal(loid)s in the atmosphere. For
example, kitchen gardening in urban and peri-urban areas
can be highly risky in areas of high atmospheric heavy met-
al(loid) pollution (Dumat et al. 2016; Xiong et al. 2017).

When deposited on plants, metal(loid)-enriched particu-
lates can be taken up by plants via foliar organs (Shahid
et al. 2017b; Xiong et al. 2017). Exposure of plants to high
concentrations of metal(loid)s is generally accompanied by
phytotoxic effects (Hariram et al. 2018). Foliar metal(loid)
uptake has also been reported to disrupt the plant metabolic
activities and adversely affect the normal physiological func-
tioning (Klink et al. 2018; Rizvi and Khan 2018; Xiong et al.
2016). Literature indicates that overproduction of reactive ox-
ygen species (ROS) in plants via Haber-Weiss reactions is one
of the earliest and most common phenomena upon exposure
to heavy metal(loid)s (Abbas et al. 2018; Shahid et al. 2017c;
Shahid et al. 2019). The oxidative stress associated with over-
production of ROS in plant leaves can result in decreased
photosynthetic activity, DNA and RNA damage, oxidation
of proteins, and peroxidation of lipids (Abbas et al. 2018;
Shahid et al. 2019). Consequently, these phytotoxic effects
or physiological responses are among the most studied
mechanisms/biomarkers of metal(loid) toxicity in the plant.
Unlike root metal(loid) transfer, less data is available on the
physiological changes induced by foliar metal(loid) uptake
(Bakhat et al. 2017; Shahid et al. 2017b).

In recent years, the concept of food security and risk as-
sessment is highly topical due to increased use and emission

of metal(loid) minerals in industrial activities (Khalid et al.
2017; Mombo et al. 2016; Phi et al. 2018; Raessler 2018).
However, data about health risk assessment due to the foliar
uptake of heavy metal(loid)s is almost missing in the litera-
ture. Consumption of heavy metal(loid) contaminated crops/
vegetables after foliar uptake can provoke numerous clinical
conditions (Li et al. 2018; Sawut et al. 2018). Therefore, it can
be of great use to predict possible health risks associated with
foliar uptake of heavy metal(loid)s by vegetables/crops.

Keeping in view the above-mentioned novel aspects and
knowledge gaps, the current study was performed to reveal Pb
and As (the carcinogenic elements) foliar uptake mechanisms
and transport inside S. oleracea, a vegetable having high nu-
tritional and consumption value. Moreover, the possible ef-
fects of these metal(loid)s on plant biophysiochemical pro-
cesses, mainly the tolerance mechanism of vegetables under
foliar metal(loid) stress, are also assessed. Finally, we also
estimated health risks associated with the consumption of con-
taminated vegetable.

Methodology

Experimental conditions and treatments

Seeds of S. oleracea were allowed to germinate in acid-
washed sand for 1 week. The acid-washed sand was used to
avoid the metal(loid) contamination at germination stage.
After 1 week, S. oleracea seedlings (with 3–4 cm long roots)
were transferred to a nutrient solution for 7 days (5 mM
Ca(NO3)2, 5 mM KNO3, 1.5 mM MgSO4, 2 mM KH2PO4,
0.235 μM CuSO4, 9.11 μM MnSO4, 0.1 μM Na2MoO4,
1.53 μM ZnSO4, 24.05 μM H3BO3, and 268.6 μM Fe-
EDTA). Both the metal(loid)s were exposed via foliar appli-
cation to S. oleracea at two levels: 50 mg/L and 100 mg/L in
solution form. A non-contaminated plants group served as
control. Arsenic solutions were prepared from sodium arsenite
(NaAsO2) salt and Pb solutions were prepared from lead ace-
tate (Pb(C2H3O2)2) salt.

The adaxial surface of the three higher leaves was wetted
with specific metal(loid) concentrations (Fig. 1). About 3–
5 ml of prepared solution per plant was applied on leaves
during each treatment. An applicator brush was used to apply
treatments as used previously by Xiong et al. (2014a).
Separate brushes were used for each metal(loid) application
to avoid the cross-contamination. The spraying of the metal(-
loid) solutions was avoided to prevent the contamination of
the surrounding environment by metal(loid) droplets/aerosols.
In order to control growthmedium contamination during treat-
ment application, each tub was covered with a polyethene
sheath. All the treatments were applied once a week for four
consecutive weeks.
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After exposure to employed treatments, plants were har-
vested and stored under appropriate conditions for further
analysis. The experiment followed a completely randomized
design with six replications for each treatment. Three replica-
tions were used for plant physicochemical analysis, while the
remaining three replications were used for metal(loid) content
analysis.

