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Abstract

The rapid development of nanotechnology will inevitably release nanoparticles (NPs) into the
environment with unidentified consequences. In addition, the potential toxicity of CeO, NPs to
plants, and the possible transfer into the food chain, are still unknown. Corn plants (Zea mays)
were germinated and grown in soil treated with CeO, NPs at 400 or 800 mg/kg. Stress related
parameters, such as: H,O,, catalase (CAT) and ascorbate peroxidase (APX) activity, heat shock
protein 70 (HSP 70), lipid peroxidation, cell death and leaf gas exchange were analyzed at 10, 15,
and 20 days post germination. Confocal laser scanning microscopy was used to image H,O»
distribution in corn leaves. Results showed that the CeO, NP treatments increased accumulation of
H»0,, up to day 15, in phloem, xylem, bundle sheath cells, and epidermal cells of shoots. The
CAT and APX activities were also increased in the corn shoot, concomitant with the H,O5 levels.
Both 400 and 800 mg/kg CeO, NPs triggered the up regulation of the HSP 70 in roots, indicating a
systemic stress response. None of the CeO, NPs increased the level of thiobarbituric acid reacting
substances, indicating that no lipid peroxidation occurred. CeO5 NPs, at both concentrations, did
not induce ion leakage in either roots or shoots, suggesting membrane integrity was not
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compromised. Leaf net photosynthetic rate, transpiration, and stomatal conductance were not
affected by CeO, NPs. Our results suggest that the CAT, APX and HSP 70 might help the plants
defend against CeO, NPs induced oxidative injury and survive NP exposure.
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The field of nanotechnology opens up potential novel applications for agriculture. Large
amounts of nanoparticles (NPs) are administered to crops as novel delivery tools for
fertilizers, herbicides and pesticides.t However, the toxicity of NPs to plants has to be
considered before their wide application in agriculture. Previous studies evaluated the
phytotoxicity of various NPs to plants by measuring some growth-related parameters, such
as germination rate, root elongation and biomass production.?8 Lopez et al., for the first
time, demonstrated the effects of CeO, NPs to soybean (Glycine max) at the gene level .6
More recently, Khodakovskaya et al.? discovered that multi-walled carbon nanotubes
induced up-regulation of the stress-related genes in tomato leaves and roots. Atha et al.
showed that copper oxide NPs induced DNA damage in radish (Raphanus sativus) and
ryegrass (Lolium perenne and Lolium rigidum).19 There is an extensive interest in
investigating whether the NPs can induce stress response in edible plants and how the plants
tolerate the stress induced by NPs. Currently, the scientific community is in need of deep
insight into the interaction of NPs with terrestrial plants.

CeO, NPs are one of the 13 engineered nanomaterials included in the list of priority for
immediate testing by the Organization for Economic Cooperation and Development
(OECD).1112 CeO, NPs are widely used as polishing material, additive in glass and
ceramic, fuel cell materials, in agricultural products, and automotive industry. 1314 Reports
indicate that CeO, NPs are toxic to inhabitants of aquatic and terrestrial ecosystems like
bacteria, green algae, fish, and soybean plants (Glycine max).6: 13-16 Corn is the most widely
grown grain crop in the Americas, with 332 million metric tons harvested annually in the
United States.1” The fate and response of corn plant grown in NPs contaminated soil are
unknown. Asli and Neumann,8 reported that cell wall pores in corn primary roots have a
mean diameter of 6.6 nm. Thus, particles, with diameter far greater than the cell wall pore
dimensions, will not penetrate the root epidermal cell walls. Our previous study also showed
that a very small percentage of CeO, NPs could be transferred from corn roots to shoots.®
This suggests that CeO, NPs could produce a low impact on the above ground plant parts.
However, there is evidence that the attached NPs on root surfaces inhibited the water
transpiration to the leaves.® This indicates that NPs can cause impact on the upper part
tissues, even though the main accumulation is localized in roots. Therefore, it would be very
important to determine the stress in the upper plant parts, where there is low direct
interaction with the CeO5 NPs.

