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Abstract

Two rice varieties, one perchlorate-tolerant (Gannuoxiang, GN) and the other perchlorate-sensitive
(IR65598-112-2, IR), were exposed to 20, 200, and 400 mg/kg soil perchlorate to investigate their physiolog-
ical responses and perchlorate accumulation. It was found that perchlorate decreased leaf chlorophyll content
in both rice varieties. The activities of superoxide dismutase (SOD) and catalase (CAT) decreased while per-
oxidase (POD) increased in both rice varieties under perchlorate stress at tillering stage. Rice variety IR
showed earlier physiological response and was more affected by perchlorate than GN. Perchlorate induced
physiological response in different ways depending on perchlorate contamination level, rice variety, and grow-
ing stage. Perchlorate concentration in leaves was significantly higher than that in roots, stems and seeds.
Perchlorate accumulation in IR leaves was higher than GN, but GN stored more perchlorate in its edible por-
tion at low perchlorate level. These results indicated that high sensitivity of the rice variety IR to perchlorate
stress might be due to antioxidant enzymes in perchlorate-detoxification and its higher perchlorate accumula-
tion in leaves.
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Introduction

Perchlorate can perturb thyroid hormone (TH) home-
ostasis by competitive inhibition of iodide uptake by the
thyroid gland, and such effects are more pronounced under
iodide-deficient nutrition [1]. The contamination of per-
chlorate in groundwater and surface water has been a con-
cern since the late 1990s, but recently it has been detected
in various foods, including fresh produce [2], milk [3],
breast milk [4], baby formula [5], and also in human body
fluids such as urine, saliva, and blood [6-8]. Some of these
findings are reported to be the result of natural sources such
as nitrate deposits or atmospheric deposition [9-11].
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Conversely, the perchlorate contamination of highest con-
centration and most concern was found from anthropogenic
sources such as manufacturing facilities, military sites, and
other places where human activities (like blasting and fire-
works displays) have resulted in perchlorate releases to the
environment [ 12, 13]. With the intense investigations on the
occurrence of perchlorate in the United States, it was clear
that perchlorate can be considered as a widespread envi-
ronmental contaminant [14]. Studies show that perchlorate
has also been widespread in China and perchlorate levels in
blood of Chinese adults are 10-fold greater than levels
reported for U.S. adults [15-17]. This could relate to flour-
ishing fireworks and aviation industrie. We detected the
perchlorate level near several chemical plants in China and
the concentration was about 1-50 mg/L in surface waters
and 0.16-91.36 mg/kg in soil.
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The toxicity responses due to C10, exposure have been
reported in different plants and animals [18, 19]. With the
potential for food crop to be a significant source of per-
chlorate exposure in humans, and because phytoremedia-
tion has been suggested as a remediation option, a mecha-
nistic understanding of perchlorate’s phytotoxicity is war-
ranted. Many reports showed environmental stresses such
as drought stress [20], heavy metal stress [21], and salt
stress [22] caused different physiological responses in rice
varieties. As an oxidizer, perchlorate may also cause oxida-
tive stress to rice plants. Some previous field and laborato-
ry studies also show the ability for perchlorate accumula-
tion is species-dependent [23-26] and genotype-dependent
[27]. Rice (Oryza sativa L.) is one of the major food crops
in many countries and there are many cultivars or varieties
in the world. However, perchlorate accumulation in rice
varieties as well as their physiological response to perchlo-
rate stress has not been reported yet.

In our previous work [28], two rice varieties with var-
ied perchlorate-sensitivity were selected from 24 rice vari-
eties based on the great differences in their genetic back-
grounds from different countries. The objectives of this
study were to investigate the effects of perchlorate on
chlorophyll content, antioxidant enzyme activities, and per-
chlorate accumulation in two rice varieties with different
perchlorate-tolerance abilities.