Metal(loid) content analysis

The dried S. oleracea samples were ground to powder form.
Plant samples were wet digested with a di-acid mixture of
nitric acid and perchloric acid (2:1). Lead contents in plant
samples were determined using atomic absorption spectrosco-
py, while As contents were determined with hydride genera-
tion atomic absorption spectroscopy (HG-AAS) (AAS;
Thermo AA®, Solar-Series).

Determination of pigment contents

S. oleracea root and leaf samples were frozen in liquid nitro-
gen. About 1 g of frozen leaves were ground in an ice-cold
mortar. In order to extract pigment contents, hydro-acetone
(80% v/v) was used followed by centrifugation at 3000g for
10 min (Lichtenthaler 1987). A spectrophotometer (AA, Solar
-Series) was used to record the absorbance of mixture at 470,
646.8, and 663.2 nm.

Analysis of hydrogen peroxide (H2O2)

In order to determine H2O2 contents, about 1 g frozen
S. oleracea root/shoot samples were ground in an ice-cold
mortar. Hydro-acetone (80% v/v) was used as an extractant.
The extract of S. oleracea samples was centrifuged for 10 min
at 3000g. A spectrophotometer was used to measure the ab-
sorbance (at 390 nm) of the mixture comprised of 1 mL of the
plant extract, 1 mL of potassium iodide, and 1 mL of potassi-
um phosphate buffer.

Analysis of lipid peroxidation

The assay of lipid peroxidation was carried out according to
Hodges et al. (1999). For this purpose, about 1 g of S. oleracea
samples were ground in an ice-cold mortar. The samples were
incubated at 95 °C with butyl hydroxytoluene and trichloro-
acetic acid in the presence and absence of thiobarbituric acid.
The samples were centrifuged at 3000g for 10 min, followed
by recording the absorbance of supernatant at 532 nm.

Antioxidative enzyme activity

About 250 mg of S. oleracea shoot samples were ground with
an ice-cooled pestle and mortar under liquid nitrogen in 0.1M
phosphate buffer (pH − 7.0). The mixture was centrifuged
twice at 4500g at 4 °C for 30 min.

Fig. 1 Hydroponic growth of S. oleracea, foliar application of metal(loid)s, absorption of metal(loid)s through leaf structures, and their possible toxicity
to S. oleracea
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Superoxide dismutase (SOD) analysis

The SOD activity was evaluated following the protocol of
Dhindsa et al. (1981). A 3 ml reaction assay was composed
of 200 μl enzyme extract, 13mMmethionine, 0.1 mMEDTA,
75 μMNBT, 50 mM phosphate buffer (pH − 7.8), and 60 μM
riboflavin. The SOD activity expresses its amount essential to
induce 50% NBT reduction.

Catalase (CAT) assay

For CAT activity, a 3 ml mixture assay of S. oleracea samples
was prepared using 200 μl enzyme extract in 15 mM H2O2

and 50 mM phosphate buffer (pH − 7.0) (Aebi 1984). A spec-
trophotometer was used to record the absorbance of mixture at
240 nm for 45 s (25 °C). The CAT activity expresses micro-
molar of H2O2 degraded per minute per milligram protein.

Peroxidase (POD) assay

The mixture for POD analysis was comprised of 200 μl en-
zyme extract, 50 mM phosphate buffer (pH − 6), 12 mM
guaiacol, and 15 mM H2O2 (Hemeda and Klein 1990). A
spectrophotometer was used to record the absorbance of mix-
ture at 470 nm for 90 s (25 °C). The POD activity expresses
micromolar of guaiacol oxidized per minute per milligram
protein.

Health risk assessment

Estimated daily intake (EDI) of Pb and as

The EDI values of Pb and As after foliar application were
calculated as reported by Xiong et al. (2014b) using the fol-
lowing Eq. (1).

EDI ¼ C � IR� Cf
BW

ð1Þ

For detail of different parameters used to calculate EDI,
please see the Supplementary Table 1.

Hazard quotient (HQ) of Pb and As

Hazard quotients of Pb and As were determined following
Xiong et al. (2014b) using the following Eq. (2).