Tan et al. 20 showed that multi-walled carbon nanotubes triggered reactive oxygen species
(ROS) generation in rice (Oryza sativa) cell lines. Shen et al. also showed the over
accumulation of H,0, in Arabidopsis (Arabidopsis thaliana) and rice (Oryza sativa) leaf
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protoplasts induced by single-walled carbon nanotubes (SWCNTSs).2! The NPs induced ROS
generation and its potential damage to proteins and lipids in tissues have been reported less.
In this study, corn plants were germinated and grown for 20 days in soils spiked with CeO,
NPs at 0, 400, and 800 mg/kg levels. The uptake of Ce in corn root and shoot tissues during
20 days was determined by inductively coupled plasma-optical emission spectroscopy (ICP-
OES). The stress related responses, e.g., H,O,, antioxidant enzyme, heat shock protein 70
(HSP 70), lipid peroxidation and cell death were determined every five days during growth.
Additionally, localization of H,O, was visualized by using a fluorescence probe and
confocal microscopy. This study is the first report, to our knowledge, which describes the
stress response of edible plants exposed to CeO, NPs. Here, we demonstrated that CeO»
NPs induced oxidative stress, while CAT and APX play important roles to combat the stress.
Oxidative damage did not occur due to the defensive system. These findings greatly enhance
the understanding of the interaction of CeO, NPs with crop plants.

RESULTS AND DISCUSSION

H»>0O, Production and Localization

CeO, NPs have a large hydrodynamic size (2124 + 59 nm) in soil solution.1® Large sized
CeO, NP aggregates hardly penetrate root epidermis cell walls of corn plants. In addition,
negative charged CeO, NPs (-22.8 mV) may be retained by cation exchange sites of root
cell walls restricting their transport to shoots. Our previous study showed a ratio of Ce
shoot/Ce root close to 0.1, indicating that most of the CeO, NPs accumulated in root
tissues.19 This could indicate low toxicity to the above ground parts. However, over
production of H,O, was observed in shoots at the early stage of growth. As shown in Figure
1, both 400 and 800 mg/kg CeO, NP treatments induced H,O, over-accumulation in shoots
at ten days. The H,05 concentrations in shoots treated with 400 and 800 mg/kg CeO, NPs
were five and ten times higher compared to control, respectively (p< 0.05). These results
indicate that corn plants suffered from a concentration-dependent oxidative stress at the
early growth stage. As the exposure time increased, the generation of H,O, gradually
decreased in all CeO, NP treated plants and no over production was observed at 20 days
(Figure 1). The HyO expression pattern suggested that the plants may initiate an adaptive
response to tackle the over expressed H,0,, that could, otherwise, cause further damage.
Although a previous report showed increased ROS production in Arabidopsis and in rice
following SWCNT treatments,2! a time course following the treatment was not performed,
which might have missed an important adaptive responses. In the present study, it is very
likely that an earlier response occurred before the tenth day; however, because the shoots
biomass was too small to be collected at day five, the earlier response could not be recorded.

The knowledge about the contribution of different cells to the accumulation of H,O, is
important in order to gain deeper insights into the cellular response of plants to adverse
conditions.?2 Confocal laser scanning microscopy was used to image H,O, distribution in
corn plant shoots. As previously shown, the production of H,O, at 800 mg/kg was highest at
ten days; thus, only ten-day plants’ shoots were collected for H,O5 localization. The
representative transversal sections of control and CeO, NPs treated corn leaves incubated
with DCF-DA were imaged by confocal microscope (Figure 2 A and B).
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The green fluorescence signals, which represent the presence of H,0,, were found to be
much brighter in the leaves of CeO, NP treated plants, compared to control. This is
consistent with the H,O, concentration data (Figure 1). In control leaves, most of the H,O,
was localized at bundle sheets (Figure 2 A), while in NP treated plants the H,O, was in
epidermis cells, bundle sheet, and parenchyma (Figure 2 B). H,O5 in control leaves was
associated to cell differentiation and elongation.23

