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Abstract

With the widespread use of metal oxide nanoparticles (MNPs), agricultural soil is gradually becoming a primary sink for MNPs.
The effect of these nanoparticles on the fate and the toxicity of co-existing heavy metals is largely unknown. In this paper, pot
experiments were conducted to evaluate the impact of ZnO nanoparticles (ZnO-NPs) on Cd toxicity and bioaccumulation in a
soil-rice system. Different amounts of ZnO-NPs were added to three different levels of Cd-contaminated paddy soil (L-Cd,
1.0 mg kg '; M-Cd, 2.5 mg kg '; H-Cd, 5.0 mg kg™ "). The results showed that the addition of ZnO-NPs significantly increased
the soil pH value, and the soil pH value increased with the increase in ZnO-NP concentration. Reductions in plant height and
biomass under Cd stress were recovered and increased after the addition of ZnO-NPs; the addition of ZnO-NP promoted rice
biomass increased by 13~22% and 25~43% in the M-Cd and H-Cd groups, respectively, compared with that of the respective
control treatment. A high concentration of ZnO-NPs could increase the concentration of bioavailable Cd in rhizosphere soil. In
the L-Cd group, the Cd concentration of the rice in the L-Z500 treatment increased to 0.51 mg kg ', exceeding the limit for
acceptable Cd concentrations in rice of China (0.2 mg kg '). This work revealed that ZnO-NPs could improve plant growth,
especially in the early-growth stage, and alleviate the toxic effects of Cd. However, the addition of high-concentration
(500 mg kg ') ZnO-NPs in the lower Cd pollution soil could significantly facilitate the accumulation of Cd by Oryza sativa L.
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Introduction

With the rapid development of nanotechnology, the emission
of nanoparticles (NPs) in environment is increasing.
Nanoparticles will inevitably enter the soil and water in the
process of scientific research, transportation, production, and
waste treatment (Fan et al. 2017; Wang et al. 2016). In recent
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years, the environmental fate and ecotoxicity of nanoparticles
have attracted extensive attention (Li et al. 2016; Gao et al.
2015). Previous studies have shown that nanoparticles could
affect plant growth, soil enzyme activities, soil microbial bio-
mass, and soil microbial community structure after nanoparti-
cles enter the soil (Priester et al. 2012; Peng et al. 2017).

Zinc oxide nanoparticles (ZnO-NPs) were common metal
oxide nanoparticles (MNPs) and widely used in personal care
products, paints, and coating. Several previous studies have
shown that ZnO-NPs have negative effects on plant growth
(Lopez-moreno et al. 2010; Lin and Xing 2008; Du et al.
2011). For example, ZnO-NP concentration of 1000 mg L™
could reduce the root length of corn and cucumber by 17%
and 51%, respectively (Zhang et al. 2015). In the seed incu-
bation process, ZnO-NP concentration of 2000 mg L™ could
inhibit plant seed germination (radish, rape, ryegrass, lettuce,
corn, and cucumber) and terminate root elongation (Lin and
Xing 2007).

Due to their high reactivity, large specific surface area, and
strong adsorption capacity, NPs can influence the fate and
transport of co-existing contaminants (such as pesticides,
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heavy metals, and toxic organics), which may subsequently
alter bioavailability and toxicity (Chai et al. 2013; Cai et al.
2017; Deng et al. 2017; Yang and Xing 2010; Glomstad et al.
2016). Several studies have shown that NPs could affect the
co-existing contaminant uptake and accumulation in plants
(like rice, wheat, cucumber, and collard greens) (Chai et al.
2013; Deng et al. 2017; Ma et al. 2017). However, most of
these studies were conducted in the hydroponic condition or in
a simple medium with short exposure and high doses (Chai
etal. 2013; Caietal. 2017; Hu et al. 2014; Jiet al. 2017); few
studies have examined the soil condition for the whole life
cycle of a plant. For example, a 10-day hydroponic experi-
ment demonstrated that TiO,-NPs could alleviate Cd toxicity
in terms of plant height, biomass, and root length and could
lower the Cd content in rice roots and leaves (Ji et al. 2017).
Similarly, Singh and Lee (2016) also found that the applica-
tion of TiO,-NPs could increase photosynthetic rate and pro-
mote soybean plant growth, which indicated that the addition
of TiO,-NPs could restricted the Cd toxicity in soybean plants
in the 60-day pot experiment; however, the Cd concentration
in soybean plants was also increased with the TiO,-NP con-
centration in soil. Thus, the investigation of the effect of NPs
on co-existing contaminant behavior under soil conditions is
urgently needed.