HQ ¼ EDI
RfD

ð2Þ

For detail of different parameters used to calculate HQ,
please see the Supplementary Table 1.

Cancer risk assessment

The possible cancer risk (CR) by consuming As or Pb con-
taminated S. oleracea was calculated as following (Xiong
et al. 2014b).

CR ¼ EDI � CSF ð3Þ

For detail of different parameters used to calculate CR,
please see the Supplementary Table 1.

Translocation factor (TF)

Translocation factor was calculated using the following formula:

TF ¼ Metal conc:in shoot

Metal conc:in root

Statistical analysis

Analysis of variance (ANOVA) was carried out using Statistix
(Ver 8.1), while Pearson correlation and principal component
analysis (PCA) were perfumed using XLSTAT (ver. 19.4).

Results

Metal(loid) accumulation in S. oleracea

The accumulation of As in leaves and roots of S. oleracea,
after foliar application of As solutions, is shown in Table 1.
Plants absorbed a significant amount of As when exposed to
foliar As-solution treatments. The maximum concentration of
As (1.2 and 4.67 mg/kg, respectively in shoot and roots) was
found in S. oleracea treated with the low-applied dose of As
(As-50 ppm) with visible leaf tissue damage. At higher As
level (As-100 ppm), S. oleracea accumulated a lesser amount
of As (1.13 and 2.7 mg/kg, respectively, in shoot and roots)
compared to As-50, which can be due to high As toxicity at
As-100 applied level as well as low biomass.

In case of Pb, the increase in the exogenous foliar concen-
tration of Pb did not cause a parallel increase in metal accu-
mulation in leaves (1.73 and 1.36 mg/kg, respectively, for Pb-
50 and Pb-100). Lead was absorbed by the foliar plant organs
but did not evoke tissue disruption. No concentration of Pb
was found in roots of S. oleracea suggesting that Pb tends to
remain in aerial/aboveground plant tissues under foliar Pb-
solution application.

When the two metal(loid)s were compared, Pb foliar up-
take was slightly higher compared to As. However, the trans-
fer of As from leaves to roots was higher than Pb.
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Effect of metal(loid) accumulation on the dry weight

Results indicated that As and Pb accumulation in the plants
exerted toxic effects and significantly decreased the dry
weight of S. oleracea compared to control. Foliar application
of As significantly decreased S. oleracea biomass than con-
trol. A linear trend was experienced between As applied con-
centrations and the decrease in dry weight of both the root and
shoot. Although a slightly more toxic effect was observed at
As-100, the effect was non-significant between As-50 and As-
100. A significant reduction in dry weight of S. oleracea was
also observed at the high level of Pb in plant leaves and roots
compared to control (Table 1).

The toxicity of As and Pb varied in different plant tissues.
In leaves, As was more toxic compared to Pb, despite the fact
that more Pb was accumulated in leaves than As. This can be
due to higher toxicity of As to S. oleracea compared to Pb.
The root biomass of S. oleracea was also lower for As treat-
ments compared to Pb treatments. This can be due to high As
accumulation in S. oleracea roots compared to Pb.

Effect of metal(loid) accumulation on pigment
content

Both the levels of As exogenous solution applications showed
a significant decrease in pigment contents over the control
(Table 2). Among all the As treatments, As-100 solution
(100 ppm) showed the highest decrease in pigment content
indicating the disruption of chlorophyll biosynthesis. The lin-
ear trend in pigment content reduction was observed in the
plants treated with As solutions.

The application of Pb had no significant effect on
S. oleracea pigment contents compared to control (Table 2).
A slight decrease in pigment content was observed at the
lower level (Pb-50) while the higher level of Pb (Pb-100)
did not show any difference over the control.

Effect of metal(loid) accumulation on H2O2

production and lipid peroxidation

Arsenic-induced lipid peroxidation and generation of H2O2

are presented in Table 3. In leaves of S. oleracea, no

significant difference in H2O2 content was observed.
However, there was a linear decrease in H2O2 production for
both applied levels of As. The same trend with lower H2O2

production compared to control was observed in roots under
As-100 treatments.

The TBARS content increased at higher As level (As-100)
but the increase was not statistically significant. Roots of all
As-treated plants did not show any significant difference in
TBARS over the control. In case of Pb, no change was ob-
served in H2O2 contents at any applied level in roots and
leaves (Table 3). Similar to H2O2 production, plants did not
show any alteration in TBARS content under Pb treatments in
roots and leaves.

