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Activation of antioxidant and detoxification gene
expression in cucumber plants exposed to a
CuĲOH)2 nanopesticide†

Lijuan Zhao, ae Qirui Hu,b Yuxiong Huang, ae Aaron N. Fulton,c

Cameron Hannah-Bick,d Adeyemi S. Adeleye ae and Arturo A. Keller *ae

Cu-containing nanopesticides are increasingly being used as fungicides in modern agriculture. However,

their fate, transport and toxicity in crop plants have been less studied. Here, we exposed 3 week-old cu-

cumber plants cultivated in artificial media to different concentrations of a CuĲOH)2 nanopesticide (0, 2.5

and 25 mg) for 7 d. The physiological and molecular responses were investigated. In order to elucidate the

contribution of copper ions to the response, we also exposed the plants to CuSO4. Results showed that

the CuĲOH)2 nanopesticide did not reduce the photosynthetic pigment production. In contrast, 10 mg Cu

ions induced a significant decrease in photosynthetic pigment levels (around 25%) and leaf chlorosis symp-

toms. Foliar exposure to 25 mg CuĲOH)2 nanopesticide induced significant changes in mRNA levels of anti-

oxidant and detoxification-related genes; 6 genes (SOD, GPX4, GPX, MDAR, POD, WRKY6) were up-

regulated up to 9-fold, and one (cAPX) was down-regulated by 32%. The CuĲOH)2 nanopesticide at both

dose levels (2.5 and 25 mg per plant) decreased the transcript production of a stress-related gene (DNAJ)

by 40% and 80%, respectively. The up-regulation of the transcript levels of SOD, GPX4, GPX, MDAR, POD,

and WRKY6 and down-regulation of DNAJ was also observed in CuSO4 treated plants (with increases of up

to 7-fold), indicating that most of the responses are due to released copper ions. We postulate that the in-

creased mRNA levels of antioxidants and detoxification enzymes reflect plant adaptation to over-generated

reactive oxygen species (ROS) triggered by copper ions. The activated genes could serve as potential bio-

markers of nanopesticide exposure and may be applicable to other plant/Cu nanopesticide interactions.

Introduction

The application of nanotechnology in modern agriculture for
use in plant protection and nutrition has become increasingly
popular in the past decade.1,2 Among the nanoagrochemicals
used in agriculture, nanopesticides have received greater at-
tention than nanosensors or nanofertilizers.3,4 Recently, many
inorganic nanoparticles (NPs) (e.g., Si,5 TiO2,6 Ag,7 Cu,8 CuO,9

and Al10) have been found to have the capacity to suppress
bacterial and fungal pathogens and are being increasingly
considered in plant protection products. As these nano-
pesticides emerge in the market, understanding their bio-
accumulation and toxicity in crop plants is of great impor-
tance for human and ecological health.11

Although several previous studies have been published re-
lated to nanopesticides applied to soils, the prescribed
method for introducing copper-based nanopesticides is foliar
application to protect fruits and leaves. For foliar sprayed
pesticides, the leaf interface characteristics (trichomes, cutic-
ular folds and wax crystals) are key factors impacting the
adhesion and retention of pesticides on leaf surfaces.12 For
example, lotus leaves have a superhydrophobic surface; water
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droplets with pesticide will not be retained on similar leaf
surfaces.13 Some pesticide formulators add a commercial sur-
factant to the mix to address this issue. Cucumber leaves
have a thin film and trichomes which can entrap droplets,
making it easier to deposit pesticides on their surfaces.
Therefore, cucumber (Cucumis sativus) may accumulate more
nanopesticide and be more vulnerable to contaminants com-
pared to plants which have a large contact angle between the
leaf surface and water droplets, e.g. maize.

Investigating the toxicity of nanoparticles in plants at a
molecular level provides a more comprehensive and deeper un-
derstanding of plant response.14–18 Using gas chromatography-
mass spectrometry (GC-MS), Atha et al. observed DNA dam-
age in radish (Raphanus sativus), perennial ryegrass (Lolium
perenne), and annual ryegrass (Lolium rigidum) after exposure
to 0–1000 mg L−1 of CuO NPs.14 Using microarrays, Kaveh
et al.15 observed that some genes in Arabidopsis thaliana were
up- or down-regulated in response to 0–20 mg L−1 of Ag NPs
and Ag+. More recently, Pagano et al. applied reverse tran-
scription quantitative polymerase chain reaction (RT-qPCR)
to investigate the transcriptional response of tomato (Sola-
num lycopersicum) and zucchini (Cucurbita pepo) to various
NPs (CuO, CeO2, and La2O3) (0–500 mg L−1) and observed
that some gene expressions were activated after exposure to
the NPs, and an NP-specific response was noted.16

Copper is a redox-active metal; redox cycling between CuĲI)
and CuĲII) results in production of reactive oxygen species
(ROS) through Fenton and Harber–Weiss reactions.19,20 Enzy-
matic antioxidants such as superoxide dismutase (SOD), cata-
lase (CAT), and peroxidase (POD), and non-enzymatic antioxi-
dants such as ascorbic acid, carotenoids, tocopherols and
phenolics compose the plant antioxidant defense system,
which can protect the plant by quenching excess ROS.21 Our
recent metabolomics study demonstrated that foliar applica-
tion of a CuĲOH)2 nanopesticide on lettuce leaves induced ox-
idative stress and triggered antioxidant and detoxification de-
fenses. A number of low molecular weight antioxidants, such
as cis-caffeic acid, chlorogenic acid, 3,4-dihydroxycinnamic
acid and dehydroascorbic acid, were consumed to defend
against oxidative stress.17 The response of the enzymatic anti-
oxidant defense system to oxidative stress induced by the
CuĲOH)2 nanopesticide has not been studied.

In this study, 3 week-old cucumber seedlings planted in
artificial growth media were exposed via foliar application to
different concentrations of a CuĲOH)2 nanopesticide or
CuSO4 for 1 week. Dosing was normalized as mass (mg) of
Cu applied per plant during the 1 week foliar exposure, for
ease of comparison. To assess whether the CuĲOH)2 nano-
pesticide or CuSO4 elicited a noticeable toxicity response in
the cucumber plants, the expression of 18 genes (RBOH,
MAPK1, MAPK3, WRKY30, WRKY6, HSP70, DNAJ, GST, POD,
CAT, CAPX, MDAR, GPX4, GPX2, GPX, SOD) related to regula-
tory and oxidative stress defense was determined using RTq-
PCR. In addition, the total phenolics and carotenoids were
analyzed. Physiological parameters (biomass, photosynthetic
pigments, macro and micro-nutrient content) were also deter-

mined. By understanding the antioxidant enzyme gene ex-
pression and antioxidant levels, we aimed to determine at a
molecular level the plant's strategy for increasing tolerance to
stress induced by CuĲOH)2 nanopesticides.