Heavy metal pollution in farmland is a worldwide environ-
mental issue due to its harmful impacts on plants and food
quality. Cd is considered to be the most toxicity heavy metal
due to its high water solubility, bioavailability, and toxicity.
The toxicity effects of Cd on plants have been extensively
studied, and the symptoms of Cd toxicity in plants include
growth inhibition and the disruption of physiological process
(Nwugo and Huerta 2008). Several studies have shown that
Cd could inhibit seed germination and root elongation and
decrease the activities of some enzymes (Ali et al. 2014a).
Cd could also disturb the metabolic process and uptake of
nutrient elements in plants (Najeeb et al. 2011). Rice (Oryza
sativa L.) is one of the major crops grown worldwide for
human consumption, and Cd pollution in the paddy soil has
become an increasing concern for food safety. After Cd was
discharged into the paddy soil, it could easily uptake and
bioaccumulate in rice, enters the food chains, and causes se-
rious human health problem (Ali et al. 2015).

The current study focused on co-contamination be-
tween ZnO-NPs and Cd in a paddy soil. In this study,
different doses of ZnO-NPs (50/100/500 mg kg ') were
added to three levels of the Cd-contaminated paddy soil
(1.0/2.5/5.0 mg kg ') in a pot experiment to assess (1)
the impact of ZnO-NPs on Cd phytotoxicity during the
whole life cycle and (2) the effect of ZnO-NPs on Cd
uptake and bioaccumulation in soil-rice system. The re-
sults of this study will further our understanding on the
influence of nanoparticles on co-existing contaminant
behavior in agricultural soil.
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Materials and methods
Soil and nanoparticle characterization

The soil used in this experiment was taken from a paddy field
(0-30 cm) in Huizhou City, Guangdong Province, China. Soil
samples were air-dried and passed through a 2-mm sieve, and
the physical and chemical properties of the soil are shown in
Table 1.

ZnO-NPs were purchased from Nanjing XFNANO
Materials Tech Co., Ltd., with a purity of >99%. The size of
the ZnO-NPs (30-40 nm) was measured using field emission
scanning electron microscope (ZEISS SUPRA® 55), and the
specific surface area of ZnO-NPs (77.4 m?*/g) was measured
using Accelerated Surface Area and Porosimetry System
(ASAP 2020 HD8S).

Experimental design

There were three Cd stress treatments (L-Cd, 1.0 mg kgfl; M-
Cd,2.5mg kgfl; H-Cd, 5.0 mg kgﬁl), as well as four ZnO-NP
treatments (Z0, no ZnO-NP addition; Z50, 50 mg kgﬁl; 7100,
100 mg kg™ '; 2500, 500 mg kg™ "). The treatment concentra-
tions were based on previous studies, in which different con-
centrations of ZnO-NPs, TiO,-NPs, and multi-walled carbon
nanotubes were added in Cd-polluted soil. ZnO-NP concen-
trations of 50, 100, and 500 mg kgf1 significantly reduced the
bioavailability of Cd in soil (Ye et al. 2018). A total of 12
treatments (Table 2) were conducted, and each treatment
was conducted in triplicate.

CdCl, (CdCl,-5H,0 solution) was mixed thoroughly with
the soil samples; then, the soil was equilibrated for 90 days
and air-dried before being mixed with ZnO-NPs. ZnO-NPs
were added as powder into the air-dried soil for each treat-
ment, and the mixtures were stabilized for 24 h before planting
(Xu et al. 2015; Priester et al. 2012). Each mixture was placed
into a nylon net bag (5 cm diameter, 10 cm height, pore size
37 um) and then placed in a polyvinyl chloride (PVC) con-
tainer (15 cm diameter X 30 cm height).