Material and Methods
Rice Varieties and Soil

To investigate the differences between rice varieties in
perchlorate tolerance, 24 rice varieties based on the great
difference of their genetic background from nine counties
were used in our previous study, and a hydroponic experi-
ment was conducted in plant growth chamber under differ-
ent perchlorate concentrations, including 0 (the control), 2.0,
and 4.0 mmol/L. Some growth characteristics such as plant
height, root length, fresh biomass, dry biomass, etc. were
measured. The data were analyzed by Hierarchical cluster-
ing analysis and the varieties were classified as sensitive,
moderate, and tolerant to perchlorate. Gannuoxiang (GN) is
a perchlorate-resistance rice variety while IR65598-112-2
(IR) is a perchlorate-sensitive rice variety. Gannuoxiang is a
kind of indica rice and its origin country is China. IR65598-
112-2 is a kind of japonica rice and its origin country is the
Philippines. All of the seeds of the rice (Oryza sativa L.)
varieties were supplied by Guangdong Provincial Key Lab
of Plant Molecular Breeding.

The soil used for the pot experiment was collected from
the surface layer (20 cm) of a paddy field in the Experimental
Farm of the South China Agricultural University. The main
properties of soil were shown in Table 1.

Experimental Design

Rice seeds were soaked in sterilized water and then
germinated at room temperature. When the seedlings

Table 1. Experimental soil properties.

Characteristics | Value Characteristics Value
pH 6.28 | Ammonium N (mg/kg) 27.35
Total N (g’kg) | 1.18 Nitrate N (mg/kg) 89.74
Alkali-hydrolyzale N
Total P 0.86 157.26
(gkg) (mg/ke)
Total K (g/kg) | 27.08 |  Available P (mg/kg) 47.73
Organic matter Available K (mg/kg) 142.93
24.16
content (g/kg) Perchlorate (mg/kg) | not detected

were at 3-leaf age, uniform plants were selected and
transplanted into plastic pots (30 cmx50 cm, diame-
terxheight) containing 7 kg of soil in each pot. KCIO,
solution was added into soil to form four perchlorate con-
centrations: 0 (control), 20, 200, and 400 mg/kg. The soil
was well mixed and soaked for 1 week prior to rice
seedling transplanting. The experimental plot was com-
pletely randomized with 4 replications per treatment and
six plants per repetition.

Chlorophyll Content Determination

At seedling, tillering, and heading stages, the second
fully expanded leaves were selected for chlorophyll content
measurement with a SPAD 502 Plus Chlorophyll Meter
(Konica Minolta, Japan).

Assay of Antioxidant Enzyme Activities

At tillering and heading stages, the second fully
expanded leaves were sampled for enzymatic analysis
according to Chen and Wang [29]. SOD activity was
assayed by monitoring the inhibition of photochemical
reduction of nitro blue tetrazolium (NBT). One unit of
SOD activity was expressed as the amount of enzyme
required to cause 50% inhibition of the reduction of NBT
as monitored at 560 nm. POD activity was measured by
following the change of absorption at 470 nm due to gua-
iacol oxidation. CAT activity was assayed as the rate of
H,0, decomposition at 240 nm. The activities of SOD,
POD, and CAT were expressed as enzyme units per gram
fresh weight (U/g FW).

Perchlorate Determination

At maturity, the plants were separated into root, stem,
leaf, and seed (grain with husk). All samples went through
a series of pretreatment processes before analysis according
to Shi et al. [15]. The pretreatment processes for soil, root,
stem, leaf and seed of rice plants are as follows.

All plant samples were air-dried and ground into powder
and then homogenized with a 35-mesh (0.5 mm) sieve. 2.0
g of plant powder was weighed into a 50 mL conical flask
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along with 30 mL 18.0 MQ/cm deionized water (Milli-Q
Water System, Millipore Corporation, Bedford, MA), and
then extracted in a shaker at 200 rpm for 3 h at room tem-
perature. Then the mixture was centrifuged for another 25
min at 6,000 rpm. After that the supernatant solution was
vacuum filtered through a 0.22 um polyethersulfone filter
(Millipore Corp., Bedford, MA) then passed through a pre-
conditioned ENVI-18 solid-phase extraction (SPE) cartridge
(Supelco, Bellefonte, PA) to remove organic materials. The
first 1.0 mL of sample pushed through the filter is discarded
and the remaining aliquots are used for IC analysis.