Materials and methods
CuĲOH)2 nanopesticide

The CuĲOH)2 nanopesticide used in this study was in the
form of a commercial biocide (Kocide 3000, Dupont). The pri-
mary particle size is ∼50 to >1000 nm.22,23 The hydrody-
namic diameter of Kocide 3000 in NanoPure water (pH 7) is
1532 ± 580 nm and the zeta potential is −47.6 ± 43 mV, mea-
sured via Dynamic Light Scattering (Malvern Zetasizer Nano
ZS-90). The micronized particles in Kocide 3000 are made up
of CuĲOH)2 nanosheets, bound together by an organic com-
posite that disassociates in water.22 The copper content in
Kocide 3000 is 26.5 ± 0.9%; the other elements detected by
SEM-EDS are C, O, Na, Al, Si, S, and Zn.22 The physico-
chemical properties of CuĲOH)2 nanopesticide are presented
in Table S1.† The dissolution kinetics of CuĲOH)2 in different
solutions indicates that up to around 30% of the initial Cu is
released in days to weeks (Fig. S11†).22

Plant growth and experimental design

Cucumis sativus seeds were purchased from Seed Savers Ex-
change (Iowa, USA). One cucumber seed was sown 1 cm deep
in each 0.5 L Poly-Tainer container (7.5 × 7.5 cm2) containing
sand (Quikrete Washed Plaster Sand), Sunshine Advanced
Growing Mix#4 (SunGro Horticulture), vermiculite (Therm-O-
Rock), coco coir (Canna), perlite (Therm-O-Rock), and 1 table-
spoon of 4-4-4 fertilizer per gallon at a ratio of 1 : 3 : 1 : 2 : 2 by
volume. For this mechanistic investigation, artificial growth
media were used to exclude the extraneous variables intro-
duced by soil exposure. A total of eighteen pots of cucumber
seedlings were grown in a greenhouse for 3 weeks before fo-
liar application of the CuĲOH)2 nanopesticide. The tempera-
ture in the greenhouse was maintained at 28 °C by day and
20 °C by night. CuĲOH)2 nanopesticide suspensions were pre-
pared at 100 and 1000 mg L−1 in NanoPure water and soni-
cated (Branson 8800, Danbury, CT, USA) in a temperature
control bath for 30 min until full dispersion prior to applica-
tion. A hand-held spray bottle was used for spraying. Each
spray was ∼0.8 mL. During spraying, the spray bottle was set
at 20 cm above the plants to ensure that the aerosols went
directly onto the leaf surfaces. The cucumber plants were
sprayed a total of 3 times per day for 7 days (7 days were
selected because preliminary experiments showed early re-
sponse started within 7 days); the amount sprayed each time
was around 4 ml per pot (0.8 ml times 5). The total amount
of nanopesticide suspension applied was 500 ml for 7 days at
various concentrations, resulting in a total application of 0,
2.5 and 25 mg of Cu as CuĲOH)2 nanopesticide per plant.

In order to elucidate the contribution of copper ions to
the physiological or metabolic changes, another set of 3
week-old cucumber plants were exposed to different
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concentrations of CuSO4 solution (0, 10, 100 and 500 mg L−1)
for 1 week, corresponding to 0, 0.21, 2.1 and 10 mg Cu as
CuSO4 per plant.

Physiological analysis and Cu and element content

After 7 d of exposure to the CuĲOH)2 nanopesticide or CuSO4

at various levels, cucumber plants were harvested and thor-
oughly washed with deionized water to remove residual nano-
particles and soil particles. The shoot and root biomass and
root length were measured. Then the shoot was divided into
stems and leaves. After oven drying for 3 days at 70 ° C, dried
tissues were digested with a mixture of 4 ml of H2O2 and 1
ml of plasma pure HNO3 (v/v: 4 : 1) using a microwave oven
system (Multiwave Eco, Anton Paar) at 180 °C for 1 hour. The
standard reference materials NIST 1547 and 1570a were also
digested and analyzed as samples. The recoveries for all ele-
ments were between 90 and 99%. Cu and 6 other micro-
nutrients (Na, Mn, Fe, Ni, Zn, Mo), 4 macronutrients (Mg, P,
K, Ca), and 13 non-essential elements (Al, Ti, V, Cr, Co, As,
Se, Ag, Cd, Sb, Ba, Tl, Pb) were analyzed using inductively
coupled plasma mass spectrometry (ICP-MS 7900, Agilent,
USA). The standard solution was diluted from an ICP-MS en-
vironmental calibration standard (Agilent, USA), which con-
tains 1000 mg L−1 each of Fe, K, Ca, Na, and Mg, and 10 mg
L−1 each of Ag, Al, As, Ba, Be, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb,
Sb, Se, Tl, V, Zn, Th, and U in 10% HNO3.

Photosynthetic pigments

Chlorophyll a and b and the total carotenoid content were de-
termined based on Sesták et al. (1971) with some modifica-
tions.24 Specifically, 0.01 g of cucumber leaves were im-
mersed in 5 ml of 80% methanol for 12 h to extract the
pigments. The mixture was centrifuged for 10 minutes at
3000 rpm. Absorbance at 666 and 653 nm was used for
chlorophyll a and b, and at 470 nm for carotenoids. Results
were expressed as mg of total chlorophyll or carotenoids per
gram of fresh weight or per plant.

Total RNA extraction and antioxidant enzyme gene
expression analysis

Cucumber leaves were frozen in liquid nitrogen and then
ground using mortar and pestle. The resulting powders were
stored at −80 °C. Total RNA was extracted from 0.05–0.1 g of
freeze dried leaf powder using a Spectrum Plant Total RNA
kit (Sigma-Aldrich, St. Louis, MO) following the supplier's
recommendation. Three independent biological replicates
per treatment were used. Traces of genomic DNA were re-
moved using an On-Column DNase I Digest Set (Sigma-Al-
drich). The quality and quantity of RNA were assessed using
a Thermo Scientific Nanodrop Lite Spectrophotometer
(Thermo Scientific, Wilmington, DE). Reverse transcription
(RT) reaction was performed using a High Capacity RNA-to-
cDNA Kit (Thermo Fisher Scientific, Waltham, Massachu-
setts). For each RT reaction, the total RNA input was up to 1
μg. RT-qPCR was performed following an SYBR green I-based

qPCR method; the basal PCR system used was GoTaq Hot
Start DNA Polymerase (Promega).25 The PCR reaction param-
eters were optimized as follows: the final concentration of
SYBR green I was 0.5×; the final concentration of DMSO was
1%; the final concentration of MgCl2 was 4 mM; the final
concentration of dNTP was 0.4 mM and the final concentra-
tion of each primer was 0.5 mM. Triplicate 20 μl PCR reac-
tions were set up and amplification was carried out using a
CFX96 Real-Time System (Bio-Rad) using the following tem-
perature profiles: 2 min at 95 °C, 40 cycles of 20 s at 95 °C,
20 s at 59 °C, 15 s at 72 °C plus plate reading, followed with
a standard melting curve program. The qPCR data were
processed and analyzed using the CFX Manager software (ver-
sion 3.0). In order to control for differences in amounts of
the starting material, the expression level of genes of interest
was normalized by the expression level of actin (ACT1). The
design of the primers for Cucumis sativus was based on the
genome database Phytozome 11.0.5 (http://genome.jgi.doe.
gov/cucumber/cucumber.home.html). The sequences of the
primers are listed in Table S2.†

Determination of total phenolics

The total antioxidant capacity was determined following Sin-
gleton and Rossi's procedure (1965).26 Ground cucumber leaf
samples (0.01 g) were mixed with 5 mL of 80% methanol,
and the mixture was placed in an end-over-end shaker on a
Dayton-6Z412A Parallel Shaft (USA) roller mixer with a speed
of 70 rpm at room temperature for 12 h to ensure full extrac-
tion. After centrifugation at 2000 g for 10 min, the superna-
tant was used to determine the total content of phenolic
compounds.26 Specifically, 50 μL of the methanolic extract
was mixed with 450 μL of DI water and 250 μL of 2 M Folin–
Ciocalteu reagent. The mixture was added to 1.25 mL of 20 g
L−1 Na2CO3, incubated at 25 °C for 20 min and then
centrifuged at 2000 g for 10 min. The supernatant absor-
bance was measured at 735 nm using a UV-vis spectrometer
(Shimadzu UV-1800, Japan). The standard curve was prepared
using gallic acid (GA) with a regression R2 = 0.998. The absor-
bance was converted to phenolic content in terms of milli-
gram of GA equivalent (GAE) per gram of dried weight (DW).