Rice (Oryza sativa L.) seeds were obtained from the Rice
Research Institute, Guangdong Academy of Agricultural
Science, Guangzhou, China. The specific methods of seed
culture were described in previous studies (Shi et al. 2014;
Peng et al. 2015). Uniform rice seedlings (8 cm height) were
transplanted into the nylon net bag. Two seedlings were
planted per pot. The pot culture was conducted in a green-
house with natural light. Plants were irrigated with deionized
water every day to keep the depth of the water layer 3 cm
above the soil surface. An alternating drying-wetting pattern
was adopted following the booting stage (Peng et al. 2017).
The fertilizers (200 mg CO (NH,), kgfl, 200 mg KH,PO,
kg™ ") were added three times during the growing stage. The
entire duration of the pot culture was 4 months.
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Table 1 Physical and chemical properties of paddy soil
Sample pH OM (%) CEC (cmol kg ) N(gkg™h P(gkg™h K (g kg™ Cd (mg kg )
Paddy soil 6.20 245 8.50 3.25 0.46 12.35 0.20

Plant heights and tillering numbers were measured 30, 60, Results
and 90 days after transplant, which was at the tillering stage,
booting stage, and fruiting stage, respectively. After harvest,  Soil pH

the rice plants were separated into their roots, shoots, and ears,
and all plant samples were washed in tap water and then rinsed
three times with distilled water. Samples were dried at 40 °C to
a constant weight, and the plant biomasses were measured.
Then, the dried plant samples were ground and passed through
a 2-mm sieve. Rhizosphere soil and non-rhizosphere soil sam-
ples were collected from all treatments, air-dried, and passed
through a 2-mm sieve.

Chemical analysis

Soil pH values were measured using a pH meter (PHS-3C)
(water-to-solid ratio =2.5:1). For determination of the total
content of heavy metals, soil samples were digested with a
mixture of HCI-HNO5-HF-HCIO4 (10:15:10:5, v/v) (Zhang
et al. 2016). Plant samples were digested with a mixture of
HNO;-HCI1O,4 (5:1, v/v) (Allen 1989). Bioavailable Cd was
extracted with 0.11 ml L™' of HOAc (Rauret et al. 1999).
The concentration of heavy metals in the extractants was mea-
sured using inductively coupled plasma mass spectrometry
(Agilent 7700x ICP-MS). All samples were measured in
triplicate.

Statistical analysis

All the data were reported as the mean + standard de-
viation (SD) of the triplicates for each treatment group.
A one-way analysis of variance (ANOVA, IBM SPSS
Statistics 20) followed by Tukey’s range test was ap-
plied to analyze the differences among various groups.
Different letters indicate significant differences among
the treatment means (P <0.05).

Table 2 Experimental design

The pH values of the rhizosphere soil were significantly
higher than those of the non-rhizosphere soil, the pH values
of the non-rhizosphere soil ranged from 6.24 to 6.48, and the
pH value of the rhizosphere soils ranged from 6.3—-69 to 7.30
(Fig. 1).

As shown in Fig. 1, the addition of ZnO-NPs significantly
increased the pH values of the rhizosphere and non-
rhizosphere soil, and the pH values increased with the increas-
ing ZnO-NP concentrations in the soil. The pH values of the
rhizosphere soil in the L-Z500, M-Z500, and H-Z500 treat-
ments increased by 0.59, 0.56, and 0.59, respectively, com-
pared with those in the control treatment. The pH values of the
non-rhizosphere soil in the L-Z500, M-Z500, and H-Z500
treatments increased by 0.19, 0.15, and 0.14, respectively,
compared with those in the control treatment.

Plant height in different growth stages

As shown in Fig. 2a, plant heights in the M-Z0 and H-Z0
treatments were clearly lower than that in the L-Z0 treatment
(P <0.05), which indicated that Cd stress produced a signifi-
cant inhibiting effect on plant height in the tillering stage.

In the tillering and booting stages, the plant heights in-
creased with the increasing ZnO-NP concentrations in the soil.
In the tillering stage, the plant heights in the L-Z50, L-Z100,
and L-Z500 treatments increased by 4.22, 6.55, and 8.55 cm,
respectively, compared with that in the L-Z0 treatment. In the
M-Cd group, the plant heights in the M-Z50, M-Z100, and M-
7500 treatments increased by 8.17, 11.89, and 11.83 cm, re-
spectively, compared with that in the M-Z0 treatment. In the
H-Cd group, the plant heights in the H-Z50, H-Z100, and H-
7500 treatments increased by 11.61, 6.45, and 9.51 cm, re-
spectively, compared with that in the H-Z0 treatment.