Soil samples were freeze-dried and homogenized by
sieving through a stainless steel 35-mesh (0.5 mm) sieve.
5.0 g samples were weighed into a 50 mL conical flask
added with 20 mL deionized water and then extracted in
mechanical shaker at a speed of 200 rpm for 3 h at room
temperature. Then the mixture was centrifuged for 25 min
at 6,000 rpm and the supernatant solution was taken out. At
last, the 15 ml of supernatant solution went through 0.22
um polyethersulfone membrane filter, OnGuard H and
OnGuard RP successively, which were used for the removal
of solid substance, metallic ion, and hydrophobic com-
pounds, respectively.

The quantification of perchlorate was performed on an
ICS-900 ion chromatography (Dionex, US) according to
Jackson et al. [23] with slight modification. The chromato-
graphic column was IonPac AG20/AS20 and the tempera-
ture was maintained at 30°C. The concentrations of CIO; in
the samples were quantified by external calibration.
Standard curves were calculated from injection of 50 to
50,000 pg/L calibration standards. Computer-generated
peak areas were used to determine perchlorate concentra-
tions. Based on injection of 10-pL injections, the instrument
detection limit for perchlorate in water was 20 pg/L. A con-
tinuing calibration check was performed after every 10
samples, with a calibration standard to check for instru-
mental drift. Along with every 20 samples, a laboratory
reagent blank, a laboratory fortified blank, and a laboratory
fortified duplicate were analyzed. Each quality control sam-
ple was prepared similarly to the samples. Mean recovery
of labeled internal standard spiked into water and soil sam-
ples were 99% and 86%, respectively.

Statistical Analysis

Basic statistical analysis was performed with SPSS-13
statistical package (SPSS Inc., Chicago, IL, USA).
Duncan's multiple range tests were used after the analysis
of variance (ANOVA) (p<0.05). All data were presented as
mean + standard error.

Plant-soil bioconcentration factor (BCF) was calculated
by the equation:

BCF = C /ant/Csoil

P

..where: C,,,, — concentration of perchlorate in plant
(mg/kg dry wt) and C,,; — concentration of perchlorate in

soil (mg/kg dry wt).

Results
Effects of Perchlorate on Chlorophyll Content

Perchlorate greatly influenced chlorophyll content (Fig.
1). The most significant reductions were found when the
plants exposed to 400 mg/kg perchlorate and the extent of
reduction became greater with increased perchlorate levels.
Meanwhile, the inhibition of chlorophyll content by per-
chlorate at tillering stage is much more obvious than that at
seedling and heading stage. The results also showed a con-
siderable variation in chlorophyll content between two rice
varieties. IR showed more early response to perchlorate
stress than GN.
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Fig. 1. Effect of perchlorate on relative chlorophyll content of
leaf in two rice varieties at seedling stage (a), tillering stage (b),
and heading stage (c); bars represent the standard errors (n=24).
Different letters indicate significant differences (P<0.05)
among the treatments within each variety.



70

Chen G., et al.

Effects of Perchlorate on Antioxidant Enzymes

At tillering stage (Fig. 2a), the addition of 200 and 400
mg/kg perchlorate caused a significant reduction in SOD
activity for both rice varieties, and 20 mg/kg perchlorate
also decreased SOD activity significantly for IR, but no
such significant reduction was found for GN. In contrast, at
heading stage there was no significant difference observed
in the activity of SOD for GN variety, but IR variety treat-
ed with 400 mg/kg perchlorate still maintained significant-
ly lower SOD activity (Fig. 2b).
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The current results showed that perchlorate addition
significantly increased POD activity in IR variety at tiller-
ing stage (Fig. 2c), whereas in GN variety only 400 mg/kg
soil perchlorate increased the POD activity. However, there
was no significant difference in the POD activity of both
rice varieties in response to perchlorate compared with their
control at heading stage (Fig. 2d).