H,0»-Scavenging Enzyme Activity

The enzymes CAT and APX are known to be involved in the detoxification of H,O by
converting the H,0, to water and oxygen.2! We determined the dynamic changes of both
enzymes at different growth stages. As shown in Figure 3, CAT activity was significantly
up-regulated by CeO, NPs at ten days (p< 0.05). The CAT activity, in shoots of plants
treated with 400 and 800 mg/kg CeO, NPs, were 39 and 30 times higher than the control,
respectively. It was noted that CAT activity was lower at 800 mg/kg CeO, NPs than at 400
mg/kg CeO, NPs. This may indicate that high levels of NPs lead to inhibition of CAT
enzyme activity. As time passed, CAT activity declined. At 15 days, the over production of
CAT activity was not observed.

Similar to CAT, the APX activity was also up-regulated at ten and 15 days. APX activity, in
shoots of plants treated with 400 and 800 mg/kg CeO, NPs, was three and ten times higher
than the control, respectively; the difference at 800 mg/kg was statistically significant
compared to control (p< 0.05). High concentrations of CeO, NPs lead to high levels of APX
activity. CAT and APX activities showed a concomitant decrease in corn shoots with a
decrease in H,O5 levels, which suggests that corn plants increased the production of both
enzymes in order to degrade the excess of H,O». This explains why at 20 days the over
production of H,O5 in shoots was not observed. CAT and APX activity in shoots may serve
as a biomarker for CeO, NP stress in corn plants.

Result from ICP-OES showed that the Ce concentration in corn shoots was very low at ten
days (not detected and 4.6 mg/kg, respectively, for 400 and 800 mg/kg treatments) (Figure
S1 in Supporting Information), where the highest H,O» production was found (18 and 34
pumol/L, respectively). Moreover, at day 20, the concentration of Ce in shoots was the
highest (1 and 20 mg/kg, respectively, for 400 and 800 mg/kg treatments), while the H,O,
levels were similar to the control levels (2.6 and 3.0 umol/L). This suggests the oxidative
stress observed in shoot tissues was not caused, directly, by the accumulated CeO, NPs. The
oxidative stress observed in shoots must be related to the interaction of NPs with roots.
There is evidence that the attached NPs in root surface inhibited the water transport affecting
the leaves’ responses.18 There are other possible mechanisms here as well (other than water
transport) such as altered hormone production/distribution and impacts on endophytes. The
changes in enzyme activities in shoots suggested that the roots NPs interactions also affected
the physiology of the shoots. As shown above, the average size of CeO, NP aggregates in
soil solution was around 2 um; thus, the toxicity probably was produced by the interaction
between the NP aggregates and the root, not because of the accumulation in shoots.
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Lipid Peroxidation

To test if HyO, accumulation causes membrane damage, lipid peroxidation in corn roots and
shoots was analyzed. H,0, acts as a signaling molecule and, at the same time, it has high
permeability across membranes and can cause membrane damage. Whether H,0, will act as
a signaling or damaging molecule depends on the delicate equilibrium between its
production and scavenging.24 As shown in Figure 4, none of the treatments produced
significant changes in TBARS concentrations, in both roots and shoots.

It is known that ROS molecules can rapidly attack lipids leading to irreparable membrane
damage. At ten days, H>O» was over produced in shoots of NP treated plants; however, lipid
peroxidation was not induced. Considering both CAT and APX activity data, it is concluded
that both antioxidant enzymes successfully eliminate the excess of H,O, avoiding the
potential lipid damage caused by the CeO, NPs.

Heat Shock Protein 70

Heat shock proteins act as molecular chaperones in normal protein folding and assembly,
but may also function in the protection and repair of proteins under stress conditions.25:26
There have been numerous reports of an increased HSP expression in plants, in response to
heavy metal stress. Recently, there was a report about increased HSP90 gene expression in
tomato plants, in response to CNTSs stress®.