Treatment group (mg kg{1 Cd) 0 (mg kg71 ZnO-NPs)

50 (mg kg ' ZnO-NPs)

100 (mg kg ' ZnO-NPs) 500 (mg kg ' ZnO-NPs)

L-Cd (1 mgkg ") L-Z0 L-Z50
M-Cd (2.5 mg kg V) M-Z0 M-Z50
H-Cd 5 mg kg ) H-Z0 H-Z50

L-Z100 L-7500
M-Z100 M-Z500
H-Z100 H-Z500
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Fig. 1 Changes in rhizosphere/non-rhizosphere soil pH values. a Rhizosphere soil. b Non-rhizosphere soil

In the booting stage, the plant height in the L-Z500 treat-
ment increased by 4.89 compared with that in the L-Z0 treat-
ment; however, the plant height in the L-Z50 treatment de-
creased by 2.10 cm compared with that in the L-Z0 treatment
(Fig. 2b). In the M-Cd group, the plant heights in the M-Z50,
M-Z100, and M-Z500 treatments increased by 2.55, 7.11 and
5.56 cm, respectively, compared with that in the M-Z0 treat-
ment. In the H-Cd group, the plant heights in the H-Z50, H-
7100, and H-Z500 treatments increased by 4.01, 6.01, and
4.67 cm, respectively, compared with that in the H-Z0
treatment.

With the ripe and harvest process, the differences of plant
heights among the different ZnO-NP treatment concentrations
gradually decreased and disappeared. In the fruiting stage,
there was no clear difference in plant heights between the
different ZnO-NP treatment concentrations (Fig. 2¢).

Rice tillering

The plant tiller and productive tiller numbers across all the
treatments are shown in Table 3. In the L-Cd group, there
was no clear difference in the tiller number/productive tiller
number between different ZnO-NP treatment concentrations.

In the M-Cd group, the tiller number and productive
tiller number in the M-Z50 treatment increased by 19%
and 28%, respectively, relative to those in the M-Z0 treat-
ment, and the tiller number and productive tiller number
in the M-Z500 treatment increased by 30% and 25%, re-
spectively, compared with those in the M-Z0 treatment.

In the H-Cd group, the productive tiller number in
the H-Z500 treatment increased by 44% compared with
that in H-Z0 treatment.

Plant biomass
Root biomass, shoot biomass, ear biomass, and total biomass

across all the treatments are shown in Fig. 3. Root biomasses
in the M-Z0 and H-Z0 treatments decreased by 22% and 27%,
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respectively, compared with that in the L-Z0 treatment
(Fig. 3a), which indicated that Cd had a significant inhibiting
effect on root biomass.

In the L-Cd group, there was no clear difference in the root
biomasses between different ZnO-NP treatment concentra-
tions. In the M-Cd group, the root biomasses in the M-Z50,
M-Z100, and M-Z500 treatments increased by 51%, 18%, and
23%, respectively, compared with that in the M-Z0 treatment.
In the H-Cd group, the root biomasses in the H-Z50, H-Z100,
and H-Z500 treatments increased by 20%, 41%, and 12%,
respectively, compared with that in the H-Z0 treatment. In
the M-Cd and H-Cd groups, the addition of ZnO-NPs signif-
icantly increased the root biomass, which indicated that ZnO-
NPs could alleviate Cd toxicity in terms of root biomass.

In the L-Cd group, there was no clear difference in the
shoot biomasses between different ZnO-NP treatment concen-
trations (Fig. 3b). In the M-Cd group, the shoot biomass in-
creased by 14~18% in the addition of ZnO-NP treatments
compared with that in the M-Z0 treatment. In the H-Cd group,
the shoot biomasses in the H-Z50, H-Z100, and H-Z500 treat-
ments increased by 10%, 20%, and 32%, respectively, com-
pared with that in the H-Z0 treatment, and the shoot biomasses
increased with the increasing ZnO-NP concentrations in the
soil.