Antioxidant enzyme activities

The activities of antioxidative enzymes in S. oleracea leaves
increased differently with respect to As treatment level
(Table 4). Arsenic solutions at both levels non-significantly
increased the enzymatic activities. Increase in SOD, CAT,
and POD was, respectively, 123%, 166%, and 349% for As-
50 and 15%, 111%, and 213% for As-100 solution
application.

Solution application of Pb also exhibited the same trend on
the activities of antioxidative enzymes as observed for As
solution application (Table 4). Increase in SOD, CAT, and

Table 1 Heavy metal(loid)
concentration (mg/kg) and dry
weight (g) of S. oleracea plant
after foliar uptake of As and Pb.
Values indicate mean ± S.E of
three replications. The significant
difference (P < 0.05) among dif-
ferent treatments is represented
with different alphabets

Treatments Metal(loid) concentration (mg/kg) Dry weight (g)

Leaves Root Leaves Root

Control 0.16 ± 0 b 0.21 ± 0 c 2.93 ± 0.3 a 0.32 ± 0.1 a
As-50 1.2 ± 0.3 a 4.67 ± 0.3 a 1.07 ± 0.3 b 0.08 ± 0 b
As-100 1.13 ± 0.2 a 2.7 ± 0.2 b 0.8 ± 0.1 b 0.05 ± 0 b
Control 0 ± 0 b ND 2.93 ± 0.3 a 0.32 ± 0.06 a
Pb-50 1.73 ± 0.6 a ND 1.4 ± 0.6 b 0.12 ± 0 b
Pb-100 1.36 ± 0.5 a ND 1.6 ± 0.2 b 0.13 ± 0 a

ND indicates not detected.

Table 2 Arsenic and lead induced changes in pigment content (μg/g
FW) of S. oleracea after foliar metal(loid) uptake. Values indicate mean ±
S.E of three replications. The significant difference (P < 0.05) among
different treatments is represented with different alphabets

Treatments Chlorophyll-
a

Chlorophyll-
b

Chlorophyll-
a+b

Car

Control 327 ± 1 a 224 ± 1 a 551 ± 0 a 58 ± 1 a

As-50 167 ± 46 b 98 ± 32 b 265 ± 78 b 39 ± 7 a

As-100 141 ± 41 b 87 ± 27 b 228 ± 68 b 37 ± 7 a

Control 327 ± 1 a 224 ± 1 a 551 ± 0 a 58 ± 1 a

Pb-50 264 ± 43 a 153 ± 32 a 417 ± 74 a 52 ± 4 a

Pb-100 325 ± 5 a 222 ± 16 a 547 ± 20 a 51 ± 3 a
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POD was, respectively 12%, 87%, and 135% for Pb-50 and
2%, 197%, and 47% for Pb-100.

Health risk assessment

In this study, the carcinogenic and non-carcinogenic risk as-
sessment parameters were calculated in adults and children to
predict any possible health hazards due to foliar uptake of
heavy metal(loid)s (Table 5). In case of As, the EDI values
were 0.000188 and 0.000178 for adults and 0.000367 and
0.000346 for children, respectively, for As-50 and As-100.
In the case of Pb, these values were higher compared to As:
0.00027 and 0.00021 for adults and 0. 000529 and 0.000414
for adults, respectively, at Pb-50 and Pb-100. The HQ values
remained below 1 (limit hazard value) for all the treatments of
Pb and As for adults, but the HQ was higher than 1 for As
exposure in children. The HQ values were higher for As than
Pb in case of adults and several times higher for children.

The cancer risk factor (CR) showed values higher than
threshold limit (10−4) in both adults and children for both
the metal(loid)s, however, risk being more pronounced for
As than Pb. This shows that there can be a risk of cancer via
foliar transfer of As and Pb to edible plant parts. The transfer
factors (TF) of both the metal(loid)s remained below 1. The

TFwas higher for As showing its higher transfer towards roots
compared to Pb.

Discussions

Heavy metal(loid) accumulation and its effect
on the dry weight of plants

Toxicity to living organisms induced by heavy metal(loid)
stress is a complicated phenomenon. Heavy metal(loid)s have
been reported to induce numerous toxic effects to plants such
as oxidative stress, osmotic disturbance, specific ion toxicity,
and nutrient deficiency (Abbas et al. 2018). In this way, heavy
metal(loid)s can seriously affect various biochemical and
physiological mechanisms linked to plant growth, survival,
and development (Kováčik et al. 2018). Plants have been re-
ported to uptake toxic metal(loid)s such as As, Pb, and Cu by
roots from polluted soils as well as by leaves (foliar organs)
from the atmosphere, and can accumulate these heavy metal(-
loid)s in various parts of plants (Natasha et al. 2018a; Xiong
et al. 2016).