Scanning electron microscopy analyses

A Nova NanoSEM 650 scanning electron microscope (SEM)
made by FEI, Hillsboro, OR was used to image CuĲOH)2 parti-
cles on the surface of the nanopesticide-treated cucumber
leaves. The SEM was operated in low vacuum mode, which
allowed for direct analysis of fresh leaves without the need
for chemical fixation. The SEM's beam voltage was set at 7
kV, and a chamber pressure of 0.68 Torr was used. Data were
collected using a low vacuum detector (LVD) at a working dis-
tance of ∼5 mm. The sample preparation process is shown
in Fig. S12.† Specifically, a paper punch was used to carefully
cut out sphere-shaped leaf fractions. The paper punch
allowed us to cut around the perimeter of the circular leaf
fractions without disturbing the leaf surface around the core,
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where the SEM data were collected. The spherical leaf frac-
tions were deposited onto aluminum SEM stubs using a thin
layer of fast drying colloidal silver paint (Ted Pella, Redding,
CA) and viewed under the microscope without sputtering.

Statistical analysis

The data are presented as the mean ± standard deviation of 6
replicates. Comparisons between groups with respect to bio-
mass, photosynthetic pigments, mineral content and gene ex-
pression levels were carried out using one-way ANOVA followed
by Tukey–Kramer post hoc tests, performed using SPSS.

Results and discussion
Biomass accumulation and root elongation

After foliar exposure to the CuĲOH)2 nanopesticide for 7 d, no
visible toxicity symptoms were observed in exposed cucumber
plants. In addition, the root length and root and leaf biomass
did not change significantly compared to the control (Fig. S1†).

In the CuSO4 treatment, dosing with 0.21 and 2.1 mg Cu
per plant did not induce visible toxicity symptoms; however,
leaf chlorosis was observed on day 4 after spraying at a 10
mg Cu dose (yellow spots in Fig. S2†). Foliar chlorosis is a
common initial toxicity symptom of excess of Cu in plants.27

Similar to the CuĲOH)2 nanopesticide, Cu2+ did not induce
significant biomass reduction during the 7 d exposure (Fig.
S3†), although obvious leaf chlorosis occurred at a higher
CuSO4 dose. It is likely that significant changes in growth
rate and biomass would only be observed with longer expo-
sure. It is noteworthy that dosing with 0.21 mg of CuSO4 in-
creased the root biomass (p < 0.05), indicating that a low
dose of Cu promotes root growth.

Cu bioaccumulation in upper plant tissues
ICP-MS data showed that the Cu bioaccumulation in leaves
after 7 d exposure was 18, 514 and 3855 mg Cu per kg dry
weight (DW), from foliar spray of 0, 2.5 and 25 mg Cu as
CuĲOH)2 nanopesticide, respectively (Fig. S4†). Cu bio-
accumulation in leaves treated with 0, 0.21, 2.1 and 10 mg
Cu as CuSO4 was 13, 70, 400 and 1391 mg Cu per kg DW
(Fig. S5†). The Cu content was determined after harvested
leaves were washed with deionized water, reflecting strongly
bound or absorbed Cu as either nanopesticide or Cu2+ on or
in the leaves. The Cu content in leaves treated with 25 mg
Cu as CuĲOH)2 nanopesticide was 2.8 times higher than for
the 10 mg Cu2+ treatment, reflecting a similar Cu deposition
rate regardless of whether Cu was introduced as a nano-
pesticide or in the ionic form. SEM imaging (Fig. 1) showed
that cucumber leaf surfaces have many cuticles
(Fig. 1A and D), which can easily entrap nanoparticles and
other chemicals. After 24 hours of foliar application of nano-
pesticide, numerous small particles were attached to the leaf
surface (Fig. 1E). The diameter of stomata in 3 week-old cu-
cumber leaves is around 14 μm (Fig. 1C), which is large
enough for nano-scale, even micro-scale, particles to enter
through the guard cells.

In stems, the Cu content was 12, 78 and 771 mg Cu per kg
DW for the 0, 2.5 and 25 mg CuĲOH)2 nanopesticide treat-
ments, respectively (Fig. S4†). The Cu detected in the stems
may be translocated from leaf tissues or through direct diffu-
sion from the stem epidermis to the xylem, because the
stems were also exposed to CuĲOH)2 during spraying. Cu bio-
accumulation in stems treated with 0, 0.21, 2.1 and 10 mg Cu
as CuSO4 was 6.6, 12, 67 and 108 mg Cu per kg DW (Fig.
S5†), respectively.

Fig. 1 SEM micrographs of the surface of cucumber leaves reveal the adaxial cuticle morphology: control without exposure to nanopesticide (A–
C); 24 h after exposure to CuĲOH)2 nanopesticide (D–F).

Environmental Science: NanoPaper
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Translocation to roots

Cu in roots did not increase with foliar application of the
CuĲOH)2 nanopesticide, and in fact, decreased slightly with
increasing CuĲOH)2 dose (Fig. S4†). The Cu concentration in
roots was 218, 180 and 162 mg Cu per kg DW for the control,
and 2.5 mg and 25 mg Cu with nanopesticide treatments. Cu
in leaves exposed to 25 mg CuĲOH)2 nanopesticide markedly
decreased (25.6%, p = 0.051) compared to the control. This
indicates that neither CuĲOH)2 particles nor dissolved Cu
ions were significantly translocated from leaves and stems to
roots. Similarly, we did not observe higher levels of Cu in
cucumber roots after foliar application of CuSO4 (Fig. S5†),
which suggests that Cu ions were not translocated from ae-
rial parts to the roots. These results indicate that Cu has very
poor basipetal mobility in cucumber plants. This is in con-
trast to studies that demonstrated the translocation of Cu
from CuO NPs from upper parts to roots via the phloem in
maize28 or eggplants29 and suggests species specificity for
this process.

It is also possible that cucumber plants have a strategy for
sequestering Cu in leaves and stems, chelating Cu2+ with
amino acids or organic acids.30 However, this mechanism
cannot entirely explain the decrease in root Cu concentra-
tions induced by the CuĲOH)2 nanopesticide. We hypothesize
that the gene regulation of copper transporters was altered.
COPT1 is a high-affinity transporter specific for the Cu ion
and it plays an important role in Cu acquisition by roots.31

Yruela32 reported that the expression of the COPT1 gene is
negatively regulated by increasing Cu. Therefore, it is possi-
ble that the copper transporter protein was down-regulated
in the roots due to the excess Cu in the shoots. However, in
the CuSO4 treatment, the Cu concentrations remain
unchanged. This suggests that the COPT1 gene expression
was not altered in this treatment. Further studies are needed
to identify the underlying mechanism.