In this study, GN showed a significant increase in CAT
activity at low and moderate concentration of perchlorate
exposure (20 and 200 mg/kg), followed by a decrease at
high concentration (400 mg/kg) at tillering stage (Fig. 2e),
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Fig. 2. Effects of perchlorate on superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) activities of leaf in two rice vari-
eties: Gannuoxiang (GN) and IR65598-112-2 (IR). (a) SOD activity at tillering stage, (b) SOD activity at heading stage, (c) POD activ-
ity at tillering stage, (d) POD activity at heading stage, (e¢) CAT activity at tillering stage, (f) CAT activity at heading stage; bars rep-
resent the standard errors (n = 4). FW — fresh weight. Different lowercase letters indicate significant differences among the treatments

of the same rice variety (P < 0.05, Duncan’s test).
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whereas IR showed significant decrease at moderate and
high concentrations. At heading stage (Fig. 2f), GN showed
a significant increase in response to the three perchlorate
levels in CAT activity. Meanwhile, increased concentra-
tions of perchlorate still led to reduced CAT activity in IR
variety at heading stage.

Perchlorate Accumulation in Different
Tissues of Two Rice Varieties

Perchlorate quantification (Fig. 3) was performed to
verify the difference of perchlorate accumulation
between rice varieties. Control plants without CIO,
added have shown no perchlorate has been detected.
Perchlorate concentrations in leaves were much higher
than that in roots, stems, and seeds in 200 and 400 mg/kg
treatment. This indicated that rice leaf is the main organ
for perchlorate accumulation. Significant differences in
perchlorate accumulation between two rice varieties were
observed. IR accumulated more perchlorate in leaves
than GN, and the bioconcentration factors (BCF) ranged
from about 2.27 to 9.56 (Table 2). But GN stored more
perchlorate in its edible portion at low and medium per-
chlorate level.
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Discussion of Results
Physiological Responses

Chlorophyll content is an indication of responses in dif-
ferent plants subjected to different environmental stresses.
In the present study, a detrimental effect of perchlorate tox-
icity on chlorophyll content was found. The results were in
agreement with earlier findings that Cd stress decreased
chlorophyll contents for both rice cultivars with Cd-sensi-
tive genotype being more severely affected [21]. In our pre-
vious study, it was also observed that when treated with 500
mg/L perchlorate, chlorophyll content of four wetland
plants showed significant decline contrasted to control
groups [30].

Being a strong oxidizing agent, perchlorate possibly
destroyed the chloroplast membrane and induced exuber-
ated reactive oxygen species. Thus disintegrating the thy-
lakoid membrane might be observable, and as a result the
rice plants were severely devoid of adequate chlorophyll
content under the oxidative stress of perchlorate.
However, there is no data available to explain how plants
against oxidative stress induced by perchlorate through
nonenzymatic constituents or the enzymatic constituents.
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Fig. 3. Perchlorate accumulation in root (a), stem (b), leaf (c), and seed (d) of two rice varieties, Gannuoxiang (GN) and IR65598-112-2
(IR), at maturation stage; bars represent the standard errors. DW — dry weight. Different lowercase letters indicate significant differ-
ences (P<0.05) among the same tissue.
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Table 2. Bioconcentration factors (BCF) of perchlorate in two rice varieties.

Valjiiect?es Perc?ﬁ;fgl)evels Root Stem Leaf Seed (with husk)
20 0.26+0.02 a 756291 a 6.67:0.99 a 5.9940.67 a
GN 200 0.07-0.02 be 0.5820.06 ¢ 2274051 b 1.28£0.35 be
400 0.11£0.01 b 1.46£0.35 ¢ 5.630.19 ab 0.52+0.05 ¢
20 0.3020.01 a 6.70=1.80 ab 9.56:2.99 a 284126 b
R 200 0.0620.01 ¢ 1.440.10 ¢ 545029 ab 0.52+0.02 ¢
400 0.110.01 b 2.9040.29 be 6.95:032 a 1.65:0.34 be

Values with different lowercase letters within a column are significantly different at P<0.05

In the present study, activities of SOD, POD, and CAT
were tested for the first time to reveal the role of ROS
scavenging systems in combating the oxidative stress of
perchlorate.