In corn shoots, the expression of HSP70 did not show differences due to the change in
concentration of CeO, NPs, at all exposure times (0 to 20 days) (Figure S2 in the Supporting
Information). Interestingly, in roots, the western blot analysis showed that CeO, NPs
induced up-regulation of HSP70 (Figure 5). At all the exposure times, HSP70 levels in roots
treated with either 400 or 800 mg/kg CeO, NPs were significantly higher than control (p<
0.05). Wang et al .26 reported that HSPs can play a crucial role in protecting plants against
stress by re-establishing normal protein conformation, and thus, cellular homeostasis. This
suggests that the plants might initiate an adaptive process to the adverse conditions by up-
regulation of HSP70. In addition, it was noted that even on day 20, at a time when the over
produced H,05 had been eliminated by the CAT and APX, the production of HSP70 was
still higher compared to control. Agarwal et al.2” showed that, in rice, HSP101 was
produced during the post-stress phase, implying its role in the plant’s recovery to normal
conditions after stress. Our data suggest that the HSP70 protects the plants from potential
damage, which might be caused by excessive deposition of NPs/NP aggregates. The
mechanisms underlying the protection wait for further investigation.

Detection of Cell Death (Plasma Membrane Integrity)

To test if the HyO, accumulation leads to oxidative damage and cell death, we examined the
relative ion leakage (plasma membrane integrity) in 20-day old corn roots and shoots.
Relative ion leakage rates are shown in Figure 6. The levels of ion leakage in corn plants
treated with 400 and 800 mg/kg CeO, NPs were similar with control, indicating no
membrane damage was induced, even when the NPs accumulated in the internal part of the
cell wall, close to the membranes (see TEM in Figure S3 in the Supporting Information).
This data is consistent with lipid peroxidation data. Very likely, CAT and APX protect the
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membrane from damage by scavenging the over produced H,O,. On the other hand, HSP 70
may also serve as a protective mechanism for membrane integrity. There have been several
evidences that suggests HSP may be associated with a protective role on membranes. In
soybean seedlings the accumulation of HSP15 in membrane fractions coincides with a
decrease of solute leakage after heat-stress treatment.28 Neumann et al. reported that HSP70
could be involved in the protection of membranes against cadmium damage.® They found
that, in soybean treated with CdSO, (1073 M), a considerable amount of HSP70 was bound
to membranes; perhaps connected with the formation of complexes between heavy metals
and proteins and the resulting denaturation.

There is evidence that carbon NPs induced the loss of membrane integrity in onion
epidermis cells.30 The loss of membrane integrity was considered a result of mechanical
damage exerted by Cgo(OH),0 aggregation instead of ROS.30

Photosynthesis

Photosynthesis is one of the physiological processes most sensitive to environmental
stresses.31 Also, the capacity for the plant to maintain normal photosynthesis rate, under
stressful conditions, can be a good indicator of plant adaptability.32 Gas exchange (net
photosynthetic rate, transpiration, and stomatal conductance) of corn leaves were measured
20 days after sowing. Results showed (Table 1) no significant differences in gas exchanges
between control and CeO, NP treated plants (Table 1), indicating that at the concentrations
tested and the growth stage evaluated, corn plants tolerated the CeO, NPs.

CONCLUSIONS

The safe use of NPs in agriculture requires a thorough understanding of the interaction of
NPs and edible plants. In the work presented herein, we grew corn in soil spiked with CeO,
NPs. These NPs are some of the most commonly used NPs and their environmental
background level is expected to be continuously increasing. Utilizing multiple stress related
assays, we found overproduction of H,0, and up-regulated HSP 70, which demonstrated
that CeO, NPs caused stress response in corn plant. Even though we found a stress response,
no loss of membrane integrity was observed. In addition, the corn photosynthetic pathways
were not affected by CeO, NPs. Our results indicate that corn plants have protective
mechanisms to adapt to toxicity induced by CeO, NPs. A long term observation, especially,
the whole life cycle, is still needed in order to obtain a comprehensive evaluation of the
impact of CeO, NPs on corn plants.