Photosynthetic pigment changes

Photosynthetic pigments, which are responsible for capturing
solar energy, are also sensitive indicators of stress.19 Results
showed that the CuĲOH)2 nanopesticide at both levels did not
induce a decrease in photosynthetic pigment levels (Fig. S6†).
After exposure to 25 mg CuĲOH)2 nanopesticide, chlorophyll a
and b production was increased by 51% (p = 0.059) and 38%
(p = 0.058), respectively, compared to the control. In contrast,
for the CuSO4 treatment, chlorophyll a and b and carotenoid
concentrations did not change significantly at lower (0.21
and 2.1 mg Cu) doses, but they significantly decreased
(26.2%, 25.4% and 24%, respectively) (p < 0.01) at the 10 mg
dose (Fig. S7†). This is consistent with the observed foliar
chlorosis symptoms after the 10 mg Cu as CuSO4 treatment
(Fig. S2†). Chlorosis is due to the loss of chlorophyll.
Protochlorophyllide reductase, an enzyme involved in the re-
duction of protochlorophyll to chlorophyll, is well known to
be inhibited by copper.33 The inhibition of the reductive
steps in the biosynthetic pathways of photosynthetic pig-

ments is due to the high redox potential of many heavy
metals.34,35 These results demonstrate that the impact of ionic
copper on the photosynthetic pigments is different from that
of the CuĲOH)2 nanopesticide, which at higher doses en-
hanced the biosynthesis of the photosynthetic pigments via
an unknown mechanism, while a high dose of ionic Cu
resulted in chlorosis. The difference likely reflects the differ-
ence in Cu2+ release rates or also a nano-specific response or
process.

Effect of CuĲOH)2 nanopesticide and Cu2+ on macro and
micro nutrients

Essential nutrients for normal plant growth are composed of
macro (N, P, K, Ca, Mg, S) and micronutrients (Fe, Mn, Zn,
Cu, Mo, and Ni). There are also non-essential elements with
unknown biological and physiological functions (e.g. Cd, Sb,
Cr, Pb, As, Co, Ag, Se). As shown in Tables 1 and 2, exposure
to 25 mg Cu from the CuĲOH)2 nanopesticide significantly in-
creased the concentration of a number of elements including
Na, K, Fe, Al, Co, Ni, V, and Ag. A previous study found that
the commercial CuĲOH)2 nanopesticide contains Na and Al.22

Additional ICP-MS analysis showed that in addition to Na
and Al, Ni and a number of non-essential elements such as
Ti, V, Co, Se, Ag and Pb were also present in the CuĲOH)2
nanopesticide, which explains the increased concentration of
these elements in cucumber leaves.

Fe and Mo, which are not present in the nanopesticide,
also changed significantly. Fe increased by 61% (p < 0.01)
in leaves exposed to 25 mg nanopesticide, compared to the
control. The mechanism for the increased Fe in leaves in
response to the CuĲOH)2 nanopesticide is unknown. In
addition, the concentration of Mo in stems and roots
decreased by 17% and 24%, respectively (p < 0.05), indicat-
ing that foliar application of the nanopesticide decreased
the Mo uptake via the roots. Mo is needed to convert ni-
trate to ammonia within the plant, and is an essential com-
ponent of two enzymes involved in nitrogen metabolism.36

Less Mo may cause reduced availability of molybdoenzymes,
such as nitrate reductase and nitrogen-fixing nitrogenase,
impacting nitrogen metabolism with unknown impacts on
the plants.36

As shown in Table S3,† foliar application of CuSO4 signifi-
cantly increased the concentration of a number of macro
nutrients in leaves, including Mg, P, K, Ca, and Fe, in a dose-
dependent manner. Interestingly, the concentration of Mg, P,
K, and Fe in roots significantly decreased at the 10 mg CuSO4

dose (p < 0.01). This indicates that plants attempted to
translocate more of these ions from roots to leaves. The up-
regulation of metal ions in leaves may reflect osmotic adjust-
ment to maintain normal metabolism, and could be regarded
as a protective mechanism in response to excessive Cu.37 As
mentioned before, the CuĲOH)2 nanopesticide did not induce
the alteration of macro nutrients in leaves, possibly due to
the slower release of Cu2+, as supported by previous dissolu-
tion experiments.22 In addition, exposure to the CuĲOH)2

Environmental Science: Nano Paper

Pu
bl

is
he

d 
on

 2
8 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
nt

a 
B

ar
ba

ra
 o

n 
08

/0
8/

20
17

 1
8:

46
:1

0.
 

View Article Online

http://dx.doi.org/10.1039/c7en00358g


Environ. Sci.: Nano This journal is © The Royal Society of Chemistry 2017

nanopesticide induced a decrease in Mo in cucumber roots
and stems, while ionic Cu did not impact Mo uptake in roots.
In addition, Na was significantly decreased (p < 0.05) in all
the tissues (root, stem and leaf) when plants were exposed to
10 mg CuSO4 (Table S3†). It is interesting to note that the
K+/Na+ ratio in leaves increased with Cu2+ dose in a dose-
dependent fashion (p < 0.01) (data not shown). Wang et al.38

proposed that maintaining a high cytosolic K+/Na+ ratio
(increasing K+ and preventing Na+ from accumulating in the
leaves) is critical for plant growth and salt tolerance. This can
explain the above-mentioned decrease in Na in all tissues.
Plants decrease Na uptake to increase the K+/Na+ ratio as
an active protection mechanism. Taken together, these re-
sults demonstrate that the CuĲOH)2 nanopesticide and ionic
Cu differ in their impacts on elemental nutrient uptake in
cucumber plants.

Changes in gene expression in response to CuĲOH)2
nanopesticide

Antioxidant enzymes, which play a major role in quenching
ROS, are an important component of a plant's defense sys-
tem. Therefore, high expression of antioxidant genes is hy-
pothesized to be a protective response to ROS generated by

copper ions released from the CuĲOH)2 nanopesticide. We ex-
amined the expression of 16 stress-responsive genes (RBOH,
MAPK1, MAP3K3, WRKY30, WRKY6, HSP70, DNAJ, GST, POD,
CAT, CAPX, MDAR, GPX4, GPX2, GPX, SOD) using RT-qPCR.
Since a previous study found that soil-based exposure to Cu
NPs inhibited the uptake of Fe in cucumber leaves,39 we also
analyzed two Fe uptake related genes (FRO4 and IRT1). Prin-
cipal component analysis (PCA) was applied to the gene ex-
pression datasets to help identify general similarities and dif-
ferences between the control and CuĲOH)2 treated groups.
The PCA score plot (Fig. S8†) shows that the control and
nanopesticide treated plants were clearly separated along
principal component 1 (PC1), especially at the high dose (25
mg), indicating that the gene expression profile changed. A
heat map (Fig. 3) also indicates a trend in up-regulation upon
exposure to 25 mg Cu from the nanopesticide compared to
the control. The one-way ANOVA analysis indicated that 8 out
of the 18 genes studied were significantly up- or down-
regulated in cucumber leaves, mostly in the 25 mg nano-
pesticide treatment (Fig. 3).