Under current experimental conditions, As content in shoot
increases up to 1.20 and 1.13 mg/kg DW in leaves, respective-
ly, at As-50 and As-100 ppm solution applications.
Previously, As uptake by plants after foliar application of As
solution has been reported by Bondada et al. (2004). They
demonstrated that a high concentration of As was absorbed
in Chinese brake after foliar application of As. It was reported

Table 3 Arsenic and lead induced changes in H2O2 (μmol/g FW) and
TBARS contents (nmol/g FW) of S. oleracea leaves and roots after foliar
metal(loid) uptake. Values indicate mean ± S.E of three replications. The
significant difference (P < 0.05) among different treatments is represented
with different alphabets

Treatments H2O2 TBARS

Leaves Roots Leaves Roots

Control 10.8 ± 1.03 a 1.01 ± 0.32 a 11.4 ± 0.61 a 4.5 ± 0.29 a

As-50 5.8 ± 2.3 a 2.19 ± 1 a 10.8 ± 2.96 a 5.9 ± 2.19 a

As-100 4.9 ± 0.84 a 0.48 ± 0.12 a 13.1 ± 2.55 a 4.2 ± 0.62 a

Control 12.7 ± 1.03 a 3.67 ± 0.45 a 11.4 ± 0.61 a 4.5 ± 0.29 a

Pb-50 12.3 ± 1.8 a 3.81 ± 0.67 a 9.6 ± 1.3 a 4.3 ± 0.99 a

Pb-100 10.4 ± 0.95 a 3.39 ± 0.52 a 10.3 ± 3.36 a 3.1 ± 0.51 a

Table 4 Arsenic and lead induced modification in enzymatic activities
in leaves after foliar metal(loid) uptake. 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 9.23 ± 0.07 a 19.9 ± 2.34 a 0.023 ± 0.01 a 0.03 ± 0.01 a

As-50 12.9 ± 3.21 a 22.5 ± 2.75 a 0.062 ± 0.01 a 0.12 ± 0.05 a

As-100 12.04 ± 0.88 a 22.9 ± 0.97 a 0.05 ± 0.01 a 0.08 ± 0.01 a

Control 19.9 ± 0.07 a 19.9 ± 2.34 a 0.02 ± 0.01 a 0.03 ± 0.01 a

Pb-50 22.5 ± 0.53 a 22.5 ± 0.76 a 0.04 ± 0.01 a 0.08 ± 0.04 a

Pb-100 20.6 ± 1.35 a 20.6 ± 1.07 a 0.06 ± 0.01 a 0.04 ± 0.02 a

Table 5 Values of health risk assessment parameters after foliar uptake
of arsenic and lead

Treatments EDI HQ CR TF

Adults

Lead treatments

Control 0 0 0 0

Pb-50 0.00027 0.07 2.31E−03 0

Pb-100 0.00021 0.05 1.81E−03 0

Arsenic treatments

Control 0.00003 0.08 3.77E−02 0.8

As-50 0.00019 0.63 2.82E−01 0.3

As-100 0.00018 0.59 2.67E−01 0.4

Children

Lead treatments

Control 0 0 0 0

Pb-50 0.00053 0.13 4.00E−03 0

Pb-100 0.00041 0.10 4.00E−03 0

Arsenic treatments

Control 0.00005 0.16 7.34E−02 0.8

As-50 0.00037 1.22 5.50E−01 0.3

As-100 0.00035 1.15 5.20E−01 0.4
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that the fronds are capable of accumulating high levels of As
in addition to roots, indicating that the fronds are also key
structures to uptake metal(loid)s. Recently, Natasha et al.
(2018a) also reported As uptake in spinach after foliar appli-
cation of As nanoparticles. In this study, solution application
of Pb also enhanced the accumulation of Pb inside the plant
leaves without translocating towards the root. This shows that
after foliar Pb uptake by S. oleracea leaves, its transfer to-
wards roots does not take place freely. Several previous stud-
ies reported foliar uptake of Pb by different types of plants
(Uzu et al. 2010; Xiong et al. 2017).