As shown in Fig. 3¢, the ear biomass in the H-Z0 treatment
decreased by 31% compared with that in the L-Z0 treatment,
which indicated that Cd significantly inhibited the ear bio-
mass. In the L-Cd group, the ear biomass in the L-Z500 treat-
ment increased by 32% compared with that in the L-Z0 treat-
ment. In the H-Cd group, the ear biomasses in the H-Z50, H-
7100, and H-Z500 treatments increased by 50%, 81%, and
72%, respectively, compared with that in the H-Z0 treatment.

As shown in Fig. 3d, Cd significantly inhibited the total
biomass; the total biomasses in the M-Z0 and H-Z0 treatments
decreased by 10% and 23%, respectively, compared with that
in the L-Z0 treatment. In the M-Cd group, the total biomasses
in the M-Z50, M-Z100, and M-Z500 treatments increased by
22%, 18%, and 13%, respectively, compared with that in the
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Fig.2 Plant height in different growth stages. a Tillering stage. b Booting
stage. ¢ Fruiting stage

H-Z0 treatment. In the H-Cd group, the total biomasses in the
H-750, H-Z100, and H-Z500 treatments increased by 25%,
43%, and 42%, respectively, compared with that in the H-Z0
treatment. The positive effect of ZnO-NPs on rice biomass
was more noticeable in the higher Cd stress group.

Bioavailable Cd concentration in the soil

The bioavailability of Cd in the soil had a large effect on the
plant growth and Cd accumulation in plants. In the L-Cd
group, the addition of ZnO-NPs had no significant influence
on the concentration of bioavailable Cd in the non-rhizosphere
soil. In the L-Z100 treatment, the concentration of bioavail-
able Cd in the rhizosphere soil increased by 10% relative to
that in the L-Z0 treatment, and is obviously higher than that in
the non-rhizosphere soil (Fig. 4a).

In the M-Cd group, the concentration of bioavailable Cd
concentration in the rhizosphere soil increased by 9.0% and
14% for the M-Z50 and M-Z100 treatments, respectively,
compared with that for the M-Z0 treatment (Fig. 4b). In the
M-Z50 and M-Z100 treatments, the concentration of bioavail-
able Cd in the rhizosphere soil obviously higher than that of
the non-rhizosphere soil.

In the H-Cd group, the concentration of bioavailable Cd in
the rhizosphere soil increased by 6.8% for the H-Z100 treat-
ment, compared with that for the M-Z0 treatment. However,
the concentration of bioavailable Cd in the non-rhizosphere
soil decreased by 6.6% for the H-Z50 treatment, compared
with that for the M-Z0 treatment (Fig. 4c).

Cd concentrations in rice plants

As shown in Fig. 5, the Cd concentrations in the Oryza sativa
L. tissues were ranked root > shoot > rice and increased as the
Cd concentrations in the soil increased.

In the L-Cd and M-Cd groups, ZnO-NP concentra-
tions of 50 and 100 mg kg ' slightly decreased the
Cd concentration in the roots (Fig. 5a). However, in
the H-Cd group, the addition of ZnO-NPs increased
the Cd concentration in the roots, a slightly increase
in the concentration of Cd in the root was observed in

Table 3 The effect of ZnO-NPs on plant tillering
Treatment Tiller number Productive tiller number

L-Cd M-Cd H-Cd L-Cd M-Cd H-Cd
70 1567133 a 15.33+£2.33 a 16.33+2.33 a 10.67+6.33 a 9.67+1.33a 11.00+1.00 a
750 17.67+2.33 a 18.67+2.33 ab 16.67+2.33 a 11.67+2.33 a 13.67+1.33b 11.00+3.00 a
7100 14.33+2.33 a 15.33+£0.33 a 18.33+£0.33 a 11.00+4.00 a 10.00+3.00 a 11.00+3.00 a
7500 17.33+2.33a 20.33+£2.33b 17.33+2.33a 13.00+1.00 a 13.33+0.33 b 1533+233b

Different letters represent significant differences between the treatment means (P < 0.05, LSD), n=3
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Fig. 3 The effect of ZnO-NPs on plant biomass. a Root biomass. b Shoot biomass. ¢ Ear biomass. d Total biomass

the H-Z50 and H-Z100 treatments, and the Cd concen-
tration in the root increased from 15.54 mg kg ' for the
H-Z0 treatment to 37.79 mg kg ' for the H-Z500
treatment.