Antioxidant genes (SOD, CAT, POD, GPX, cAPX, MDAR).
We found that dosing with 25 mg CuĲOH)2 resulted in an in-
creased expression level of SOD, GPX4, GPX, MDAR, and POD
genes by up to 9-fold (Fig. 3). It is reported that SOD, CAT,

Table 1 Effect of CuĲOH)2 nanopesticide at different doses (0, 2.5 and 25 mg as Cu) on cucumber plant essential nutrients (mg per kg DW)

Na Mg P K Ca Mn Fe Mo

Leaf
Control 1589 ± 276 130 189 ± 1147 9396 ± 384 46 070 ± 3030 34 287 ± 3396 70 ± 8 96 ± 4.5 0.43 ± 0.126
2.5 mg 1719 ± 542 12 583 ± 665 8907 ± 593 46 909 ± 2124 33 660 ± 1679 72 ± 11 108 ± 11.4 0.29 ± 0.041
25 mg 2542 ± 382** 12 043 ± 2300 9446 ± 1078 47 076 ± 6902 32 437 ± 7282 72 ± 15 155 ± 23** 0.36 ± 0.076
Stem
Control 8249 ± 1315 6226 ± 698 13 843 ± 654 118 125 ± 3455 14 054 ± 753 28 ± 3 49 ± 19.1 0.21 ± 0.028
2.5 mg 9120 ± 1256 6030 ± 667 13 663 ± 503 130 259 ± 7582** 14 364 ± 746 32 ± 5 54 ± 10.6 0.17 ± 0.055*
25 mg 9520 ± 2147 5825 ± 224 14 452 ± 972 130 507 ± 7567** 14 794 ± 339 30 ± 4 51 ± 8.4 0.17 ± 0.018
Root
Control 14 954 ± 2493 5617 ± 966 10 445 ± 1108 51 720 ± 7120 11 879 ± 487 82 ± 22 533 ± 92.7 0.44 ± 0.029
2.5 mg 16 962 ± 2654 6213 ± 1450 9874 ± 436 53 927 ± 3057 11 185 ± 572 67 ± 15 830 ± 1004 0.39 ± 0.041
25 mg 14 011 ± 3362 5274 ± 969 9672 ± 1032 48 812 ± 6508 10 795 ± 374 82 ± 50 443 ± 204 0.33 ± 0.061*

All data are mean ± SD (n = 6). *P < 0.05, **P < 0.01, as compared to the control. DW means dry weight.

Table 2 Effect of CuĲOH)2 nanopesticide at different doses (0, 2.5 and 25 mg as Cu) on cucumber plant essential nutrients (mg per kg DW)

Al Co Ni Ti V Ag Pb

Leaf
Control 18 ± 5.5 0.060 ± 0.009 0.541 ± 0.13 218 ± 48 0.034 ± 0.009 0.004 ± 0.003 0.083 ± 0.018
2.5 mg 31 ± 5.8* 0.065 ± 0.014 0.794 ± 0.6 347 ± 159 0.041 ± 0.011 0.007 ± 0.002 0.16 ± 0.161
25 mg 153 ± 510** 0.13 ± 0.024** 1.08 ± 0.36 699 ± 143** 0.079 ± 0.018* 0.033 ± 0.011** 0.18 ± 0.042
Stem
Control 19 ± 22 0.11 ± 0.009 0.219 ± 0.05 2350 ± 4342 0.552 ± 1.062 0.012 ± 0.003 0.071 ± 0.022
2.5 mg 31 ± 14 0.672 ± 0.617** 0.213 ± 0.06 336 ± 158 0.062 ± 0.043 0.008 ± 0.001 0.074 ± 0.016
25 mg 40 ± 17* 0.373 ± 0.145** 0.291 ± 0.11 304 ± 88 0.031 ± 0.013 0.012 ± 0.004 0.075 ± 0.027
Root
Control 669 ± 181 1.08 ± 0.149 2.65 ± 0.54 4454 ± 1321 1.16 ± 0.168 0.011 ± 0.077 1.28 ± 0.212
2.5 mg 803 ± 561 1.32 ± 0.331 2.61 ± 0.66 5287 ± 3658 1.51 ± 1.321 0.045 ± 0.021 1.17 ± 0.292
25 mg 491 ± 182 1.08 ± 0.13 1.87 ± 0.51 3105 ± 1227 1.24 ± 0.938 0.034 ± 0.015* 1.00 ± 0.171

All data are mean ± SD (n = 6). *P < 0.05, **P < 0.01, as compared to the control. DW means dry weight.
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and GPX are primary scavenger enzymes involved in detoxifying
ROS in mammalian systems.40,44,45,48 SOD acts as the first line
of defense against ROS by catalyzing the dismutation of O2˙

−

to H2O2.
41 GPX, APX, MDAR, CAT and POD work to further

convert H2O2 to nontoxic H2O through different reactions

(Scheme 1). GPX utilizes glutathione (GSH) as an electron
donor to reduce ROS.43 APX enzymes play a key role in cata-
lyzing the conversion of H2O2 into H2O using ascorbate as
an electron donor.47 MDAR helps to scavenge the mono-
dehydroascorbate radical and generate dehydroascorbate

Fig. 2 Heatmap illustrating the expression level of 18 transcripts in all samples exposed to the CuĲOH)2 nanopesticide at different doses (0, 2.5
and 25 mg as Cu). The data presented are log 10 transformed read counts per transcript. MetaboAnalyst 3.0.

Fig. 3 Expression levels of eight significantly changed genes in cucumber leaves after foliar application of nanopesticide for 1 week at different
doses (0, 2.5 and 25 mg as Cu). The data are the means of six replicates. Error bars represent the standard deviation. *P < 0.05, **P < 0.01, as
compared to the control.
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(DHA), the oxidized form of ascorbate.50 APX activity generally
increases along with the activities of CAT, SOD and GSH re-
ductase in response to environmental stress.49 Our results
showed that cAPX (cytosol APX) was significantly decreased
by 32% (p < 0.01) in response to 25 mg of CuĲOH)2 nano-
pesticide (Fig. 3). Li et al.46 also reported that the activity of
APX was decreased in Chinese cabbage (Brassica campestris
ssp. chinensis Makino) after copper treatment.

Peroxidase (POD) is another commonly reported defense-
related enzyme gene, which has been reported to respond
to Cu induced stress.21 As shown in Fig. 3, the transcript
levels of POD at a dose of 25 mg CuĲOH)2 nanopesticide
were increased almost 9-fold compared to the control (p <

0.01). CAT has been reported to directly decompose H2O2

into H2O and O2 and is indispensable for ROS detoxifica-
tion.42 However, the expression level of CAT was unchanged
by the CuĲOH)2 nanopesticide. In summary, the activation
of some ROS scavenger enzyme genes provides evidence
that the nanopesticide triggered excessive production of
ROS and induced oxidative stress. The activation of genes
related to antioxidation and detoxification suggests an ac-
tive and positive response to oxidative stress generated by
the nanopesticide.

Detoxification related genes (WRKY and GST). The WRKY
gene family appears to play important roles in the regulation
of transcriptional reprogramming associated with plant stress
responses.54 In this study, the induction of WRKY6 gene tran-
scripts was 1.1 times higher in leaves treated with 25 mg
nanopesticide than in the control (p < 0.01) (Fig. 3). Previous
studies have demonstrated that many WRKY genes behave
strongly and rapidly induce expression in response to certain
abiotic stresses, such as wounding, drought or salinity, indi-
cating their regulatory function in these signaling path-
ways.55,56 These results suggest that at higher doses plants

up-regulate these detoxification-related genes to enhance tol-
erance to CuĲOH)2 nanopesticide.