METHODS

Nanoparticles Characterization

CeO, NPs (Meliorum Technologies, primary size of 10 + 1 nm) were obtained from the
University of California Center for Environmental Implications of Nanotechnology (UC
CEIN). The hydrodynamic size of CeO, NPs in soil solution was 2124 +59 nm, and zeta
potential of —22.8 £ 4.5 mV. Size and zeta potential of the NPs in suspensions were
measured using a Malvern Zetasizer (Nano-ZS 90, Malvern). All the size and zeta potential
determinations were performed in CeO, NP suspensions at 25 mg/L soil solution with
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sonication time of 30 min. Soil solution was extracted as 1:10 soil/deionized water at a pH
of 8.2.

Exposure of Corn Plant to Soil Spiked with CeO, NPs

Magenta boxes were filled out in triplicate with 250 g soil and sown with nine corn kernels
(Golden variety, Del Norte Seeds Company, El Paso, TX) to have enough biomass for
determinations. The nine corn plants from each box were used in each assay. Soil was
collected from Fabens, TX and classified as sandy loam soil, with the following
physicochemical properties: clay 3.73%, silt 12.15%, sand 84.10%, organic matter content
0.04% and pH 7.9. Triplicate CeO, NP suspensions were sonicated for 30 min and applied
to the soil to make final concentrations of 400 and 800 mg NPs/kg soil. Plants were grown
for 20 days in an environmental growth chamber at 25 °C, 16/8 h light/dark cycle and 65%
humidity.

ICP-OES Analysis of Ce in Corn Tissues

The corn shoots were harvested at 10, 15 and 20 days and were analyzed for Ce content by
ICP-OES (Perkin-Elmer Optima 4300 DV, Shelton, CT). Prior to ICP analysis, shoots
samples were digested with concentrated plasma-pure HNOz and H,0, (30%) (1:4) using a
microwave acceleration reaction system (CEM Corp; Mathews, NC). Certified Reference
Material (Peach leaves, NIST 1547) was processed as samples and the Ce recovery rate was
100.82 + 0.48.

H,O, Measurement

H,0, concentration in crude extracts from fresh corn shoots was determined by
spectrofluorometry, according to the method described by Gay and Gebicki.33 Fresh
seedlings (500 mg) were ground in liquid nitrogen and suspended in 4 mL of 100 mM
potassium phosphate buffer (pH 6.8). The mixture was added with appropriate volumes of
reagents to give a final concentration of 25 mM H,SOy4, 100-150 uM xylenol orange, and
100-250 pM ferrous iron (ferrous ammonium sulfates) in a volume of 2 mL. After 30 min in
the dark, the absorbance was measured at 560 nm, with XO/Fe?* as blank.

Visualization of H,O5 in Tissues

Fluorescent probes 2,7-dichlorofluorescein diacetate (DCF DA) (Sigma Aldrich) were used
for in vivo observation of the distribution of H,O, in different cells of the corn plant
tissue.34 DCF-DA is a cell-permeant indicator for ROS that is nonfluorescent until it is
oxidized to the brightly fluorescent DCF in presence of H,0,.3%. Corn leaves segments (2
cm) were embedded in 10 uM DCF-DA in phosphate-buffered saline (PBS) buffer for 30
min at 37°C in darkness. Then, the segments were washed three times in the same buffer for
15 min. Three leaf segments, one segment per plant, were sectioned at 10 um using a
Minotome plus cryostat (Triangle Biomedical Science, Durham, NC). DCF-DA green
fluorescence (485 nm excitation, 530 nm emission) was observed with a confocal laser
scanning microscope (Zeiss, New York, NY), equipped with a 10X objective and assisted
with ZEN 2009 software (Zeiss, New York, NY).
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Catalase and Ascorbate Peroxidase Assay

The catalase (CAT) enzyme activity was assayed according to Gallego et al.3¢, with minor
modifications. Ascorbate peroxidase (APX) activity was determined according to Murgia et
al.37, with minor modifications. All the operations were performed in a cold room at 0 ~
4°C. Specific details regarding the assay of CAT, and APX can be found in the Supporting
Information (SI).