Antioxidative enzymes play crucial roles in detoxifying
ROS. SOD catalyzes the conversion of O, to H,0O,. The
H,O0, is then decomposed in the presence of CAT and POD.
The results of the present study confirm the finding that the
activities of SOD decreased with increases in Cd levels for
both rice cultivars with different grain cadmium accumula-
tion [31]. Basu et al. also demonstrated the activities of
SOD were decreased in IR-29 (salt-sensitive) and PB (aro-
matic Pusa Basmati), whereas they were unaltered in
Pokkali (salt-tolerant) when they were subjected to drought
stress for two days [20]. But some studies show SOD activ-
ity will be enhanced when plants are subjected to environ-
mental stresses [32, 33]. However, the response of SOD
activity to environmental stresses is reported to be depen-
dent on stress intensity, species, and age of the plants
exposed to stress [31, 34, 35].

POD is regarded as a crucial enzyme for the removal of
reactive oxygen species (ROS) and decomposition of H,O.,.
Previous reports have shown that environmental stress such
as salt stress [32], osmotic stress [33], and Cd [35] caused a
significant increase in POD activities in different wheat or
rice cultivars. The current results also showed perchlorate
addition significantly increased POD activity at tillering
stage, but there was no significant difference at heading
stage. A number of studies indicated that POD activity
response to environmental stress vary among plant species
and among different cultivars [36, 37].

CAT is H,0, capturing enzymes. It was suggested that
the higher activities of CAT reduced H,0O, levels in the cell
and enhanced the stability of membranes and CO, fixation
because several enzymes of the Calvin cycle in chloroplas-
ts are very sensitive to H,0,. However, reports on the effect
of environmental stress on CAT activity have been incon-
sistent [20, 31, 32]. In this study, both varieties show a sig-
nificant increase and then followed by a decrease with the
increased concentration of perchlorate.

In the present study, perchlorate induced different
antioxidative responses at different rice stages and perchlo-

rate concentrations. The general trend showed that stronger
stimulations of enzymes were measured at tillering stage
and higher concentrations than that at the heading stage and
low concentration for both varieties as compared to con-
trols. Considerable variations in antioxidant enzyme activi-
ties were also found between two rice varieties, and IR was
affected more than GN. Based on these results, we pre-
sumed that the response of antioxidant enzymes in rice vari-
eties to perchlorate stress might be dependent on perchlo-
rate concentration, treatment time, rice variety, and rice
growing stage.

Perchlorate Accumulation

Many studies have reported significant differences
regarding the perchlorate accumulation among species [18,
23-26] or among genotypes within the same species [27].
These differences are of great interest to agriculture. But
there is no information on rice varieties as related to per-
chlorate accumulation. According to our results, GN evalu-
ated more risk of food contamination with CIO, at low and
medium levels, since it accumulated more perchlorate in
their seeds. Certain plants are able to metabolize high con-
centrations of perchlorate within their leaves (phytodegra-
dation), although this process is slower than ex situ micro-
bial degradation in the root zone (rhizodegradation) [18,
38]. Whereas perchlorate exhibited no significant move-
ment from older leaves to new leaves of lettuce that was
grown at solution concentrations of 10 or 50 ug/liter [39].
Perchlorate accumulation in rice may present a health haz-
ard to humans and animals.

The variety IR showed higher perchlorate contents in
the leaves, as well as its enzyme activities and chlorophyll
levels were more affected compared to the variety GN.
Thus, perchlorate induced the physiological response that
appears to provide evidence about the pechlorate accumu-
lation in rice varieties. However, perchlorate accumulation
is not simply a passive process in higher plants [27]. Could
GN have an exclusion mechanism that IR does not? Future
functional characterization studies will be needed to deter-
mine the contribution of transporter genes that are respon-
sible for perchlorate uptake.
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Conclusions

In summation, we demonstrated that considerable vari-
ations in chlorophyll content, antioxidant enzyme activities,
and perchlorate accumulation were found between two rice
varieties treated with perchlorate. It revealed that high sen-
sitivity of the rice variety IR to perchlorate stress might be
due to antioxidant enzymes in perchlorate-detoxification
and its higher perchlorate accumulation in leaves.
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