Glutathione S-transferases (GSTs) are ubiquitous enzymes
that play key roles in detoxifying oxidative-stress metabolites.51

GSTs are known for their detoxification of xenobiotics by cata-
lyzing the conjugation of the reduced form of glutathione
(GSH) to non-toxic peptide derivatives.52 GSTs can also act as
antioxidants by tagging oxidative degradation products for
removal or by acting as a glutathione peroxidase to directly
scavenge peroxides.53 However, the expression level of GST was
unchanged at either dosing of the CuĲOH)2 nanopesticide.

Regulatory genes (RBOH, MAPK1, and MAP3K3). RBOH,
MAPK1, and MAP3K3 are regulatory genes. In this study, the
expression levels of RBOH, MAPK1 and MAP3K3 were not sig-
nificantly changed at any exposure dose (data not shown), al-
though previous reports showed multiple functions of these
genes. The RBOH gene family has been reported to play im-
portant roles in plant development, defense reactions and
hormone signaling.57 The tobacco RBOH gene is responsible
for ROS production in cryptogein-elicited tobacco cells.58 In
addition, the Arabidopsis NADPH oxidase RBOHD mediates
rapid, long-distance, cell-to-cell signaling, which can be trig-
gered by diverse stimuli, including wounding, heat, cold,
high-intensity light and salinity stresses.59 MAPK plays an im-
portant role for cell survival under oxidative stress.60

Heat response genes (HSP70 and DNAJ). Abiotic stress
usually induces protein dysfunction. Heat-shock proteins
(HSPs) play important functions in assisting protein refolding
under stressful conditions; thus expression usually increases
in response to stress.61 In this study, both DNAJ (HSP40) and
HSP70 were not overexpressed when exposed to the CuĲOH)2
nanopesticide. In contrast, DNAJ expression levels decreased
in a dose-dependent fashion with the CuĲOH)2 nanopesticide
(Fig. 3), suggesting DNAJ expression was inhibited. Leng

Scheme 1 The generation of reactive oxygen species by Cu ions from the CuĲOH)2 nanopesticide and antioxidant enzyme reactions.
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et al.62 investigated the transcriptome response of grapevine
to copper stress using RNA-seq and found that high molecu-
lar weight HSPs (HSP70, HSP90, HSP101) were down-regu-
lated, while HSPs 16–30 kDa were up-regulated.

Changes in gene expression in response to ionic Cu

Exposure to Cu2+ from CuSO4 significantly changed the tran-
script levels of 14 genes (Fig. S9†). The expression levels of
antioxidant (SOD, CAT, GPX, MDAR, POD) and detoxification
(GST, WRKY) related genes were up-regulated when exposed
to 10 mg Cu from CuSO4, which is quite similar to the re-
sponse to the CuĲOH)2 nanopesticide at 25 mg Cu. The heat
shock response gene (DNAJ) also decreased with increasing
CuSO4 dose, consistent with the nanopesticide results. MDAR
transcript levels responded to ionic Cu even at very low doses
(0.21 mg Cu). These results indicate that these transcriptome
changes induced by the CuĲOH)2 nanopesticide may be
mainly due to the release of Cu2+.

However, the abundance of cAPX was significantly in-
creased (p < 0.01) after exposure to 10 mg Cu, which is quite
different from the response to exposure to the nanopesticide,
which decreased cAPX. In addition, the nanopesticide did not
induce regulatory gene expression (RBOH and MAPK), while
10 mg Cu significantly induced the gene expression of RBOH
and MAP3K3 (Fig. S9†). MAPK cascades play pivotal roles in
intra- and extra-cellular signaling of plant defense mecha-
nisms.63 It has been reported that hydrogen peroxide acti-
vates the MAP3K ANP1, AtMPK6 and related AtMPK3 genes.64

Interestingly, in this study, exposure to different doses of
CuSO4 did not change the expression of MAPK1 but increased
the expression of MAP3K3, suggesting that ROS stress regula-
tion in cucumber due to Cu2+ is through the MAP3K3 path-
way and not via MAPK1.

Low molecular weight antioxidant

In addition to the above-mentioned antioxidant enzymes, the
antioxidant defense system includes non-enzymatic compo-
nents. Previous studies reported that some low molecular
weight molecules such as carotenoids, phenolic compounds,
ascorbic acid, and glutathione (GSH) can scavenge ROS
through donated electrons.65 The CuĲOH)2 nanopesticide did
not affect the content of carotenoids (Fig. 2) or total pheno-
lics (Fig. S10A†) at any of the exposure doses. However, ionic
Cu dosed at 10 mg significantly decreased the levels of carot-
enoids (p < 0.01) and total phenolics (p < 0.05) (Fig. S6 and
S10B†), which may indicate the impairment of the non-
enzymatic antioxidant defense system by ionic Cu at higher
doses. Dehydroascorbic acid, the oxidized form of ascorbic
acid, was unchanged compared to the control (data not
shown) when exposed to the CuĲOH)2 nanopesticide. These
data indicate that antioxidant enzymes play a more important
role in dealing with CuĲOH)2 nanopesticide induced oxidative
stress compared to non-enzymatic components, which is dif-
ferent from the behavior of higher doses of ionic Cu that also
affect the non-enzymatic components.

Acknowledgements

This work was supported by the National Science Foundation
(NSF) and the U.S. Environmental Protection Agency (EPA)
under NSF-EF0830117. Any opinions, findings, conclusions or
recommendations expressed in this material are those of the
authors and do not necessarily reflect the views of the
funding agencies. The MRL shared Experimental Facilities are
supported by the MRSEC Program of the NSF under Award
No. DMR 1121053, a member of the NSF-funded Materials Re-
search Facilities Network. AAK also appreciates Agilent Tech-
nologies for their Agilent Thought Leader Award.

References

1 M. Kah, Nanopesticides and Nanofertilizers: Emerging
Contaminants or Opportunities for Risk Mitigation?, Front.
Chem., 2015, 3, 1–6.

2 S. S. Mukhopadhyay, Nanotechnology in agriculture:
prospects and constraints, Nanotechnol. Sci. Appl., 2014, 7,
63–71.

3 M. Kah and T. Hofmann, Nanopesticide research: current
trends and future priorities, Environ. Int., 2014, 63, 224–235.

4 M. Kah, S. Beulke, K. Tiede and T. Hofmann,
Nanopesticides: state of knowledge, environmental fate, and
exposure modeling, Crit. Rev. Environ. Sci. Technol.,
2013, 43(16), 1823–1867.

5 N. Debnath, S. Das, D. Seth, R. Chandra, S. C. Bhattacharya
and A. Goswami, Entomotoxic effect of silica nanoparticles
against Sitophilus oryzae (L.), J. Pestic. Sci., 2011, 84(1),
99–105.

6 M. L. Paret, A. J. Palmateer and G. W. Knox, Evaluation of a
light-activated nanoparticle formulation of titanium dioxide
with zinc for management of bacterial leaf spot on rosa
‘Noare’, HortScience, 2013, 48(2), 189–192.

7 S. W. Kim, J. H. Jung, K. Lamsal, Y. S. Kim, J. S. Min and
Y. S. Lee, Antifungal effects of silver nanoparticles (AgNPs)
against various plant pathogenic fungi, Mycobiology,
2012, 40(1), 53–58.