When two metal(loid)s were compared, Pb was more ac-
cumulated in leaves, while As was more translocated towards
roots. This reveals that heavy metal(loid) accumulation in
plant leaves and their transfer towards roots greatly vary with
metal(loid) type.

Metal(loid) accumulation in plants causes a significant de-
crease in plant dry biomass in the present study. Metal(loid)
toxicity and the decrease in dry weight due to the root uptake
system have widely been reported in the literature (Abbas
et al. 2018; Chowdhury et al. 2018; Pourrut et al. 2011). But
the toxicity of metal(loid)s after foliar absorption of heavy
metal(loid)s has not been well-established yet. The foliar ap-
plication of metal(loid)s caused a significant decrease in the
dry matter of plants. There was a linear trend between metal(-
loid) accumulation and dry weight reduction, for both the
metal(loid)s.

Effect of metal(loid) accumulation on pigment
contents

In the present study, the application of As solutions reduced
the plant pigment contents at both applied levels. At As-50,
the reduction observed was 49%, 56%, 52%, and 33%, and at
As-100, about 57%, 61%, 59%, and 37%, respectively, in Chl-
a, Chl-b, Chl-a+b, and carotenoid contents. In contrast, the
application of Pb treatments did not induce any alteration in
chlorophyll content at Pb-100 while Pb-50 showed 19%,
32%, 14%, and 11% reduction in Chl-a, Chl-b, Chl-a+b, and
carotenoid contents, respectively. This showed that toxicity of
metal(loid)s to S. oleracea varied with their type. Recently,
Xiong et al. (2017) reported the decrease in chlorophyll con-
tent of cabbage and lettuce when exposed to CuO NPs. The
plants showed a reduction of photosynthesis even at 10 mg
NPs/plant.

Effect of metal(loid) accumulation on H2O2 induction
and lipid peroxidation

Numerous recent landmarks in scientific research have re-
vealed that in plants, heavy metal(loid)-induced oxidative
stress has been associated with the damage of several macro-
molecules such as DNA, RNA, proteins, and lipids (Shahid

et al. 2012; Shahid et al. 2017c). Arsenic and Pb can directly
cause enhanced production of ROS and other free radicals and
indirectly by limiting the activities of antioxidative enzymes
(Abbas et al. 2018; Pourrut et al. 2011). Under current exper-
imental conditions, H2O2 production and lipid peroxidation
did not vary significantly after As and Pb foliar application.
This can be due to the low level of metal(loid) uptake and
accumulation in S. oleracea tissues, which were unable to
cause overproduction of ROS.

Similarly, numerous previous studies have shown that anti-
oxidant enzymes can scavenge and interconvert ROS from one
into another form (Shahid et al. 2014). Consequently, the low
level of H2O2 under current experimental conditions can be due
to the transformation of ROS from one to another form (Shahid
et al. 2018). It is also possible that plant may not experience
high H2O2 (ROS) production under foliar metal(loid) uptake in
contrast to root uptake. However, there is no literature data
available to support these assumptions. Similarly, the exposure
of As NPs to S. oleracea did not provoke the production of
ROS in leaves and roots (Natasha et al. 2018a).

Effect of metal(loid) accumulation on antioxidant
enzyme activities

In order to cope with ROS-induced oxidative stress, plants
have well-established tolerance mechanism of antioxidative
enzyme systems that can tolerate the potential toxicity of
ROS (Abbas et al. 2018). One of the protective mechanisms
adopted by plants is the induction of the antioxidant defense
system, which involves the sequential and simultaneous ac-
tion of several enzymes (Natasha et al. 2018b, 2019). In the
present study, the maximum increase in CATand POD activity
was 165% and 349% observed at the lower dose of As (As-50)
solutions while the high dose of As (As-100) showed lesser
alteration in enzymatic activities. The activities of SOD, CAT,
and POD increased, respectively, by 12%, 87%, and 197% at
Pb-50 and 2%, 135%, and 47% at Pb-100 treatment. This
revealed that plant defense mechanisms become activated af-
ter foliar uptake of metal(loid)s. However, the current study is
unable to explain the mechanism and intensity of activation of
these defense mechanisms.