In the M-Cd group, ZnO-NP concentrations of 50 and
100 mg kg ! significantly decreased the Cd concentration in
the shoots (Fig. 5b). However, in the H-Cd group, the Cd
concentration in the shoots increased by 1.96, 0.63, and
1.69 mg kg ' for the H-Z50, H-Z100, and H-Z500 treatments,
respectively, compared with that for the H-Z0 treatment.

The Cd concentration in rice in the ZnO-NP treatment
concentration of 500 mg kg ' was obviously higher than
that in the ZnO-NP treatment concentrations of 50 and
100 mg kg™ (Fig. 5¢). In the L-Cd group, the Cd con-
centration of the rice in the L-Z500 treatment increased
to 0.51 mg kg ', exceeding the limit for acceptable Cd
concentrations in rice of China (0.2 mg kg™ ') (GB2762-
2017). In the M-Cd group, the Cd concentration of the
rice decreased to 0.13 and 0.16 mg kg ' in the M-Z50
and M-Z100 treatments, below the limit for acceptable
Cd concentrations in the rice of China. In the H-Cd
group, the Cd concentration of the rice in the H-Z500
treatment increased by 0.08 mg kg ' compared with that
in the H-Z0 treatment.

@ Springer

Discussion

Cd could affect photosynthesis, inhibit enzymes, disrupt
the uptake of nutrient elements, generate reactive oxygen
species (ROS), and subsequently result in oxidative stress
(Ji et al. 2017; Shah and Dubey 1995; Perfus-Barbeoch
et al. 2002; Zhang et al. 2012; Ali et al. 2014b), all of
which could decrease plant biomass (Ji et al. 2017). In the
present study, Cd significantly inhibited rice growth; the
plant height and biomass were significantly decreased
with the increase in Cd concentration. In the tillering
stage, plant height in the L-Z0 treatment was clearly
higher than those in the M-Z0 and H-Z0 treatments.

The reduction of plant height and biomass under Cd
stress was recovered and increased after the addition of
ZnO-NPs, which indicated that ZnO-NPs could improve
plant growth and alleviate the toxic effects of Cd. The
addition of ZnO-NPs promoted rice biomass increased
by 13~22% and 25~43% in the M-Cd and H-Cd groups,
respectively. The positive effect was more noticeable in
higher Cd stress treatments. Similarly, ZnO-NPs showed a
positive effect on rice tillering, especially in high Cd
stress. The ZnO nanoparticles would dissolve and release
Zn** after addition into the soil (Wang et al. 2013;
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Laycock et al. 2017). As an essential trace element, ade-
quate supplement of Zn** could improve plant growth.
Higher concentration of ZnO-NPs was more effective than
lower concentration in improving the plant height, bio-
mass, and tillering. Cd and Zn were competing ions in
soil-plant system due to their similar geochemical behav-
ior in soil and the same uptake pathways in plants (Mo
et al. 2017; De and Mark 2018). Zn played an important
role in counteracting Cd toxicity in plants (Garg and Kaur
2013). Several studies have reported that Zn addition
could reduce the uptake of Cd by root, consequently lead-
ing to a decrease of Cd accumulation in plants (Vasiliadou
and Dordas 2009; Garg and Kaur 2013). The increase of

nanoparticles. a Root. b Shoot. ¢ Rice

Zn concentration in soil could inhibit Cd uptake at plasma
membrane of root epidermal and cortical cells.

In this study, in the lower Cd stress (L-Cd and M-Cd treat-
ment groups), ZnO-NP additions of 50 and 100 mg kg
slightly decreased the Cd concentration in roots and shoots.
The Cd accumulation in shoots and grains of rice plants was
determined by many physiological processes, such as root cell
wall retention, extra transport of xylem, and phloem re-trans-
port. Significant interactions could occur between Cd and Zn
in their accumulation in plants. Cd and Zn may share a com-
mon transport system at root cell plasma membrane, and the
competition for transport at the plasma membrane of root cells
may be the basis for Zn inhibition of Cd uptake (Garg and
Kaur 2013).