8 K. K. Mondal and C. Mani, Investigation of the antibacterial
properties of nanocopper against Xanthomonas axonopodis
pv. punicae, the incitant of pomegranate bacterial blight,
Ann. Microbiol., 2012, 62(2), 889–893.

9 W. H. Elmer and J. C. White, The use of metallic oxide
nanoparticles to enhance growth of tomatoes and eggplants
in disease infested soil or soilless medium, Environ. Sci.:
Nano, 2016, 1072–1079.

10 T. Stadler, M. Buteler, D. K. Weaver and S. Sofie,
Comparative toxicity of nanostructured alumina and a
commercial inert dust for Sitophilus oryzae (L.) and
Rhyzopertha dominica (F.) at varying ambient humidity
levels, J. Stored Prod. Res., 2012, 48, 81–90.

11 J. C. White and B. Xing, Environmental Nanotoxicology,
Environ. Sci. Technol., 2016, 50(11), 5423.

12 K. Koch and W. Barthlott, Superhydrophobic and
superhydrophilic plant surfaces: an inspiration for

Environmental Science: Nano Paper

Pu
bl

is
he

d 
on

 2
8 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
nt

a 
B

ar
ba

ra
 o

n 
08

/0
8/

20
17

 1
8:

46
:1

0.
 

View Article Online

http://dx.doi.org/10.1039/c7en00358g


Environ. Sci.: Nano This journal is © The Royal Society of Chemistry 2017

biomimetic materials, Philos. Trans. R. Soc., A,
2009, 367(1893), 1487–1509.

13 M. Damak, S. R. Mahmoudi, M. N. Hyder and K. K.
Varanasi, Enhancing droplet deposition through in-situ pre-
cipitation, Nat. Commun., 2016, 7, 1–9.

14 D. H. Atha, H. Wang, E. J. Petersen, D. Cleveland, R. D.
Holbrook, P. Jaruga, M. Dizdaroglu, B. Xing and B. C.
Nelson, Copper oxide nanoparticle mediated DNA damage in
terrestrial plant models, Environ. Sci. Technol., 2012, 46(3),
1819–1827.

15 R. Kaveh, Y.-S. Li, S. Ranjbar, R. Tehrani, C. L. Brueck and B.
Van Aken, Changes in Arabidopsis thaliana gene expression
in response to silver nanoparticles and silver ions, Environ.
Sci. Technol., 2013, 47(18), 10637–10644.

16 L. Pagano, A. D. Servin, R. De La Torre-Roche, A. Mukherjee,
S. Majumdar, J. Hawthorne, M. Marmiroli, E. Maestri, R. E.
Marra and S. M. Isch, Molecular response of crop plants to
engineered nanomaterials, Environ. Sci. Technol.,
2016, 50(13), 7198–7207.

17 L. Zhao, Y. Huang, J. Hu, H. Zhou, A. S. Adeleye and A. A.
Keller, 1H NMR and GC-MS based metabolomics reveal de-
fense and detoxification mechanism of cucumber plant un-
der nano-Cu stress, Environ. Sci. Technol., 2016, 50(4),
2000–2010.

18 C. Ma, H. Liu, H. Guo, C. Musante, S. H. Coskun, B. Nelson,
J. White, B. Xing and O. P. Dhankher, Defense Mechanisms
and Nutrient Displacement in Arabidopsis thaliana upon
Exposure to CeO2 and In2O3 Nanoparticles, Environ. Sci.:
Nano, 2016, 12560.

19 K.-J. Dietz, M. Baier and U. Krämer, Free radicals and
reactive oxygen species as mediators of heavy metal toxicity
in plants, in Heavy metal stress in plants, Springer, 1999, pp.
73–97.

20 A. Schützendübel and A. Polle, Plant responses to abiotic
stresses: heavy metal-induced oxidative stress and protection
by mycorrhization, J. Exp. Bot., 2002, 53(372), 1351–1365.

21 P. Sharma, A. B. Jha, R. S. Dubey and M. Pessarakli, Reactive
oxygen species, oxidative damage, and antioxidative defense
mechanism in plants under stressful conditions, J. Bot.,
2012, 2012, 217037.

22 A. S. Adeleye, J. R. Conway, T. Perez, P. Rutten and A. A.
Keller, Influence of extracellular polymeric substances on
the long-term fate, dissolution, and speciation of copper-
based nanoparticles, Environ. Sci. Technol., 2014, 48(21),
12561–12568.

23 J. R. Conway, A. S. Adeleye, J. Gardea-Torresdey and A. A.
Keller, Aggregation, dissolution, and transformation of
copper nanoparticles in natural waters, Environ. Sci.
Technol., 2015, 49(5), 2749–2756.

24 Z. Sesták, J. Catský and P. G. Jarvis, Plant photosynthetic
production. Manual of methods, Plant photosynthetic
production. Manual of methods, 1971.

25 C. Schneeberger, P. Speiser, F. Kury and R. Zeillinger,
Quantitative detection of reverse transcriptase-PCR products
by means of a novel and sensitive DNA stain, Genome Res.,
1995, 4(4), 234–238.

26 V. Singleton and J. A. Rossi, Colorimetry of total phenolics
with phosphomolybdic-phosphotungstic acid reagents, Am.
J. Enol. Vitic., 1965, 16(3), 144–158.

27 G. J. Taylor and C. D. Foy, Differential uptake and toxicity of
ionic and chelated copper in Triticum aestivum, Can. J. Bot.,
1985, 63(7), 1271–1275.

28 Z. Wang, X. Xie, J. Zhao, X. Liu, W. Feng, J. C. White and B.
Xing, Xylem-and phloem-based transport of CuO nano-
particles in maize (Zea mays L.), Environ. Sci. Technol.,
2012, 46(8), 4434–4441.

29 W. H. Elmer and J. C. White, The use of metallic oxide
nanoparticles to enhance growth of tomatoes and eggplants
in disease infested soil or soilless medium, Environ. Sci.:
Nano, 2016, 3(5), 1072–1079.

30 M. Liao, M. Hedley, D. Woolley, R. Brooks and M. Nichols,
Copper uptake and translocation in chicory (Cichorium
intybus L. cv Grasslands Puna) and tomato (Lycopersicon
esculentum Mill. cv Rondy) plants grown in NFT system. II.
The role of nicotianamine and histidine in xylem sap copper
transport, Plant Soil, 2000, 223(1–2), 245–254.

31 V. Sancenón, S. Puig, H. Mira, D. J. Thiele and L.
Peñarrubia, Identification of a copper transporter family in
Arabidopsis thaliana, Plant Mol. Biol., 2003, 51(4), 577–587.

32 I. Yruela, Copper in plants: acquisition, transport and
interactions, Funct. Plant Biol., 2009, 36(5), 409–430.

33 L. De Filippis and H. Ziegler, Effect of sublethal
concentrations of zinc, cadmium and mercury on the
photosynthetic carbon reduction cycle of Euglena, J. Plant
Physiol., 1993, 142(2), 167–172.

34 R. Chandra and H. Kang, Mixed heavy metal stress on
photosynthesis, transpiration rate, and chlorophyll content
in poplar hybrids, Forest Sci. Technol., 2015, 1–7.

35 I. Yruela, Copper in plants, Braz. J. Plant Physiol.,
2005, 17(1), 145–156.

36 B. N. Kaiser, K. L. Gridley, J. N. Brady, T. Phillips and S. D.
Tyerman, The role of molybdenum in agricultural plant
production, Ann. Bot., 2005, 96(5), 745–754.