Health risk assessment

Previously, environmental contamination by heavy metal(-
loid)s was mainly evaluated for their possible toxic effects
on plant growth (Shahid et al. 2011). Nowadays, health haz-
ards associated with accumulation of heavy metal(loid)s in the
edible plant parts have become highly topical under the um-
brella of food security (Antoniadis et al. 2019; Mombo et al.
2016). In this study, different risk assessment parameters
(EDI, HQ, and CR) showed that there was a very low
chance of non-carcinogenic risks in adults due to low
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accumulation of both the metal(loid)s in plant tissues.
However, HQ was > 1 for As in children, showing pos-
sible non-carcinogenic health risks.

In the case of CR, there is a chance of cancer risk in both
adults and children under As and Pb treatments. Arsenic was
several times more lethal than Pb. This can be due to higher
toxicity and carcinogenic risk of As compared to Pb. Arsenic
and its compounds have been classified as highly toxic
(carcinogenic) at the global scale (ATSDR 2007). The
International Agency for Research on Cancer (IARC) has
classified it as Group-1 human carcinogen. Arsenic is ranked
top among the top 20 priority toxic elements (ATSDR 2007).
Therefore, it is proposed that monitoring of metal(loid)s, es-
pecially As, must be carried out for its atmospheric concen-
tration, possible foliar uptake, and accumulation in edible
plant parts to avoid cancer risks.

Principal component analysis

Nowadays, the use of multivariate analysis has gained consid-
erable importance to trace out possible trends and relation-
ships among data set (Shahid et al. 2018). In fact, the multi-
variate analysis (such as principal component analysis) takes
into account the variance and correlation of various response
variables in relation to input factors (Natasha et al. 2018a;
Shahid et al. 2018). The PCA groups the input and response
variables into various groups based on similarity/difference in
their variance and correlation.

In this study, PCA divided response variables of
S. oleracea into different groups for As treatments (Fig. 2a).
The pigment and growth parameters were grouped together
showing their similar trend of decrease (toxicity) in response
to As stress. On the other hand, As contents were grouped
with antioxidative enzymes showing an increase in their ac-
tivities with As foliar treatments. The other physiological re-
sponses (ROS and lipid peroxidation) were scattered in the
PCA graph due to their varied responses with respect to As
treatments. However, in roots, ROS and lipid peroxidation
have been grouped together, which may be due to their similar
effects under As stress.

In case of Pb, the pigment contents and growth parameters
(dry weights) were grouped together (Fig. 2b). All other re-
sponse variables of S. oleracea were scattered in the PCA
graph. This shows that under Pb stress, different physiological
response variables (ROS, lipid peroxidation and antioxidative
enzymes) did not show similar trends. This also proposed that
the responses of plants and trends in different response vari-
ables vary greatly for different metal(loid)s.

When different treatments of As (control, As-50, As-100)
and Pb (control, Pb-50, Pb-100) were compared using their
overall effects on different biochemical responses of
S. oleracea, PCA placed all the treatments separately for both
the metal(loid)s (Fig. 3a, b). This shows that all the treatments

of both the metal(loid)s induced overall different effects in the
biophysiochemical traits of S. oleracea.

The grouping of different plant response variables and ap-
plied treatments was also confirmed by the Pearson correla-
tion matrix (Supplementary Table 2A, 2B). The variables
grouped together showed a moderate to a strong linear corre-
lation matrix. This showed that the overall effect of different
treatments of As and Pb on plant responses differed from each
other as well as from control treatment. This also proposed
that under certain conditions, simple statistical analysis may
not show any significant difference among different treat-
ments, but the multivariate analysis separates them based on
their overall effect to different response variables. Therefore,
multivariate analysis may be preferred over simple statistical
analysis under conditions where great variation in data and
complicity in treatments do not show clear linear trends.
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Conclusions

The findings of this study proposed that S. oleracea can accu-
mulate As and Pb via foliar pathway. However, As has high
shoot-root transfer index compared to Pb. After foliar uptake,
both the metal(loid)s can significantly reduce plant growth
and pigment contents and slightly affect ROS production
and lipid peroxidation. Similarly, plant defense mechanism
also gets activated under foliar uptake of As and Pb.
Moreover, foliar-applied As accumulation in edible plant parts
can induce non-carcinogenic effects (HQ > 1) in children,
while both the metal(loid)s can cause carcinogenic hazards
in both adults and children under their all applied foliar levels.
Therefore, atmospheric contamination by As and Pb may be
monitored and controlled to avoid their health risks via foliar

accumulation in edible plant parts. Multivariate analysis re-
vealed that different metal(loid) treatments, their applied
levels, and the plant physiological/defense responses showed
varied effect.
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