However, the addition of high-concentration (500 mg kg ")
ZnO-NPs obviously increased the Cd concentration in roots,
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Fig. 6 Changes in the Cd bioconcentration factor after exposure to ZnO nanoparticles. a L-Cd. b M-Cd. ¢ H-Cd

shoots, and rice, and the effect was more noticeable in the
higher Cd stress. Due to the same extranuclear electron struc-
ture, Zn and Cd compete with each other for the adsorption
sites on the soil colloid, and this competition varied with the
soil physical-chemical properties and the contents of Cd and
Zn. The addition of high-concentration ZnO-NPs leads to a
large amount of Zn?* released to the soil, and Zn>* could
displace Cd** from soil absorption sites, which means that
Zn might lead to increased Cd uptake by plants (Garg and
Kaur 2013). In the present study, high concentration of ZnO-
NPs increased the concentration of bioavailable Cd in the
rhizosphere soil, and subsequently increased the Cd concen-
tration in rice.

The bioconcentration factor (BCF) is used to calculate the
distribution of heavy metals between the soil and biota, de-
fined as (Fan et al. 2017; Mountouris et al. 2002):

BCF = “y/.

soil

where Cpjape (mg kgﬁl) is the Cd concentration in the different
tissues of Oryza sativa L., and Cyy;; (mg kg™ ') is the Cd con-
centration in soil (1, 2.5, and 5 mg kg ' in this study).

As shown in Fig. 6, the BCF was higher for the roots (3.11—
10.68), followed by the shoots (0.27—0.67) and the rice (0.05—
0.53), which indicated that Cd was enriched in the rice roots,
and most of the Cd were retained in the roots. This is in
accordance with many studies (De and Mark 2018; Garg
and Kaur 2013); Cd retention in the roots is often regarded
as a potential tolerance mechanism in minimizing Cd translo-
cation to the shoots and grains. The BCF for the root was
higher in the ZnO-NP treatment concentration of
500 mg kg ' than in the treatment concentrations of 50 and
100 mg kg .

In the L-Cd group, the BCF for the rice in the L-Z500
treatment was obviously higher than that in the L-Z0 treat-
ment, which also indicated that 500 mg kg~ ' ZnO-NPs in
the soil could significantly facilitate the accumulation of Cd
by Oryza sativa L. In the H-Cd group, the BCF for the roots

@ Springer

and shoots increased with the increasing ZnO-NP concentra-
tions in the soil (Fig. 6¢), while no clear change was observed
for rice. The addition of high-concentration (500 mg kg ')
ZnO-NPs leads to the increase of Cd accumulation in plants,
but did not result in higher toxicity. This was in accordance
with the result of Kutrowska et al. (2017), which indicated that
Zn addition had a protective effect on plant growth under Cd
stress. Zn addition could restore the functional activities of
antioxidant enzymes that were suppressed by Cd toxicity
(De and Mark 2018).

Under different Cd stress conditions, the effect of ZnO-NPs
had on the Cd toxicity and accumulation in the rice was dif-
ferent, which should be investigated further. Our results sug-
gested that the scientific assessment of the potential environ-
mental risks of ZnO-NPs is a requirement for understanding
the impact on the soil-plant system and on human health.

Conclusions

1) The addition of ZnO-NPs clearly increased the soil pH
value, and the soil pH value increased with the increase in
ZnO-NP concentration.

2) Cd significantly inhibited rice growth; the plant height
and biomass were significantly decreased with the in-
crease in Cd concentration. The reduction of plant height
and biomass under Cd stress was recovered and increased
after the addition of ZnO-NPs, which indicated that ZnO-
NPs could improve plant growth and alleviate the toxic
effects of Cd. A high dose of ZnO-NPs significantly in-
creased the rice height, tillering, and biomass, especially
in the early-growth stage.

3) High concentration of ZnO-NPs could increase the con-
centration of bioavailable Cd in rhizosphere soil, and sub-
sequently increased the concentration of Cd in rice. In the
L-Cd group, the Cd concentration of the rice in the L-
7500 treatment increased to 0.51 mg kg ', exceeding
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the limit for acceptable Cd concentrations in rice of China
(0.2 mgkg ™).

4) In the L-Cd group, the bioaccumulation factor for rice in
L-Z500 treatment was obviously higher than that in the L-
Z0 treatment, which indicated that ZnO-NP concentration
of 500 mg kg™ in soil could significantly facilitate the
accumulation of Cd by Oryza sativa L.
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