37 C. Yang, J. Chong, C. Li, C. Kim, D. Shi and D. Wang,
Osmotic adjustment and ion balance traits of an alkali
resistant halophyte Kochia sieversiana during adaptation to
salt and alkali conditions, Plant Soil, 2007, 294(1–2), 263–276.

38 M. Wang, Q. Zheng, Q. Shen and S. Guo, The critical role of
potassium in plant stress response, Int. J. Mol. Sci.,
2013, 14(4), 7370–7390.

39 L. Zhao, Y. Huang, H. Zhou, A. S. Adeleye, H. Wang, C.
Ortiz, S. J. Mazer and A. A. Keller, GC-TOF-MS based
metabolomics and ICP-MS based metallomics of cucumber
(Cucumis sativus) fruits reveal alteration of metabolites pro-
file and biological pathway disruption induced by nano cop-
per, Environ. Sci.: Nano, 2016, 1114–1123.

40 J. Mates, Effects of antioxidant enzymes in the molecular
control of reactive oxygen species toxicology, Toxicology,
2000, 153(1), 83–104.

41 R. G. Alscher, N. Erturk and L. S. Heath, Role of superoxide
dismutases (SODs) in controlling oxidative stress in plants,
J. Exp. Bot., 2002, 53(372), 1331–1341.

Environmental Science: NanoPaper

Pu
bl

is
he

d 
on

 2
8 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
nt

a 
B

ar
ba

ra
 o

n 
08

/0
8/

20
17

 1
8:

46
:1

0.
 

View Article Online

http://dx.doi.org/10.1039/c7en00358g


Environ. Sci.: NanoThis journal is © The Royal Society of Chemistry 2017

42 N. Garg and G. Manchanda, ROS generation in plants: boon
or bane?, Plant Biosyst., 2009, 143(1), 81–96.

43 T. Tanaka, S. Izawa and Y. Inoue, GPX2, encoding a
phospholipid hydroperoxide glutathione peroxidase homologue,
codes for an atypical 2-Cys peroxiredoxin in Saccharomyces
cerevisiae, J. Biol. Chem., 2005, 280(51), 42078–42087.

44 J. R. Rout, S. S. Ram, R. Das, A. Chakraborty, M. Sudarshan
and S. L. Sahoo, Copper-stress induced alterations in protein
profile and antioxidant enzymes activities in the in vitro
grown Withania somnifera L, Physiol. Mol. Biol. Plants,
2013, 19(3), 353–361.

45 S. Khatun, M. B. Ali, E.-J. Hahn and K.-Y. Paek, Copper
toxicity in Withania somnifera: Growth and antioxidant
enzymes responses of in vitro grown plants, Environ. Exp.
Bot., 2008, 64(3), 279–285.

46 Y. Li, Y. Song, G. Shi, J. Wang and X. Hou, Response of
antioxidant activity to excess copper in two cultivars of
Brassica campestris ssp. chinensis Makino, Acta Physiol.
Plant., 2009, 31(1), 155–162.

47 A. Caverzan, G. Passaia, S. B. Rosa, C. W. Ribeiro, F.
Lazzarotto and M. Margis-Pinheiro, Plant responses to
stresses: role of ascorbate peroxidase in the antioxidant
protection, Genet. Mol. Biol., 2012, 35(4), 1011–1019.

48 S. S. Gill and N. Tuteja, Reactive oxygen species and
antioxidant machinery in abiotic stress tolerance in crop
plants, Plant Physiol. Biochem., 2010, 48(12), 909–930.

49 S. Shigeoka, T. Ishikawa, M. Tamoi, Y. Miyagawa, T. Takeda,
Y. Yabuta and K. Yoshimura, Regulation and function of
ascorbate peroxidase isoenzymes, J. Exp. Bot., 2002, 53(372),
1305–1319.

50 Z. Hossain and S. Komatsu, Contribution of proteomic
studies towards understanding plant heavy metal stress
response, Front. Plant Sci., 2013, 3, 310.

51 D. P. Dixon, I. Cummins, D. J. Cole and R. Edwards,
Glutathione-mediated detoxification systems in plants, Curr.
Opin. Plant Biol., 1998, 1(3), 258–266.

52 D. P. Dixon, A. Lapthorn and R. Edwards, Plant glutathione
transferases, Genome Biol., 2002, 3(3), 1.

53 I. Cummins, D. J. Cole and R. Edwards, A role for
glutathione transferases functioning as glutathione

peroxidases in resistance to multiple herbicides in black-
grass, Plant J., 1999, 18(3), 285–292.

54 L. Chen, Y. Song, S. Li, L. Zhang, C. Zou and D. Yu, The role
of WRKY transcription factors in plant abiotic stresses,
Biochim. Biophys. Acta, Gene Regul. Mech., 2012, 1819(2),
120–128.

55 T. Eulgem and I. E. Somssich, Networks of WRKY
transcription factors in defense signaling, Curr. Opin. Plant
Biol., 2007, 10(4), 366–371.

56 S. P. Pandey and I. E. Somssich, The role of WRKY
transcription factors in plant immunity, Plant Physiol.,
2009, 150(4), 1648–1655.

57 M. Sagi and R. Fluhr, Production of reactive oxygen species
by plant NADPH oxidases, Plant Physiol., 2006, 141(2),
336–340.

58 F. Simon-Plas, T. Elmayan and J. P. Blein, The plasma
membrane oxidase NtrbohD is responsible for AOS
production in elicited tobacco cells, Plant J., 2002, 31(2),
137–147.

59 G. Miller, K. Schlauch, R. Tam, D. Cortes, M. A. Torres, V.
Shulaev, J. L. Dangl and R. Mittler, The plant NADPH
oxidase RBOHD mediates rapid systemic signaling in
response to diverse stimuli, Sci. Signaling, 2009, 2(84), ra45.

60 D. Trachootham, W. Lu, M. A. Ogasawara, N. R.-D. Valle and
P. Huang, Redox regulation of cell survival, Antioxid. Redox
Signaling, 2008, 10(8), 1343–1374.

61 W. Wang, B. Vinocur, O. Shoseyov and A. Altman, Role of
plant heat-shock proteins and molecular chaperones in the
abiotic stress response, Trends Plant Sci., 2004, 9(5),
244–252.

62 X. Leng, H. Jia, X. Sun, L. Shangguan, Q. Mu, B. Wang and J.
Fang, Comparative transcriptome analysis of grapevine in
response to copper stress, Sci. Rep., 2015, 5, 17749.

63 X. Meng and S. Zhang, MAPK cascades in plant disease
resistance signaling, Annu. Rev. Phytopathol., 2013, 51,
245–266.

64 N. Palavan-Unsal and D. Arisan, Nitric oxide signalling in
plants, Bot. Rev., 2009, 75(2), 203–229.

65 K. Rahman, Studies on free radicals, antioxidants, and co-
factors, Clin. Interventions Aging, 2007, 2(2), 219.

Environmental Science: Nano Paper

Pu
bl

is
he

d 
on

 2
8 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
nt

a 
B

ar
ba

ra
 o

n 
08

/0
8/

20
17

 1
8:

46
:1

0.
 

View Article Online

http://dx.doi.org/10.1039/c7en00358g

	crossmark: 