Estimation of Lipid Peroxidation

The degree of lipid peroxidation in plants was determined following the method of Heath
and Packer.38 Fresh root/leaf (300 mg) was ground in 2 mL of 0.1% (w/v) trichloroacetic
acid (TCA) using mortar and pestle and centrifuged at 10,000 x g for 20 min. A 1 mL of the
supernatant was added with 1 mL of TCA (20%) containing 0.5% (w/v) thiobarbituric acid
(TBA) and 100 pL butylated hydroxyltoluene (BHT, 4% in ethanol). The mixture was
heated at 95°C for 30 min, then quickly cooled in an ice bath and centrifuged at 10,000 x g
for 15 min. The absorbance of the supernatant was measured at 532 nm. The unspecific
turbidity of the sample was measured at 600 nm and subtracted with the absorbance at 532
nm. A total of 0.25% TBA in 10% TCA served as blank. The concentration of lipid
peroxides together with the oxidatively modified proteins of the plants were quantified and
expressed as total TBARS, an index of lipid peroxidation, in terms of nmol g1 fresh weight
using an extinction coefficient of 155 mM~1 cm™1.

Protein Extraction and Western-blot Analysis of HSP 70

Corn plants were removed from soil at day 10, day 15 and day 20 and were thoroughly

washed with tap water followed by deionized water. The tissues were immediately stored at
—80°C for later use. One gram of frozen root or shoots tissues were ground in liquid N, and
extracted with 2 ml QB buffer (SI). The extracted solutions containing protein samples were
centrifuge for 20 min at 16,000 g at 4 °C. The supernatants were carefully transferred to 1.5
ml eppendorf tubes. Protein quantitation was performed by BCA protein assay kit (Bio-rad).

Protein quantitation was performed according to Nieto Sotelo et al. with some
modifications.39 Specifically, twenty micrograms of protein were separated in 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels and wet transferred to
nitrocellulose membrane (GE Healthcare Life Sciences) and then blocked for 1 h at room
temperature in Tris-buffered saline with Tween (TBS-T) [50 mmol/L Tris-HCI (pH 7.5),
150 mmol/L NaCl, 0.1% Tween 20] buffer containing 5% nonfat milk. Membranes were
then incubated with the primary antibodies rabbit anti-heat cytoplasmic shock protein 70
(1:3000), rabbit anti-rubisco (1:10,000) or mouse anti-actin (1:1000) (Agrisera antibodies,
Vannasa, Sweden) over night at 4 °C with gentle shaking. Goat anti-rabbit secondary
antibody conjugated to horseradish peroxidase (Santa Cruz Biotechnology) was used to
visualize the stained bands with an enhanced chemiluminescence visualization kit (Santa
Cruz Biotechnology).
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Detection of Cell Death (Plasma Membrane Integrity)

Cell death was estimated by measuring ion leakage from root followed the method of
Coskun et al., with minor modifications.? Specifically, four root segments (around 4 cm
long) were cut and rinsed three times with deionized water to remove leakage ion related to
the immediate injury inflicted on the tissue during cutting. The root segments were
incubated in 15 mL vials containing 10 mL deionized water for 3 h in a rotary shaker at
room temperature. Following 3 h incubation, the conductivity of the solution was measured
(Meter conductivity 3 star W/PRB) and boiled at 100 °C for 20 min. When the solution was
cooled to room temperature, the conductivity was measured again and the results were
expressed as relative conductivity [(conductivity after incubation/conductivity before
boiling) *100].

Gas Exchange Measurement

Leaf net photosynthetic rate (Pn), transpiration (E), and stomatal conductance (gs) were
measured by placing the leaf in the cuvette of a portable gas exchange system (CIRAS-2; PP
Systems, Amesbury, MA). The environmental conditions in the cuvette were controlled at
leaf temperature = 25 °C, PPF = 600 pmol-m~2-s71, and CO, concentration = 380
pmol-mol~2. The data was recorded when the environmental conditions and gas exchange
parameters in the cuvette were stable.

Statistical Analysis

The plants for Ce concentration, H,O, concentration, lipid peroxidation, antioxidant
enzymes and ion leakage rate analysis were grown separately. At harvest, the tissues from
nine plants were collected, mixed, and the mixture was separated into three groups. The data
was reported as averages of three replicates. A one-way ANOVA test was performed, and
Tukey-HSD multiple comparisons conducted test performed using the statistical package
SPSS Version 12.0 (SPSS, Chicago, IL). Statistical significance was based on probabilities
of p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Page 13

H»0, production in shoots of corn plants germinated and grown in soil treated with CeO,
NPs at 0, 400, and 800 mg/kg. All data show the means of a total of three replicates (nine
plants/replicate). Error bars represent standard deviation. Means with same letters, within
each exposure time, are not significantly different (Tukey’s HSD multiple comparison at p <

0.05).
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Figure 2.
Confocal microscopy imaging of H,O, production in shoot cross sections of corn plants

germinated and grown for 10 days in soil treated with CeO, NPs at 0 and 800 mg/kg. DCF-
DA fluorescence distribution in cross section of control (A) and (B) CeO, NPs treated corn
plants.
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Figure 3.

Antioxidant enzyme CAT and APX activity in of corn plants germinated and grown in soil
treated with CeO5 NPs at 0, 400, and 800 mg/kg. All data show the means of a total of three
replicates (nine plants/replicate). Error bars represent standard deviation. Means with same
letters within each exposure time are not significantly different (Tukey’s HSD multiple

comparison at p < 0.05).
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Figure 4.
Biochemical detection of lipid peroxidation caused by CeO, NPs in roots and shoots of corn

plants germinated and grown for 20 days in soil treated with CeO, NPs at 0, 400, and 800
mg/kg. All data show the means of a total of three replicates (nine plants/replicate). Error
bars represent standard deviation. Means with same letters within each exposure time are not
significantly different (Tukey’s HSD multiple comparison at p < 0.05).
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Figure 5.
Western-blot results of the expression level of HSP 70 in roots of corn plant after 10, 15, and

20 days of growth in soil treated with CeO, NPs at 0, 400 and 800 mg/kg. Equal amounts of
total root proteins (20 pg) were loaded in each lane and resolved by SDS-PAGE, which was
subsequently transferred to nitrocellulose membrane. HSP 70 was probed with rabbit anti-
cytoplasmic HSP 70 antibody and visualized by goat anti-rabbit secondary antibody.
Relative abundance of HSP 70 was normalized to the expression level of actin. The ratio of
HSP 70 to actin was measured by densitometry software LABWORKS.
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Relative ion leakage of corn roots germinated and grown for 20 days in soil treated with

CeO, NPs at 0, 400, and 800 mg/kg. Data are means of a total of three replicates (nine

plants/replicate). Error bars stand for standard deviation. Means with same letters within
each exposure time are not significantly different (Tukey’s HSD multiple comparison at p <

0.05).
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Table 1

Leaf net photosynthetic rate (Pn), transpiration (E), and stomatal conductance (gs) of corn plants germinated

and grown for 20 days in soil treated with CeO, nanoparticles at 0, 400, and 800 mg/kg.

CeO,NPs  pp (umol-m2s)Z  E (mmol-m2s7)  gs(mmol-m=2s7)

0 290+02aY 16+0.1a 93.8+9.8a
400 30+£01a 14+02a 83.6+129a
800 32+02a 14%0.1a 8l5+7.1a

z ] . .
Data are means + standard error of five replicates, two plants per replicate, one leaf per plant.

yMeans followed by same letter are not significantly different among treatments by Tukey’s HSD multiple comparison at p < 0.05.
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